
A Simulation of Historic Hydrology and Salinity
in Everglades National Park: Coupling Paleoecologic
Assemblage Data with Regression Models

Frank E. Marshall III & G. Lynn Wingard & Patrick Pitts

Received: 29 May 2008 /Revised: 4 November 2008 /Accepted: 6 November 2008 /Published online: 4 December 2008
# Coastal and Estuarine Research Federation 2008

Abstract Restoration of Florida’s Everglades requires
scientifically supportable hydrologic targets. This study
establishes a restoration baseline by developing a method to
simulate hydrologic and salinity conditions prior to anthro-
pogenic changes. The method couples paleoecologic data
on long-term historic ecosystem conditions with statistical
models derived from observed meteorologic and hydrologic
data that provide seasonal and annual variation. Results
indicate that pre-drainage freshwater levels and hydroper-
iods in major sloughs of the Everglades were about 0.15 m
higher and two to four times greater, respectively, on average
compared to today’s values. Pre-drainage freshwater deliv-
ered to the wetlands and estuaries is estimated to be 2.5 to
four times greater than the modern-day flow, and the largest
deficit is during the dry season. In Florida Bay, salinity has
increased between 5.3 and 20.1 with the largest differences
in the areas near freshwater outflow points. These results
suggest that additional freshwater flows to the Everglades are
needed for restoration of the freshwater marshes of the
Everglades and estuarine environment of Florida Bay,
particularly near the end of the dry season.
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Introduction

The Greater Everglades Ecosystem of South Florida is a
globally unique combination of hydrology and resultant
water-based ecology that supports many threatened and
endangered species. Encompassed within the Greater Ever-
glades Ecosystem are the wetlands and estuaries of Ever-
glades National Park, including Florida Bay and the
southwest mangrove estuaries; Biscayne National Park;
Big Cypress National Preserve; and several wildlife
refuges. This wetland area has been designated an Interna-
tional Biosphere Reserve, a World Heritage Site, and a
Wetland of International Importance (Davis and Ogden
1994); however, the ecosystem has been greatly altered by
human activities. Beginning around the start of the
twentieth century, drainage projects for flood control and
land reclamation in the surrounding areas altered the natural
hydrologic patterns and negatively impacted the biota
(Ogden et al. 2005; Sklar et al. 2005). Conversion of
wetlands to uplands and the diversion of freshwater to the
coast have reduced the spatial extent of the freshwater
wetlands that existed around 1900 by about half (Davis et al.
1994; Renken, et al. 2005; Schaffranek et al. 2001; Ogden
et al. 2005; Davis et al. 2005). The impact of altering the
natural flow of water through the South Florida ecosystem
was highlighted by Marjory Stoneman Douglas with the
publication of “The Everglades: River of Grass” in 1947
and has since been documented widely in both scientific
journals and the open press.

The operational control of freshwater flow has reduced
the volume of stored freshwater within the natural Ever-
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glades wetland system and has significantly altered the
hydrology and ecology of the entire region. In the
remaining marshes, hydroperiods have been reduced and
hydropatterns changed (Ogden et al. 2005; Davis et al.
2005; Sklar et al. 2005; Willard et al. 2006). Downstream in
estuarine areas, this reduction in freshwater flow has
increased average salinities. In some areas, however, the
flood control component of the managed system causes
rapid short-term reductions in salinity that are outside the
temporal range of variability of the natural system
(Montague and Ley 1993). This is particularly true in
northeastern Florida Bay, Card Sound, Barnes Sound, and
southern Biscayne Bay. In other areas, such as Whipray
Basin, this diversion of freshwater to northeastern Florida
Bay has resulted in an increase in hypersaline events
(Browder et al. 2002; Marshall 2005).

The reduction in freshwater stored upstream has caused
the salt/freshwater transition zone to migrate landward
(Parker et al. 1955), resulting in the influx of phospho-
rous-rich saline water into the tidal wetlands of Florida Bay
(Rudnick et al. 2005). Florida Bay provides significant
habitat for many ecologically and commercially important
species of marine wildlife and it serves as a nursery for
Gulf of Mexico and Atlantic Ocean fisheries (Browder et al.
2002). The alteration of the natural hydrologic regime in
South Florida has resulted in the decline of a unique
productive environment that is not thought to be sustainable
in its current form (Rudnick et al. 2005).

