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ABSTRACT

Large-extent vegetation datasets that co-occur with long-term hydrology data provide
new ways to develop biologically meaningful hydrologic variables and to determine plant
community responses to hydrology. We analyzed the suitability of different hydrological
variables to predict vegetation in two water conservation areas (WCAs) in the Florida
Everglades, USA, and developed metrics to define realized hydrologic optima and tolerances.
Using vegetation data spatially co-located with long-term hydrological records, we evaluated 7
variables describing water depth, hydroperiod length, and number of wet/dry events; each
variable was tested for 2-, 4- and 10-year intervals for Julian annual averages and
environmentally-defined hydrologic intervals. Maximum length and maximum water depth
during the wet period calculated for environmentally-defined hydrologic intervals over a 4-year
period were the best predictors of vegetation type. Proportional abundance of vegetation types
along hydrological gradients indicated that communities had different realized optima and
tolerances across WCAs. Although in both WCAs, the trees/shrubs class was on the
drier/shallower end of hydrological gradients, while slough communities occupied the
wetter/deeper end, the distribution of Cladium, Typha, wet prairie and Salix communities, which
were intermediate for most hydrological variables, varied in proportional abundance along
hydrologic gradients between WCAs, indicating that realized optima and tolerances are context-

dependent.
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INTRODUCTION

Although wetlands are crucial to general ecosystem health, over 50% have been lost
globally (Barbier et al 1997; Mitsch and Gosselink 2007), making wetland restoration a pressing
environmental priority. A major driver of wetland vegetation distribution and community
dynamics is the hydrologic regime (Ross et al 2003; Ogden et al 2005; Mitsch and Gosselink
2007; Larsen et al 2011; McVoy et al 2011). Hydrologic tolerances and optima for wetland plant
species are typically defined by laboratory, mesocosm or field experiments in which individual
plants are grown under controlled water depths and hydroperiods (Grace 1989; David 1996;
Newman et al 1996; Edwards et al 2003; Busch et al 2004; Jones et al 2006; Macek et al 2006;
Deegan et al 2007; Spalding and Hester 2007). These studies, however, can provide information
for only a limited number of species and can rarely be extrapolated to more complex natural
settings, where species interactions and other environmental factors influence community
composition.

In contrast to species’ hydrologic tolerances, definitions of plant community hydrologic
regimes historically have been descriptive rather than experimental. These studies have been
based primarily on observations of community presence in the field and association of this
presence with hydrology, either inferred or measured from a small number of samples that do not

represent the full range or distribution of conditions across a landscape (Loveless 1959;



Gunderson 1994; White 1994; McVoy et al 2011). Over the past several decades, however,
technological advances in environmental monitoring have allowed us to build longer
hydrological records over larger spatial extents. For example, the Everglades Depth Estimation
Network (EDEN) provides a network of water gages spread across the southern Florida
Everglades that allows for interpolated daily water surface estimates; when coupled with a
relatively dense set of systematic elevation samples, it becomes possible to estimate water depth
across large spatial extents (Desmond and Survey 2007; Jones and Price 2007; Pearlstine et al
2007, Palaseanu and Pearlstine 2008; Liu et al 2009; Xie et al 2011). EDEN estimates
hydrologic data daily for 42,415 400 x 400 m grid cells covering a total area of 678,640 ha, and
the data archive goes back to 2000. Combining such hydrologic datasets with landscape-level
community information, we now can quantify in situ hydrologic regimes of plant communities
across large spatial extents. This quantification is important, as wetland restoration targets often
associate restoration of a particular community with restoration of a particular hydrologic regime
(McVoy et al 2011; LoGalbo et al 2013), but this association is not based on quantification of the
full range of biotic and abiotic conditions in the landscape. Having large-extent datasets that
cover different landscape units allows analysis of vegetation/hydrology relations of sub-regions
that differ in hydrology or hydrological management.

Datasets with high temporal resolution and long temporal extent also provide the
opportunity to construct hydrologic variables that may have greater biological meaning than
traditional metrics such as mean annual water depth. Hydrology can be quantified in a number
of ways; variables often include measures of depth and duration of wetness (hydroperiod), as
well as flow rate. Typically, variables such as annual mean water depth or hydroperiod length

are defined based on Julian years (January 1 to December 31), and data are summarized as
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averages across years (David 1996; Givnish et al 2008; Todd et al 2010). In seasonal wetland
environments, however, such measures smooth out variations that may be important in defining
differences among plant community types. For example, some environments dry out annually
for a short time, whereas others dry out only every several years but for longer periods. These
two environments could have very similar average hydroperiods, but very different types of
vegetation based on the different periodicities of wetness.

In this study, we analyzed vegetation/hydrology associations for different wetland
communities across two Everglades water conservation areas (WCAs). We used vegetation data
collected with the EDEN elevation samples to create a large-extent, long-term hydrology dataset
for the vegetation point locations. Our first goal was to select different types of hydrological
variables to interpret the presence of diverse wetland plant communities. The variable selection
process was based on accuracy of vegetation prediction from different sets of variables defining
water depth, hydroperiod, and wet dry/events for different temporal extents and different
definitions of temporal units. Our second goal was to define realized plant community
hydrologic optima and tolerances for the variables selected. To accomplish this, we used the
vegetation data set in conjunction with the large extent hydrology dataset that had high spatial
resolution to develop abundance-based density estimates and conditional probabilities for plant
communities along gradients of the selected hydrological variables within each WCA, and we

evaluated whether these variables differed by vegetation type.