To address the complex hydrologic, environmental, and
societal issues of water control in South Florida, a multi-
agency effort began in the 1990s that led to the develop-
ment of the Comprehensive Everglades Restoration Plan
(CERP; U. S. Army Corps of Engineers 1999, 2006), and
the goal to restore the freshwater, estuarine, and marine
environments, much of which are located in Everglades
National Park (ENP). The primary goal of CERP is to
restore the timing, quantity, quality, and distribution of
freshwater to the remaining parts of the original ecosystem
so that it approximates the predevelopment conditions as
closely as possible. Determining what constitutes the spatial
extent and temporal hydrologic variation of the original
Everglades ecosystem is a source of debate, and scientific
data sets prior to the 1950s are scarce. Almost all of the
existing scientific data on the Everglades ecosystem were
collected from an already altered landscape, with the
exception of paleoecological data.

This research was initiated to couple paleoecologic data
on pre-drainage salinity in Florida Bay with hydrology and
salinity regression models. The purpose is to estimate
through hindcasting the pre-drainage hydrology in the
Everglades and the salinity in Florida Bay. The results can
be used by resource managers as a benchmark in the
development of targets for freshwater flow and stage in the

upstream wetlands and salinity in the estuaries. The
objective is to forecast the amount and timing of freshwater
necessary to restore a more natural hydrologic pattern to the
Everglades and salinity to the estuaries of South Florida.

Materials and Methods

Study Area

The area of study is Everglades National Park, which
covers 5,662 km2 (Fig. 1). The Park encompasses diverse
wetland ecosystems such as sawgrass prairies, hardwood
hammocks, marl prairies, ridge and slough, mangroves,
estuaries, carbonate mudbanks, and mangrove islands
(McPherson and Halley 1996). The research discussed in
this paper is focused on the wetlands in Shark River Slough
south of U. S. Route 41 (Tamiami Trail), the marshes of
Taylor Slough downstream of the Taylor Slough Bridge,
and the open water of Florida Bay. Specific monitoring
sites utilized within this region where data were collected
are listed in Table 1 and shown in Fig. 1. It is noted that this
paper utilizes the UNESCO (1985) salinity guidelines and
the Practical Salinity Scale. As such, values of salinity
reported herein have no units.

A sediment core from Whipray Basin (WB) was selected
to test and develop the methodology of linking regression
models to paleoecologic data. The basin is located in north
central Florida Bay (Fig. 1) and is surrounded by shallow
mud banks and mangrove islands that restrict circulation
and reduce the tidal influence (Boyer et al. 1999). These
conditions have led to extended periods of hypersalinity in
Whipray Basin that have recurred a number of times over
the past several decades (Fourqurean and Robblee 1999).
Whipray Basin is recognized as a nursery ground for pink
shrimp (Farfantepenaeus duorarum), a commercially im-
portant species (Browder et al. 2002). A key question for
this research is whether hypersalinity is a natural condition
in Florida Bay, or whether it resulted from water manage-
ment practices. The variation in salinity for both current and
pre-drainage periods (i.e., never fresh) in Whipray Basin
makes this site particularly advantageous for regression
modeling.

Approach

Despite the volume of research done in South Florida in
recent years, long-term data sets on physical and biological
factors are generally limited to the last 30 years. Fourqurean
and Robblee (1999) point out that paleoecologic data,
which indicate changes over centuries, put “long term” in
perspective. By comparison, monitoring stations estab-
lished within the freshwater marshes and estuaries in ENP
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during the 1980s and 1990s provide information on
hydrologic parameters for this study. The physical
responses of the system to climatic forcing factors and the
effects of drainage operations is inferred from the observed
water level (stage) and flow data collected at these stations.

Tabb (1967) was one of the first to document the
relationship between salinity in South Florida tidal creeks
and the stage measured in the upstream watershed. Water
levels in the Everglades are a function of rainfall accumu-
lation in the surrounding areas over the most recent period,
water flow from upstream areas (surface and groundwater),
and water loss due to evapotranspiration. Other physical

factors affecting water levels include wind stress, tide
effects, and water supply pumping. Surface water flow is
a driving factor controlling salinity in the upper portion of
the estuaries (Marshall and Nuttle 2008), and it is one of
the primary quantities used for operating and managing the
drainage system and for setting restoration targets. For
these reasons, freshwater flow is one of the focal variables
of this study.