MATERIALS AND METHODS

Study Area and Data Sources: To evaluate the relationship of hydrological variables to

wetland vegetation patterns, we used spatially-explicit, coincident hydrological records and plant
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community data for two water conservation areas (WCAs), WCA 1 and WCA 2A, in the Florida
Everglades, USA (Fig. 1). For the hydrological record, we used EDEN version 2 daily water
surface estimates for 400 x 400 m cells (Jones and Price 2007). We calculated daily water depth
by subtracting ground elevation from the EDEN surface estimates. The ground elevation data
came from the source data of the EDEN DEM, the High Accuracy Elevation Data (HAED)
acquired by the U.S. Geological Survey (Desmond and Survey 2007; Jones and Price 2007). The
HAED elevations within WCA 1 and 2A were acquired between April and December 2004. A
10-year time-series of daily water depth estimates at each HAED point was derived starting
January 1* 2000 and ending May 10™ 2010 in order to complete the dry season of 2009. Mean
elevations of the two WCAs differ by 113 cm (WCA 1 =417 =24 cm; WCA 2A =304 £ 31 cm)
(Fig. 1A).

For the co-occurring plant community information we used the brief description of
vegetation at the sample location that was recorded for each HAED sample at the time of
elevation data collection. We created a dataset that matched the calculated hydrology at the
HAED point to a co-located vegetation type by using the descriptions to assign a vegetation
community class to each point. Our plant community classification scheme was a modification
of the Comprehensive Everglades Restoration Plan vegetation classification (Rutchey et al 2006;
Gann et al 2012) (Table 1). Slough communities were dominated by floating and some
broadleaved species (e.g., Nymphaea odorata, Utricularia spp.), as well as open water. Wet
prairie communities included mainly short graminoid species, such as Eleocharis cellulosa and
E. elongata, Rhynchospora tracyi and R. inundata, and Panicum hemitomon, as well as
occasional broadleaved and floating vegetation. The Cladium community was dominated by

Cladium jamaicense, while the Typha community was dominated by Typha domingensis and/or
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T. latifolia. The tree and shrub classes included vegetation present in tree islands (Stone et al
2002), while the Salix shrub class had Salix caroliniana communities (Table 1). The total
number of sample points was 6,051 with 3,415 in WCA 1 and 2,636 in WCA 2A.

Defining temporal extents of hydrological records: To determine whether long-term
hydrologic records improved plant community class predictions, we used 2-, 4- and 10-year
hydrological time-series. The 2-year period covered 2002 through 2003, i.e., the year
immediately prior to the HAED vegetation data acquisition; the 4-year period began in 2000 and
ended in 2003; and the 10-year period covered 2000 to 2009.

Defining start- and end-points of time intervals: To determine whether using
hydrologically-defined periods, rather than annual averages, improved plant community class
predictions, we examined data for periods spanning Julian years and hydrologically-defined
intervals (1 hydrologic interval = 1 wet season + 1 dry season). The latter began with the wet
season onset of the starting year and lasted until the end of the final dry season of the defined
period. To define hydrologic intervals, we used the National Oceanic and Atmospheric
Administration-defined onset and end of wet and dry seasons for south Florida (Biedinger and
Lushine 1993). To consider the differences between averages across years versus variables
derived from the full extent of the periods, we processed data based on Julian years, then
averaged across the Julian years; for the hydrologic intervals, we processed data from the first
day of the period to the last.

Defining hydrological variables and statistical descriptors: For all 6051 sampling
locations, we derived water depth estimates for each location by subtracting the HAED elevation
measurements from the EDEN daily stage estimates. After applying a 3-day low pass filter on

the depth estimates to eliminate single-day data spikes, we determined whether the condition of
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the location for that day was wet or dry. We used a threshold value of +5 cm that had to be
reached before a dry event switched to a wet event and -5 cm to switch from a wet to a dry event.

We used the hydrology dataset to develop hydrological variables that described the depth,
duration and frequency of hydrological events. Water depth variables during wet events
included the mean, median and maximum water depths. Hydroperiod length variables were the
maximum number of consecutive dry or wet days and the total number of wet days for a given
time interval. Hydroperiod frequency was expressed as number of distinct wet events during the
time period under consideration. Each of these variables was computed for the 2-, 4- and 10-
year periods and for both the Julian years and the hydrologic intervals, for a total of 42
hydrologic variables.

Analytical methods for variable selection: To select hydrological variables to use in
defining plant community hydrology, we used classifier performance for subsets of variables to
determine their suitability in differentiating plant communities. Since vegetation abundance
along hydrological gradients is not expected to be normally distributed, we used a non-
parametric classification algorithm based on the recursive partitioning and random forest
principles pioneered by Breiman (Breiman 2001). It has been demonstrated that the
incorporation of random forest techniques in vegetation distribution models can lead to improved
predictive models when compared to models based on the generalized linear model framework
(Peters et al 2007).

We considered three hydrologic variable types (depth, length and periodicity) for each of
the two types of hydrological periods (Julian year averages vs. hydrological intervals) and three
record lengths (2-yr. vs. 4-yr. vs. 10-yr.) to create a total of 18 models. Variable selection was

performed in two steps. We first evaluated classification model accuracies for subsets of
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variables. In a second step we determined the best variables within the subsets of the best
models. Model performance was evaluated based on out-of-bag (oob) error for each model; this
is an unbiased estimator of classification error for a given model and can be compared among
models (Breiman 2001). In order to build confidence in the model selection process, for each
model we sub-sampled the full data set with replacement for 20 iterations, selecting a randomly
stratified sample of 20% of the data for each iteration. The significance of differences between
models was evaluated for pairwise model oob-error estimates using an analysis of variance
(ANOVA).

We utilized the random forest algorithm implemented in the R package randomForest
(Liaw and Wiener 2002). For each iteration of samples we built 500 trees (ntree = 500) using a
randomly selected variable for each node (mtry = square root of the number of variables), and
recorded the oob. For the best depth and length variable models, we determined the most
important variable based on the unscaled (scale = FALSE) (Strobl et al 2007) mean decrease in
accuracy across all 20 iterations of each model. We evaluated the significance of the mean
decrease in accuracy of each variable with an ANOVA. With the three selected hydrological
variables, we established a classifier for individual datasets of WCA 1 and 2A and for the
pooled data to determine overall accuracy estimates for the three classifiers.

Analytical methods for determining realized plant community optima and tolerances: To
interpret the distribution of plant communities along each of the three selected hydrological
variable gradients, we generated probability density plots for each class (area under each
community class curve = 1) (Bowman and Azzalini 2014). These plots showed the distribution
of each class along the hydrological gradient. We derived estimates of community hydrologic

optima and tolerances as summary statistics from these density estimates (Hintze and Nelson
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1998; Adler 2005). We interpreted optimal conditions for each class as the value of maximum
density, but we also present the class median. For realized tolerance estimates we used the 5™
and 95" percentiles of the community class density distributions.

Using the density distributions, we derived two proportions that quantified proportional
plant community distributions along the hydrologic gradients: the conditional density and the
density deviation. These proportions provide information on community occurrence in relation
to other communities along the gradients. The conditional density is the proportional abundance
of a community in relation to all other community classes for every point on the hydrologic
gradient. Conditional density translates into proportional abundance estimates along the gradient
that sum to 1 for each estimate (sum of all curves at each point along the gradient = 1). When
the conditional density curves for each class are plotted together, they show which communities
share portions of the hydrologic gradient and provide probability estimates for the presence of
each community at every point along the gradient.

The second proportion, the density deviation, is the deviation of the conditional density
from the density expected if the hydrological variable had no effect on community presence.
Thus, the null hypothesis is that at each point along the gradient, a community is present at its
proportional abundance across the entire landscape (i.e., abundances given in Table 1). The
density deviation for a class equals the conditional density at a point along the gradient minus the
proportional abundance for that class across the landscape. The density deviation indicates
where a plant community is over- or underrepresented along a gradient when compared to its
proportional abundance across a region. If the conditional density of a class is greater than its
landscape proportional abundance, then the density deviations are positive and the class is

overrepresented for that portion of the gradient. If the density deviations are negative, then the
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class is underrepresented. Areas above zero on the density deviation plots can be interpreted as
relative optima (performance better than expected), in contrast to optima estimated from the
maximum density of a community along the hydrological gradient.

For each of the three selected variables, we generated vegetation-class-specific density
estimates, conditional density estimates, and density deviation estimates along the hydrological
gradients. Distribution of these estimates were compared for communities within each
conservation area using a Kruskal-Wallis test, while distribution of community classes across
WCA 1 and 2A were compared using k-sample Anderson-Darling tests (Scholz and Zhu 2012).
For the Anderson-Darling tests, we combined the density distributions from both WCAs and then
tested whether the distribution from each WCA was a subset of the combined distribution.

Processing the hydrological variables from time series records, as well as all data analysis
and graphing, was performed in R (x64 v. 3.0.2) (R Development Core Team and R Core Team

2013). Maps were created in ArcGIS (ESRI 2011).

RESULTS

Comparison of community distributions by region: Plant community class
frequencies differed significantly between samples from the two regions (Table 1)
(contingency table analysis X2 =856, df =5, p =0.000). WCA 1 had more slough, wet
prairie and trees/shrubs than expected, while WCA 2A had more Cladium and Typha.
Only Salix occurred at similar frequencies in samples from the two areas. Cladium was
the most abundant community class in both regions, although this class was 1.8 times

more abundant in WCA 2A than in WCA 1. The second most abundant class differed
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between the two WCAs, being wet prairie in WCA 1 and Typha in WCA 2A (Table 1,
Fig. 1B).

Hydrologic variable selection: When comparing models for annual Julian years
vs. hydrologic intervals for WCA 1 and 2A combined and for all time periods, the
classification models for hydrologic intervals performed better (had lower oob-errors)
than those for annual Julian years. Differences in errors between model types were
significant in 7 of 9 comparisons (ANOVA, p <0.05, N = 20), with the Julian years
having greater errors in 6 of those cases. Similar results were found when comparisons
were made in WCA 1 or 2A individually. We thus used hydrologic intervals in
subsequent variable selection.

When comparing the 2-, 4-, and 10-year periods using hydrologic intervals,
models were not significantly different between periods for the water depth variables, but
the six models using hydroperiod length and the number of events had significant
differences between periods (ANOVA, p <0.05, N = 20). In these cases, the longer
period (either 4- or 10-year periods) had lower out-of-bag errors, with two exceptions:
the 4-year period was better than the 10-year period for number of periods, while the 2-yr
period out-performed the 10-year period for the same variable. When similar
comparisons were made for WCA 1 or 2A alone, periods either were not significantly
different (4 of 18 comparisons) or the longer periods had lower errors, with the exception
of the 4-yr period out-performing the 10-yr period for the number of wet events. In these
comparisons among models for each WCA, comparisons between models using the 4-
and 10-yr periods were not significant in three cases, the 4-yr period was better than the

10-yr period in two cases, and the 10-year period was better than the 4-yr period in one
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case. Because of this lack of clear differentiation between the 4- and 10-year periods and
uncertainty about how well our vegetation data, which was sampled at the end of the 4-yr
period (2003), reflected vegetation at the end of the 10-yr period (2009), we chose the 4-
yr period for further variable selection.

When comparing among water depth variables using the 4-yr hydrologic interval
for both WCAs, the maximum water depth had the greatest mean decrease in accuracy
(21.6%), followed by the median water depth (19.7%), then the mean water depth
(14.6%). In comparisons of hydroperiod length variables using the 4-yr hydrologic
interval for both WCAs, the maximum length of wet events had the greatest mean
decrease in accuracy (20.8%), followed by the total number of wet days (16.1%), then the
maximum dry period (15.9%).

Because we wanted to compare plant community hydrology using one of each of the
three variable types, we chose the best-performing water depth variable (maximum water depth)
and hydroperiod length variable (maximum wet period), along with the single event frequency
variable (number of wet events) and used the 4-yr hydrologic interval for all of them. A random
forest classification model based on these 3 variables had an overall accuracy of 53% when data
was pooled across both areas with higher accuracy of 60% for WCA 2a and a slightly lower
accuracy of 52% for WCA 1 when evaluated by individual regions. For the pooled data the
maximum length of wet events had the largest mean decrease in accuracy (14%), followed by the
maximum water depth (12%), then the number of wet events (9%). In WCA 1 the maximum
length of wet events and maximum water depth variables had a comparable importance (mean
decrease in accuracy of 13%), while number of wet events had a decrease of 7%. In WCA 2A

the number of wet events and maximum water depth had equal mean decrease in accuracy
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(10%), while the more important variable was maximum length of wet events with a mean
decrease of 13%.