The ability of linear regression modeling techniques to
explain the connection between salinity conditions in
Florida Bay and the hydrologic conditions upstream in the
freshwater marshes of the Everglades has been clearly
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documented (Tabb 1967; Cosby 1993; Nuttle 1997;
Marshall et al. 2004; Marshall 2005, 2008; Marshall and
Nuttle 2008). Uncertainty in estimates made by regression
models is easily quantified (Neter et al. 1990; Helsell and
Hirsch 1991; Kashigan 1991) and regression model
nomenclature is familiar to scientists in many fields. When
the number of observations is large, as is the case in South
Florida for stage, flow, and salinity, error is minimized and
confidence in predictions is increased.

The predevelopment salinity regime for Florida Bay was
developed using paleoecologic data collected by the US
Geological Survey (USGS; Trappe and Brewster-Wingard
2001; Brewster-Wingard et al. 2001; Cronin et al. 2001).
Paleoecologic studies provide a method of reconstructing
pre-existing biological, physical, and chemical parameters of
an ecosystem through quantitative analysis of biotic assemb-
lages preserved in sediment cores. These methods have been
successfully used in a number of environments (see for
example Brush and Hilgartner 2000; Cole and Wahl 2000;
Oswald et al. 2003; Parsons et al. 1999). Wingard et al.

(2007a) provide a summary of paleoecologic studies done
in Florida Bay through 2003.

In this study, a three-phase process is used to couple
paleoecologic assemblage data with regression models
(Fig. 2). In phase I, the paleoecological analysis establishes
the target salinity regime for pre-drainage conditions. In
phase II, regression models are developed from observed
instrumental data. In phase III, the products of phases I and
II are coupled to estimate the paleo-based hydrology (stage
and flow) in the Everglades and the resultant paleo-based
salinity conditions at locations throughout Florida Bay. The
three phases, as well as details of the various steps involved
in the approach presented in Fig. 2, are described below.

Phase I: Establishing Pre-drainage Salinity Conditions

The first phase of the approach uses the paleoecological
analysis as shown by step 1 on Fig. 2. A sediment core was
collected in Whipray Basin in 1997 by the USGS (Core
FB697 25B, coordinates: N25.0712° W80.7385°; Fig. 1),
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using a piston core with a 10.16-cm (4-in.) barrel. The core
contained 88 cm of shelly calcareous mud, stopping just
above the underlying peat. The core was sectioned into 2-
cm segments and processed into three sizes: ≥850; ≥63
and <850; and <63 μm. The ≥850-μm fraction was
analyzed for the mollusks reported herein and the <63-μm
fraction was used for the lead-210 analyses; the 63–850-μm
fraction was reserved for micropaleontological analyses not
reported on here. Details on the processing and analyses of
the Whipray Basin core can be found in Trappe and
Brewster-Wingard (2001). The paleoecologic analyses of
the Whipray Basin core are identical to methodologies
successfully utilized on other cores from South Florida’s
estuaries (Brewster-Wingard and Ishman 1999; Brewster-
Wingard et al. 2001; Ishman et al. 1998).

The geochronologic model is based on lead-210 analyses
of the <63-μm sediment fraction from each core segment
and on carbon-14 analysis of a single shell collected in the
64- to 66-cm-depth sample. The use of lead-210 to date
twentieth century sediments is well documented (for
example, Appleby and Oldfield 1978; Ducat and Kuehl
1995; Appleby 1997; Walling 2003) and the method used
here follows Robbins et al. (2000). When the excess
(unsupported) lead-210 reaches the background (supported)
level present in the sediments, the sediments are approach-
ing 100 years in age. This value provides a convenient
marker for the approximate beginning of the twentieth
century. In the Whipray Basin core, lead-210 approaches

background levels between 35 and 45 cm depth in the core.
The age model incorporates both lead-210 and carbon-14
data and was developed using a mixed effect regression
model. Details on the development of the age model and all
of the associated data are presented in Wingard et al.
(2007b). This model provides a range of 1900–1940 AD at
35 cm depth and 1805–1912 at 45 cm depth in the Whipray
Basin core. The average sedimentation rate for the post-
1900 portion of the core is 0.37 to 0.43 cm year−1.

Mollusks were sorted to species level from the ≥850-μm
sediment fraction (data reported in Trappe and Brewster-
Wingard 2001) and ostracodes were examined from the 63-
to 850-μm fraction (data reported in Cronin et al. 2001).
For this analysis, the molluscan fauna were used, but
molluscan and ostracode faunal data consistently indicate
the same salinity and substrate patterns at the Whipray
Basin site. All identifiable molluscan remains were
removed from every other 2-cm sample, identified to
species level, counted, and converted to percent abundance
data to standardize the counts. Figure 3 shows the down-
core data for key molluscan salinity indicators.

The basis for paleoecological interpretations is the
application of a modern calibration data set to the
interpretation of biotic assemblages from sediment cores,
using either the analytical transfer function (Imbrie and
Kipp 1971) or the modern analog method (Hutson 1979). A
modern molluscan faunal calibration data set has been
developed for South Florida (Wingard et al. 2007c).
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Preliminary tests of the calibration data set were conducted
on modern samples, comparing the predicted salinity based
on the data set to the observed salinity at the sample sites.
These tests indicate the modern molluscan data set can
accurately predict the known salinity with a correlation
coefficient of about 0.8 (Wingard and Hudley 2008). A
comparison of the assemblages in the Whipray Basin core
with the calibration data set produced the salinity regimes
indicated in Fig. 3.

Zone 3, from 46 to 20 cm in the core, indicates a polyhaline
salinity regime (18–30), which spans approximately 65 years
given the average sedimentation rate for the upper portion of
the core. This zone incorporates the 35–45-cm section of the
core that represents the ∼1900 timeline within the core. Even
allowing for the errors in the age model as discussed above,
the 35–45-cm section of zone 3 is representative of pre-1940
salinity for Whipray Basin. The polyhaline paleosalinity
regime (18–30) derived from the core assemblage data
(Fig. 2, step 1) is exported for use in step 2.

The next step in the process was to develop a Whipray
Basin daily paleo-based time series (Fig. 2, step 2) from an
existing run of the Natural System Model (NSM; ver. 4.6.2;
South Florida Water Management District and Interagency
Modeling Center 2005), a derivative of the South Florida
Water Management Model (SFWMM). The SFWMM is a
regional hydrologic model for South Florida on a 2 by 2-
mile grid. NSM simulates daily stage and flow in each of
the 4-mi2 grid cells assuming an unaltered landscape. NSM
uses the observed climatologic data for 1965 to 2000 as
input. NSM output was coupled with multivariate linear
regression (MLR) models in a previous study (Marshall
2005, 2008) to produce estimates of NSM-based salinity at
a number of locations in Florida Bay for 1965–2000,
including Whipray Basin.

Pitts et al. (2005) noted that the NSM-based salinity
curves at several locations in Florida Bay (including
Whipray Basin) appear to be high compared to paleosa-
linity data for the ecosystem prior to anthropogenic changes
to regional hydrology. At Whipray Basin, the average
monthly salinity difference between NSM and the paleo-
salinity is about 8.5 (Fig. 4). Because the paleosalinity does
not provide a time series, the NSM-based salinity simula-
tion for the 1965–2000 time period for Whipray Basin was
modified by subtracting this 8.5 difference from all salinity
values. The resulting simulated daily paleosalinity time
series for the 1965 to 2000 time period fits the polyhaline
salinity regime indicated for the beginning of the twentieth
century in the Whipray Basin core (Trappe and Brewster-
Wingard 2001).

Figure 5 shows the daily paleo-based salinity regime at
Whipray Basin produced by modifying the NSM-based
salinity, as described above. This daily paleo-based salinity
regime is coupled with regression models to produce the
subsequent paleo-based simulations (Fig. 2, steps 5–8). The
average monthly salinity values from this simulated series
closely approximate the pre-drainage salinity regime in
Whipray Basin (Trappe and Brewster-Wingard 2001; Pitts
et al. 2005). In the following analysis, this daily salinity
regime for 36 years at Whipray Basin is termed the “paleo-
based” salinity, and the stage, flow, and salinity simulations
produced by the regression models using the paleo-based
input are termed paleo-based parameters.

This approach assumes seasonal patterns of rainfall for
the early twentieth century were similar to the documented
period from 1965 to 2000 used in the NSM/MLR
simulations. Evidence indicates this is a reasonable as-
sumption because patterns in the long-term regional
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precipitation data in the upper watershed of the Everglades
are similar for the periods 1895 to 1950 and 1960 to 2000
(Enfield et al. 2001; Basso and Shultz 2003). In addition,
analysis of the Atlantic Multidecadal Oscillation (AMO)
shows that the conditions for 1965 to 2000 were similar to
the AMO conditions for the approximately 30-year period
beginning with the turn of the century and that the AMO
for the period from approximately 1930 to 1965 was
different (Enfield et al. 2001).