Hydrological conditions in WCA 1 and WCA 2A: Regions WCA 1 and WCA 2A had
different but overlapping hydrological ranges, as seen in the distribution of inundation depth,
inundation length and frequency of wet events (Fig. 2). All three variables were significantly
different (p < 0.05; Anderson-Darling) between WCA 1 and WCA 2A.

Plant community density distributions for maximum water depth: Maximum water
depths for plant communities ranged from shallowest for trees/shrubs through Cladium, Salix
and wet prairies, to deepest for Typha and sloughs, as quantified by class maximum densities
(Table 2; Fig. 3-A, 4-A). The distribution of communities along maximum water depth gradients
were significantly different (p < 0.05; Kruskal-Wallis) for both WCAs for almost all class pairs.
The exceptions in WCA 1 were Cladium compared to Salix and wet prairie; Salix compared to
wet prairie; and Typha compared to slough. In WCA 2A distributions were not different for
trees and shrubs compared to Cladium, Salix, Typha and wet prairie; Cladium compared to Salix;
and Typha compared to wet prairie. The only community that differed from all others in WCA
2A was slough.

Conditional densities for communities in the two WCAs showed that the proportional
abundance of the communities differed significantly from the pooled proportional abundance
except for Salix and Typha in WCA 2A (p <0.05; Anderson-Darling). In WCA 1, maximum
water depth below ~ 50 cm were dominated by trees/shrubs, between ~ 50 — 80 cm by Cladium
and wet prairies, and above 80 cm by sloughs (Fig. 4-1B); Typha and Salix were not dominant at
any water depths. A similar pattern was observed for deviation from the conditional density

(Fig. 4-1C) under the null hypothesis, except Cladium was underrepresented at maximum depths
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> 100 cm, where sloughs started to dominate and were encountered more frequently than
expected based on the distribution under the null hypothesis (Fig. 4-1C).

In contrast, conditional densities and density deviations in WCA 2A showed that
trees/shrubs were dominant and overrepresented compared to the null hypothesis only at very
shallow (< ~ 10 cm) maximum water depths (Fig. 4-2B, C). Cladium was dominant from 10 to ~
125 cm water depths (Fig. 4-2B), even though it was overrepresented over this range only
between ~ 10 and 70 cm (Fig. 4-2C). Although never dominant, wet prairies were
overrepresented at greater depths than in WCA 1 (Fig. 4-2B, C).

Plant community density distributions for hydroperiod length: Class distributions for
maximum length of wet events were multimodal and more variable within each class in WCA 1
than in WCA 2A (Table 2; Fig. 3-B; Fig. 5-A). Greatest densities for the maximum wet event
length varied from 1,110 days for sloughs to 312 days for trees/shrubs in WCA 1 and from 1,474
days for sloughs to 246 days for Salix in WCA 2A (Table 2). In WCA 1 the distribution of the
communities along this gradient differed for all classes (p < 0.05; Kruskal-Wallis) except
Cladium vs. Salix, Typha vs. wet prairie, and Salix vs. trees/shrubs. In WCA 2A Typha did not
differ from Cladium, and Salix did not differ from trees/shrubs (p > 0.05; Kruskal-Wallis). In
WCA 1 the optimal maximum wet event length for Typha was comparable to sloughs, whereas
in WCA 2A, it was more similar to Cladium.

Conditional densities between WCAs were significantly different for all communities (p
< 0.05; Anderson-Darling) except for trees/shrubs in WCA 1. In WCA 1 trees/shrubs dominated
and were overrepresented compared to the null hypothesis at maximum wet events less than ~
500 days; Cladium dominated from ~ 450 to 900 days and was overrepresented from ~ 250 to

900 days; wet prairies dominated between ~ 900 and 1300 days; and sloughs dominated when
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the maximum wet event was greater than ~ 1300 days (Fig. 5-1B, C). In contrast, in WCA 2A
Cladium dominated throughout the hydrologic gradient and was overrepresented compared to the
null hypothesis at maximum wet events between ~ 450 to 1250 days (Fig. 5-2B, C). Although
Typha was never dominant in WCA 2A, it was overrepresented compared to the null hypothesis
at maximum wet events less than ~ 500 days and, along with the slough community, at > 1300
days. Wet prairies were overrepresented at > 500 days, while the tree/shrub and Salix
communities were not overrepresented anywhere (Fig. 5-2B, C).

Plant community density distributions for number of wet periods: Differences among
communities in distribution of the number of wet events in the 4-year period were significant (p
< 0.05; Kruskal-Wallis) except for Salix vs. Cladium and trees/shrubs, and Typha vs. wet prairie
in WCA 1, and for Cladium vs. Typha, and Salix vs. trees/shrubs in WCA 2A. Similar to
maximum water depth, variation in number of wet periods was greater in WCA 2A than in WCA
1 (Table 2; Fig. 3-C).

In WCA 1 Typha and sloughs had maximum densities at sites with < 2 wet events during
the 4-year period (i.e., extended periods without dry-downs), while wet prairies were most
abundant at sites with 3 wet events (Table 2). Cladium, Salix and trees/shrubs had maximum
densities at sites with 4 wet events (i.e., sites that dried down every year). In WCA 2A, while
sloughs had maximum density at 1 wet event (sites that never dried down), Typha resembled
Cladium and wet prairies with an intermediate number of wet events of 3 to 4, and trees/shrubs
and Salix had maximum densities of 5 wet events (Table 2).

The length of the temporal record for the number of wet periods had a large effect on the
utility of this variable in differentiating community classes. The 4-year interval differentiated

sloughs, wet prairies, Cladium and trees/shrubs (Fig. 6-1), whereas the 2-year interval did not
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(Fig. 6-2). In both WCAs the plant communities had distinct conditional density ranges in the
longer temporal record (Fig. 6-1B) for all communities (p < 0.05; Anderson-Darling); these

distinctions were not apparent in the 2-year record (Fig. 6-2B).

DISCUSSION

Plant community hydrology descriptors: The density-based approach to hydrology
descriptors provided an exhaustive quantitative description of the hydrologic environment of
each plant community. This approach was made possible by the large, spatially-explicit, co-
located vegetation and hydrologic datasets that provided a means to statistically describe and
compare plant community hydrology. Our spatially exhaustive quantitative approach to realized
plant community optima and tolerances improves on prior descriptive approaches that relied on
small numbers of measurements because it captures the entire range and distribution of
hydrologic conditions in situ. Todd et al. (2010) used a similar approach to explore
vegetation/hydrology relations in Everglades National Park, FL, USA. Their correlations,
however, were indirect because they superimposed vegetation classified at a 20 x 20 m scale on
hydrologic grids that were 400 x 400 m, thus losing hydrological variation between communities
within the 400 x 400 m cell. The power of the approach, however, was illustrated by their ability
to separate broad community classes based on hydrology despite this limitation. We were able to
generate more precise estimates for plant community hydrology because vegetation and
hydrology were more accurately co-located, were at the same resolution (the HAED point), and
were at the scale of a single community class.

Realized plant community hydrological optima and tolerances: Our large datasets

enabled us to examine plant hydrological requirements in new ways. We quantified plant
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community hydrological optima in two ways: maximum density and conditional density/density
deviations. Given the non-normal distribution of the hydrological variables, the maximum
density is a more appropriate estimate for optima than the mean and standard deviation. The
maximum density shows where a community is most common along a hydrologic gradient; the
conditional density provides a picture of how a particular community relates to other
communities along the gradient, indicating the importance of non-hydrological factors; and
density deviations indicate where communities are over- or underrepresented when compared to
their proportional abundance estimates across the landscape. Although we have used these
density-based approaches to quantify vegetation responses to hydrology, they could be applied to
vegetation responses along any environmental gradient where there is sufficient data to support
robust density estimates.

Our density-based descriptors showed the wide range of realized tolerances to hydrologic
conditions by these different communities, as well as the large degree of overlap among
communities. The data also suggest that realized plant community hydrologic optima and
tolerances in a natural environment depend on the environmental context and likely will differ
from species-specific optima and tolerances derived from laboratory or mesocosm experiments.
The realized niche space for a plant community within a geographic region is limited by the
distribution of actual hydrological conditions and by other environmental factors, such as
nutrients, as well as by biotic interactions. The realized conditions are space-time dependent and
result from the interactions of these biotic and abiotic factors. The conditional density and
density deviation estimates developed here provide ways to describe these combined effects on
plant community distribution and will facilitate the development of better vegetation distribution

models that include factors such as nutrients, disturbance history and biotic interactions.
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Our quantitative approach provides insights that could be missed by qualitative
descriptions of community distributions of proportional abundance along a hydrologic gradient.
For example, in this study WCA 2A had a much greater abundance of Cladium and Typha
communities than WCA 1, balanced by decreased abundance of almost all other community
classes. The two WCAs have different water management regimes (Fennema et al 1994; Light
and Dineen 1994) and different nutrient inputs. In particular, WCA 2A receives excess
phosphorus (DeBusk et al 2001), which is the limiting nutrient in the historic Everglades (Craft
et al 1995; Noe et al 2001; Childers et al 2003; Gaiser et al 2005). These additional abiotic
differences have led to differences in plant community abundances and distributions, reflected in
different patterns of conditional density and density deviations for Cladium and Typha along
hydrologic gradients in the two WCAs. The conditional density and density deviation thus
reflect the different realized hydrological optima and tolerances that these communities have in
the two WCAs.

Our results show that community distributions along hydrological gradients do not
generalize across entire landscapes. Differentiation of communities based on hydrological
variables is therefore not necessarily highly predictable from one region to the next, i.e., the
response of vegetation to particular hydrologic regimes cannot be applied globally to predict
plant communities in other regions of the same wetland landscape. Similarly, Ross et al. (2003)
found large differences in plant community hydrology among regions in Everglades National
Park, and Givinish et al. (2008) found differences in hydrology of the same communities among
northern and southern WCA 3A and WCA 3B. These results provide a cautionary tale for

restoration performance measures based solely on hydrology, as they suggest that the hydrologic
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target for a specific outcome may change across a landscape, depending on other biotic and
abiotic factors.

Effectiveness of hydrological variables in predicting plant communities: The
hydrological variables developed here were better predictors of plant community class than
traditional measures of hydrology such as annual average water depth. Although mean water
depth is often used to describe plant species or community hydrology (Wood and Tanner 1990;
Ross et al 2003; Childers et al 2006), the mean water depth variable in our study performed
relatively poorly in predicting vegetation class, even when calculated as the mean of wet events
only. Thus, although mean water depth provides a description of one aspect of community
hydrologys, it is not the most suitable hydrologic indicator for plant community distribution. A
better measure of water depth was the maximum depth, which reflects depth tolerances and thus
community tolerances to hydrologic stress. For aquatic vegetation, these tolerances are
hypothesized to depend on species’ physiological limitations at the deeper ends but biotic
interactions at the shallower ends of the species’ hydrologic ranges (Keddy 2000; Givnish 2002).

Another good hydrological variable in our analysis was the maximum length of the wet
event, a hydroperiod length variable. Although hydroperiods have been defined in various ways
(Ross et al 2003; Childers et al 2006; Givnish et al 2008; Zweig and Kitchens 2008; Todd et al
2010; LoGalbo et al 2013), they are usually calculated as annual means. In our study, use of
environmentally-defined hydroperiods (the hydrologic interval) enlarged the hydrological
description by allowing the length of the wet or dry event to extend over several years when
appropriate.

Although the number of wet events had the lowest mean decrease in accuracy when

predicting plant communities, this type of variable improved with the length of the hydrologic
20



record and varied in importance by region. The 10-year record for this variable more clearly
separated communities in the conditional density plots than the 2- or 4-year records, suggesting
that this variable could become more useful with even longer time-series.