Phase II: Development of Linear Regression Equations
from Observed Data

Hydrologic and salinity data are collected by several
agencies at locations throughout Everglades National Park
(Table 1; Fig. 1). For the second phase of the procedure, the
average daily values of these observed data were utilized to
develop regression models for stage, flow, and salinity
(Fig. 2, steps 3 and 4). Physical data obtained from each
station are listed in Table 1.

The key regression models for this process are univariate
linear regression models of Whipray Basin salinity as a
function of stage at two primary upstream stations
developed from the observed data (Fig. 2, step 3). Daily
stage data from Craighead Pond (CP) and P33 were
regressed against daily salinity data from the Whipray
Basin station (see Fig. 1 for location) over a period of
11 years (Table 1). In previous work, CP and P33 were
identified as important stage stations in the development of

the MLR salinity models because of the relatively high
correlation between stage at these two stations and salinity
at a number of locations in Florida Bay (Marshall et al.
2004; Marshall 2005, 2008). In these studies, CP and P33
were consistently selected by the stepwise regression
process as the independent variables explaining the greatest
portion of salinity variation, as compared to the data from
other stage monitoring stations in the Everglades. Model
parameters for these two key regression models are
presented in Table 2.

Three suites of regression models were developed
(Fig. 2, step 4) to use the Whipray Basin paleosalinity-
based stage output from step 5 to produce stage, flow, and
salinity estimates. Regression models to link stage to flow
were developed for Shark River Slough (SRS) at Tamiami
Trail and Taylor Slough at Taylor Slough Bridge (TSB).
Flow into western SRS (see Fig. 1) is estimated by a water
budget using S12T (total flow through the S12 structures),
S334, and S334 structure flows. Flow into Taylor Slough is
measured directly at TSB. The net flow into western SRS
across Tamiami Trail and the flow at TSB function as the
independent variables in the flow regression models at SRS
and TSB locations developed from the observed daily stage
values at CP and P33 (Fig. 2, step 4A). Table 2 presents the
model parameters and values of the coefficient of determi-
nation (adjusted R2) for the flow regression models.

Stage-to-stage linking regression models also were
developed between stations P33 and CP and other stage
monitoring stations in ENP (Fig. 2, step 4B). Several

Table 2 Model parameters, number of values used for model development and coefficient of determination (adjusted) for simple linear regression
models used in phase II (steps 3–4 on Fig. 2)

Step Dependent variable Independent variable Number Coefficient Intercept Adjusted R2

3 Whipray Basin P33 3,367 −25.96 86.31 0.53
3 Whipray Basin CP 3,353 −22.15 43.82 0.33
4A TSB CP 2,707 14.25 −3.5 0.46
4A SRS P33 3,254 184.95 −325.69 0.58
4B G3273 P33 3,788 1.36 −0.75 0.75
4B NP206 P33 8,382 1.48 −1.19 0.61
4B TSH CP 2,260 0.93 0.26 0.71
4C Bob Allen Whipray Basin 1,506 0.84 4.23 0.83
4C Buoy Key Whipray Basin 1,424 0.8 5.99 0.73
4C Butternut Key Whipray Basin 3,757 1 −5.01 0.73
4C Duck Key Whipray Basin 3,498 0.91 −3.9 0.71
4C Garfield Bight Whipray Basin 1,971 1.4 −18.1 0.61
4C Joe Bay Whipray Basin 3,697 1.1 −24.54 0.45
4C Johnson Key Whipray Basin 1,573 0.62 13.18 0.69
4C Little Madeira Bay Whipray Basin 3,879 1.13 −17.13 0.73
4C Little Rabbit Whipray Basin 1,596 0.54 16.46 0.68
4C Murray Key Whipray Basin 1,438 0.6 12.58 0.75
4C Peterson Key Whipray Basin 3,700 0.36 22.42 0.63
4C Terrapin Bay Whipray Basin 3,419 1.58 −30.1 0.72

See Table 1 for the period of model development (calibration). Units of measure for the independent variable are stage in meters relative to
NGVD29 datum for P33 and CP, and salinity stated as the Practical Salinity Scale (UNESCO 1985) for Whipray Basin
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gauges that are in CERP Indicator Regions that provide
data for performance-measure purposes (U. S. Army Corps
of Engineers 2006) were selected for hydroperiod analysis.
In Shark River Slough, regression models were prepared for
stage monitoring station G3273 in Indicator Region 147
(SRS—Rocky Glades East), station NP206 in Indicator
Region 148 (SRS—Rocky Glades West), and Taylor
Slough stage station TSH in Indicator Region 133 as a
function of the stage at CP or P33.