Some degree of overlap and classification inaccuracy in predicting vegetation from
hydrology can be attributed to limited data accuracy and uncertainty. Analytical results of
hydrological time-series processing are affected by the accuracy of the water surface estimates,
which was +5 cm for the EDEN dataset (Palaseanu and Pearlstine 2008; Liu et al 2009), as well
as by the accuracy of the elevation measurements, which had an accuracy estimate of £15 cm
(Desmond and Survey 2007). These errors propagated to our derived estimations of wet and dry
event lengths and frequencies. For the 10-year record, we further assumed that the data points
did not change their community class membership. Nevertheless, the large number of data
points and the use of density estimates provide a relatively high confidence in the overall pattern
of the results, and such errors should affect the entire dataset equally, so differences between

particular communities or regions should represent other factors.

ACKNOWLEDGMENTS

We thank A. Gottlieb, who set us thinking about vegetation hydrological optima and
tolerances in the context of Everglades restoration. The South Florida Water Management
District (P.O. #4500033517) supported our initial work on plant community hydrology in WCA

2A. This is the Southeast Environmental Research Center Contribution No. XXX.

21



REFERENCES

Adler D (2005) vioplot: Violin plot. R package version 0.2.

Barbier EB, Acreman M, Knowler D (1997) Economic valuation of wetlands: A guide for policy
makers and planners. Ramsar Convention Bureau, Gland, CH

Biedinger R, Lushine JB (1993) Duration of the summer season in south Florida.
http://www.srh.noaa.gov/mfl/’n=summer_season.

Bowman AW, Azzalini A (2014) R package “sm”: nonparametric smoothing methods (version
2.2-5.4). University of Glasgow, UK and Universita di Padova, IT

Breiman L (2001) Random Forests. Machine Learning 45:5-32. doi: 10.1023/a:1010933404324

Busch J, Mendelssohn IA, Lorenzen B, et al (2004) Growth responses of the Everglades wet
prairie species Eleocharis cellulosa and Rhynchospora tracyi to water level and phosphate
availability. Aquatic Botany 78:37-54.

Childers DL, Doren RF, Jones R, et al (2003) Decadal change in vegetation and soil phosphorus
pattern across the Everglades landscape. Journal of Environmental Quality 32:344-362.

Childers DL, Iwaniec D, Rondeau D, et al (2006) Responses of sawgrass and spikerush to
variation in hydrologic drivers and salinity in Southern Everglades marshes. Hydrobiologia
569:273-292.

Craft CB, Vymazal J, Richardson CJ (1995) Response of Everglades plant communnities to
nitrogen and phosphorus additions. Wetlands 15:258-271.

David PG (1996) Changes in plant communities relative to hydrologic conditions in the Florida
Everglades. Wetlands 16:15-23.

DeBusk WF, Newman S, Reddy KR (2001) Spatio-temporal patterns of soil phosphorus
enrichment in Everglades Water Conservation Area 2A. Journal of Environmental Quality
30:1438-1446.

Deegan BM, White SD, Ganf GG (2007) The influence of water level fluctuations on the growth
of four emergent macrophyte species. Aquatic Botany 86:309-315. doi:
10.1016/j.aquabot.2006.11.006

Desmond G, Survey USG (2007) High Accuracy Elevation Data Collection Project. U.S.
Geological Survey, Reston, VA

22



Edwards AL, Lee DW, Richards JH (2003) Responses to a fluctuating environment: effects of
water depth on growth and biomass allocation in Eleocharis cellulosa Torr. (Cyperaceae).
Canadian Journal of Botany 81:964-975.

ESRI (2011) ArcGIS Desktop: Release 10. Environmental Systems Research Institute, Redlands,
CA

Fennema RJ, Neidrauer CJ, Johnson RA, et al (1994) A computer model to simulate natural
Everglades hydrology. In: Davis SM, Ogden JC (eds) Everglades: The ecosystem and its
restoration. St. Lucie Press, Delray Beach, FL, pp 249-289

Gaiser EE, Childers DL, Jones RD, et al (2005) Cascading ecological effects of low-level
phosphorus enrichment in the Florida Everglades. Journal of Environmental Quality
34:717-723.

Gann D, Richards J (2015) Quantitative Comparison of Plant Community Hydrology Using
Large-Extent, Long-Term Data. Wetlands 35:81-93. doi: 10.1007/s13157-014-0594-2

Gann D, Richards JH, Biswas H (2012) Determine the effectiveness of vegetation classification
using WorldView 2 satellite data for the Greater Everglades. South Florida Water
Management District, West Palm Beach, FL

Givnish TJ (2002) Ecological constraints on the evolution of plasticity in plants. Evolutionary
Ecology 16:213-242.

Givnish TJ, Volin JC, Owen VD, et al (2008) Vegetation differentiation in the patterned
landscape of the central Everglades: importance of local and landscape drivers. Global
Ecology and Biogeography 17:384—402.

Grace JB (1989) Effects of water depth on Typha latifolia and Typha domingensis. American
Journal of Botany 76:762-768.

Gunderson LH (1994) Vegetation of the Everglades: Determinants of community composition.
In: Davis SM, Ogden JC (eds) Everglades, the ecosystem and its restoration. St. Lucie
Press, Delray Beach, FL, pp 323-340

Hintze JL, Nelson RD (1998) Violin plots: a box plot-density trace synergism. The American
Statistician 52:181-184.

Jones DT, Sah JP, Ross MS, et al (2006) Responses of twelve tree species common in
Everglades tree islands to simulated hydrologic regimes. Wetlands 26:830—844.

Jones JW, Price SD (2007) Initial Everglades Depth Estimation Network (EDEN) digital
elevation model research and development. 29 pp.

23



Keddy PA (2000) Wetland ecology. Cambridge University Press, Cambridge, England

Larsen L, Aumen N, Bernhardt C, et al (2011) Recent and Historic Drivers of Landscape Change
in the Everglades Ridge, Slough, and Tree Island Mosaic. Critical Reviews in
Environmental Science and Technology 41:344-381. doi: 10.1080/10643389.2010.531219

Liaw A, Wiener M (2002) Classification and regression by randomForest. R News 2:18-22.

Light SS, Dineen JW (1994) Water control in the Everglades: A historical perspective. In: Davis
SM, Ogden JC (eds) Everglades - The ecosystem and its restoration. St. Lucie Press, Delray
Beach, FL, pp 47-84

LiuZ, Volin JC, Owen D V, et al (2009) Validation and ecosystem applications of the EDEN
water-surface model for the Florida Everglades. Ecohydrology 2:182-194. doi:
10.1002/eco.56

LoGalbo AM, Zimmerman MS, Hallac D, et al (2013) Using hydrologic suitability for native
Everglades slough vegetation to assess Everglades restoration scenarios. Ecological
Indicators 24:294-304. doi: http://dx.doi.org/10.1016/j.ecolind.2012.06.011

Loveless CM (1959) A study of the vegetation in the Florida Everglades. Ecology 40:1-9.

Macek P, Rejmankova E, Houdkova K (2006) The effect of long-term submergence on
functional properties of Eleocharis cellulosa Torr. Aquatic Botany 84:251-258. doi:
10.1016/j.aquabot.2005.11.003

McVoy CW, Said WP, Obeysekera J, et al (2011) Landscapes and hydrology of the predrainage
Everglades. University Press of Florida, Gainesville, FL.

Mitsch WJ, Gosselink JG (2007) Wetlands, 4th edn. John Wiley & Sons, Inc., Hoboken, NJ
Newman S, Grace JB, Koebel JW (1996) Effects of nutrients and hydroperiod on Typha,
Cladium, and Eleocharis: Implications for Everglades restoration. Ecological Applications

6:774-783.

Noe GB, Childers DL, Jones RD (2001) Phosphorus biogeochemistry and the impact of
phosphorus enrichment: Why is the Everglades so unique? Ecosystems 4:603-624.

Ogden JC, Davis SM, Jacobs KJ, et al (2005) Total system conceptual ecological model.
Wetlands 25:955-979. doi: 10.1672/0277-5212(2005)025[0795:tuocem]2.0.co;2

Palaseanu M, Pearlstine L (2008) Estimation of water surface elevations for the Everglades,
Florida. Computers & Geosciences 34:815-826. doi: 10.1016/j.cageo.2007.08.004

24



Pearlstine L, Higer A, Palaseanu M, et al (2007) Spatially continuous interpolation of water stage
and water depths using the Everglades Depth Estimation Network (EDEN). Florida
Cooperative Extension Service, Institute of Food and Agricultural Sciences, University of
Florida, Gainesville, FL

Peters J, Baets B De, Verhoest NEC, et al (2007) Random forests as a tool for ecohydrological
distribution modelling. Ecological Modelling 207:304-318. doi:
http://dx.doi.org/10.1016/j.ecolmodel.2007.05.011

R Development Core Team, R Core Team (2013) R: A Language and Environment for Statistical
Computing.

Ross MS, Reed DL, Sah JP, et al (2003) Vegetation:environment relationships and water
management in Shark Slough, Everglades National Park. Wetlands Ecology and
Management 11:291-303.

Rutchey K, Schall TN, Doren RF, et al (2006) Vegetation Classification for South Florida
Natural Areas. Open-File Report 2006-1240, U.S. Geological Survey, Saint Petersburg, FL.

Scholz F, Zhu A (2012) kSamples: K-Sample Rank Tests and their Combinations. R package
version 1.0.

Spalding EA, Hester MW (2007) Interactive effects of hydrology and salinity on oligohaline
plant species productivity: Implications of relative sea-level rise. Estuaries and Coasts
30:214-225.

Stone PA, Gleason PJ, Chmura GL (2002) Bayhead tree islands on deep peats of the northeastern
Everglades. In: Sklar F, Van der Valk A (eds) Tree islands of the Everglades. Kluwer
Academic Publishers, Dordrecht, The Netherlands, pp 71-115

Strobl C, Boulesteix A-L, Zeileis A, Hothorn T (2007) Bias in random forest variable importance
measures: [llustrations, sources and a solution. BMC Bioinformatics 8:25.

Todd MJ, Muneepeerakul R, Pumo D, et al (2010) Hydrological drivers of wetland vegetation
community distribution within Everglades National Park, Florida. Advances in Water
Resources 33:1279-1289. doi: 10.1016/j.advwatres.2010.04.003

White PS (1994) Synthesis: Vegetation pattern and process in the Everglades ecosystem. In:
Davis SM, Ogden JC (eds) Everglades, the ecosystem and its restoration. St. Lucie Press,
Delray Beach, FL, pp 445458

Wood JM, Tanner GW (1990) Graminoid community composition and structure within four
everglades management areas. Wetlands 10:127-149.

25



Xie ZX, Liu ZW, Jones JW, et al (2011) Landscape unit based digital elevation model
development for the freshwater wetlands within the Arthur C. Marshall Loxahatchee
National Wildlife Refuge, Southeastern Florida. Applied Geography 31:401-412. doi:
http://dx.doi.org/10.1016/j.apgeog.2010.10.003

Zweig CL, Kitchens WM (2008) Effects of landscape gradients on wetland vegetation
communities: information for large-scale restoration. Wetlands 28:1086—1096.

26



TABLES

Table 1. Community class descriptions and the distribution of samples by community
classes in percent. The number of samples in WCA 1 and WCA 2A were 3,415 and 2,636,

respectively.
Communitv Descrintor WCA WCA WCA|. . | WCA WCA WCA
OmMUunIty Lescripto 1&2a 1 oA | oMUY e0n 2A
open water slough 1.69 129 22
floating slough 10.78 1698 2.73 Slough 13.09 1827 6.37
broadleaf slough 0.63 0 1.44
floating wet prairie 5.77 0 13.24 Wet Prairi 2195 2656 14.38
short graminoid wet prairie 1549 26.56 1.14 | 'ctrraie | 2l ' '
Cladium tall graminoid 4027 294 5436 | Cladium | 4027 294 5436
Typha tall graminoid 1327 8.67 1923 | Typha 1327 867 19.23
Salix shrub 268 237 3.07 Salix 268 237  3.07
shrub 74 1124 243
tree/shrub island 203 348 0.5 | [ree/Shrub 9441475 2.58
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Table 2. Summary of hydrological variables for each plant community class by region
(WCA 1 and 2A), providing 5th, 50th (Median), and 95th percentiles and the maximum
density of the class-specific variable distribution (greatest width of the violin plot, Fig. 3).
Variables represented are 4-year maximum water depth, maximum length of wet events,
and number of wet periods. Values for WCA 1 and WCA 2A are separated by “; .

Values by Region WCA1; WCA 2A

. . 5th . 95th Maximum
Variable Community Percentile Median Percentile Density
Cladium 42; 47 64; 74 95; 107 65; 74
4 yr. Typha 53;58 86; 79 131; 125 84; 79
Maximum Slough 60; 77 87; 106 159; 166 86; 99
Water Depth Salix 35;50 65;71 88; 107 65; 69
(cm) Trees/Shrubs 18; 45 48; 73 71; 105 48; 73
Wet Prairie 43; 51 64;78 83; 122 64; 64
Cladium 300; 209 712; 678 1099; 1474 739; 619
4 yr. Typha 345; 208 1096; 697 1474, 1474 1098; 342
Maximum Length ~ Slough 706; 1099 1099; 1474 1474; 1474 1110; 1474
Wet Events Salix 232; 132 708; 285 1098; 710 708; 246
(days) Trees/Shrubs 105; 83 346; 292 743; 710 312; 273
Wet Prairie 338;303 1069; 1093 1362; 1474 984; 677
Cladium 2;1 4; 4 5;11 4;3
4 yr. Typha 1; 1 3;4 5; 10 2;4
Wet Events Slough 1;1 2;1 5;3 2:1
(count) Salix 2;3 4:5 6; 12 4: 5
Trees/Shrubs 2;3 4;5 5;14 4;5
Wet Prairie 1; 1 3;3 5;6 3:3

9
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Figure 1. Elevation samples (HAED) in cm above sea level (NADYV 88) (A), and spatial
distribution of plant community classes associated with each elevation sample (B) for the
two study areas WCA 1 and WCA 2A. There was one HAED point for each 400 x 400 m
EDEN grid cell, for a total of 3415 samples within the 560 km2 of WCA 1 and 2636 samples
representing the 422 km2 of WCA 2A; the combined 6051 samples covered a total surface
area of 982 km2. SL = slough; WP = wet prairie; GTt = Typha; GTc = Cladium; Ss = Salix;
TS = trees/shrubs.
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Figure 2. Distribution of hydrological environments for WCA 1 and WCA 2A given as

density plots (upper panel) and maps (lower panel) for the 4-year maximum water depth
(A), maximum length of wet events (B), and number of wet events (C). The maps of each
variable display the data in seven quantile ranges.
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(1A) Hydrologic Interval 2000-2003 for WCA 1 (2A) Hydrologic Interval 2000-2003 for WCA 2A
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Figure 3. Distribution of plant community classes for hydrological variables given as violin
plots (boxplots + density distribution) for classes in WCA 1 and WCA 2A. Estimates are for
the 4-year hydrological intervals for maximum water depth in cm (A), maximum length of
wet events in days (B), and the number of wet events (C). Median is indicated by the small
white circle inside the violin; the 25™ and 75™ percentiles by the upper and lower bounds of
the narrow white box; and the minimum of either 1.5 times the interquartile range or the
maximum and minimum values of the data by the black lines. Community class
abbreviations as in Figure 1.
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Figure 4. Density plots of the 4-year maximum water depth for the 4-yr hydrologic interval

by region. A) density for each community along the hydrological gradient (sum of area
under each class curve = 1); B) conditional density (at each location along the gradient, the
sum of all class densities = 1); C) conditional density deviation (conditional density —
proportional community abundance). Community class abbreviations as in Figure 1.
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Figure 5. Density plots of the 4-year maximum length of wet events for the hydrologic
interval by region. A) density for each community along the hydrological gradient; B)
conditional density; C) conditional density deviation. Community class abbreviations as in
Figure 1.

33



WCA 1
(1A) Period 2000-2003

o _|
['9)
o _|
7] < 7]
7] 7]
fod fod
O o (&)
> [ >
o] o]
5 5
o
[SEN 2
() ()
o o
o _|
o -
T T T T T
0 2 4 6 8
Number of Wet Events (count)
(1B) Conditional Frequency of Events
S Ja A
o | /;
w © B /! 17
7] " ’ 7]
© . K ©
o o _| v e A O
5 °© N 5
- VN ' -
c ] \ ’ c
[0] o W ’ o)
o 3 7 ] \ n—=n L o
E 7" \ -/ \ / E
o S ° A, X o
&~ 4 m \\‘x" A
! 974- . _a==n
S~ =
o [!4!_..-A' e \! %

T T T T T
0 2 4 6 8

Number of Wet Events (count)

—=— GTc—=— GTt-e- SL

80
|

60

40

20

80
1

60
1

40

20

Ss

(2A) Period 2002-2003

o i
-
N
w
&~ I

Number of Wet Events (count)

(2B) Conditional Frequency of Events

A
“‘ /%h—-‘?:——.
W ‘\
e i *
TN A
s L0 ) )

4 A" --" AN
P P AR
. \-
I I [ I I
0 1 2 3 4

Number of Wet Events (count)

--A--

TS WP

Figure 6. Comparison of number of wet events for 4-year record vs. 2-year record. A)
Density for each community along the hydrological gradient; B) conditional density. The 4-
year record (1A, B) shows a much better separation among classes than the 2-year record
(2A, B). Community class abbreviations as in Figure 1.
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