Finally, salinity-to-salinity regression models were de-
veloped for salinity monitoring stations in Florida Bay as a
function of Whipray Basin salinity (Fig. 2, step 4C). Details
on all of the linking regression models are presented in
Table 2.

Phase III: Coupling the Pre-drainage Salinity Regime
and the Regression Models

For the third phase of the procedure, the various linking
models were coupled with the paleo-based salinity regime
to simulate paleo-based stage and flow in the Everglades
and salinity in Florida Bay. To begin the simulations, the
P33/Whipray Basin and CP/Whipray Basin regression
models were solved for the independent variable (stage)
as a function of the dependent variable (salinity), a process
called inverse calibration (Neter et al. 1990; Kashigan
1991; Fig. 2, step 5). The inverse model stage values are
estimates of the stage that existed for known salinity values
at the Whipray Basin monitoring station. When the
estimated paleo-based salinity regime is input in time series
form to the inverse calibration models, the outputs are
paleo-based stage at P33 and CP at the daily frequency for
36 years. The simulated P33 and CP stage values were then
used in the flow models to estimate paleo-based daily flow
at key locations (SRS and TSB) for 36 years (the output of
Fig. 2, step 6). The paleo-based stage values at P33 and CP
were also used to simulate the paleo-based stage at other
stations in the Everglades using the regression models
(Fig. 2, step 7). The outputs are annual hydroperiod
durations that can be compared to the existing data. Finally,
the paleo-based salinity at Whipray Basin was used with
the salinity-to-salinity regression models to estimate the
paleo-based salinity regime at other stations in Florida Bay
(Fig. 2, step 8). In total, four outputs are produced that
describe the paleo-based hydrologic and salinity conditions
in the Everglades and Florida Bay based on the interpre-
tation of the paleoecologic assemblage data.

Testing the Models

To insure that the use of linear regression models with these
data sets did not violate the basic assumptions of regression
modeling, model residual plots were evaluated (plots not

shown). Minor deviation from normal distribution behavior
was seen for some of the flow models when residual/normal
plots were examined. Time plots of residuals showed that
there is a seasonal pattern to the residuals; however, there
were no significant deviations or other limitations that
preclude the use of the developed regression models for
simulation purposes (Neter et al. 1990). The addition of
other independent variables to the linear regression models
could account for the seasonal trend (Marshall et al. 2004),
but multivariate models cannot be used for an inverse
calibration function. The model output error was managed
through the use of a high temporal resolution for simu-
lations (daily) and a long simulation period (36 years) to
take advantage of averaging techniques, as well as
appropriate interpretation of results.

Results

Phase I: Paleoecology

A complete discussion of the statistical analyses of the
molluscan fauna in the Whipray Basin sediment core can be
found in Trappe and Brewster-Wingard (2001). The
temporal distribution of significant indicator species, zones,
and salinity regimes are shown in Fig. 3. Zone 1 (78–
60 cm) is a zone of high faunal richness (number of taxa)
and abundance and is characterized by fauna typical of
mesohaline (5–18) to polyhaline (18–30) salinity environ-
ments. Zone 2 (58–44 cm) is a transitional zone, containing
fauna typical of several salinity regimes. Species tolerant of
a range of salinity conditions (Brachidontes exustus and
Transenella sp.) dominate the assemblage and zone 2 is low
in abundance and diversity. Zone 3 (42–20 cm) has high
abundance and diversity and the fauna remain relatively
constant throughout this zone; the assemblage is typical of
a mid-estuarine polyhaline environment. The polyhaline
salinity regime (18–30) from zone 3 existed at the
beginning of the twentieth century and is used for the
output to step 2 (Fig. 2). The latter half of the twentieth
century is represented by zone 4 (18–0 cm), a low diversity,
low abundance zone dominated by the opportunistic B.
exustus and other species tolerant of rapid changes in
salinity.

The paleo-based salinity regime that drives the models
(step 2, Fig. 2) has a mean daily salinity value of 23.4 for
the 1965 to 2000 time period—a difference of 12.1
compared to the observed Whipray Basin mean daily
salinity of 35.5 over the 1990–2003 time period (dashed
lines on Fig. 5). Over 600 values of simulated Whipray
Basin paleo-based salinity over the 36-year period exceeded
35. Maximum values during the 1989–1990 drought period
reached salinities above 50 for the paleo-based regime. This
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provides evidence that hypersaline conditions can occur at
Whipray Basin without an altered hydrologic regime.
According to the Venice salinity classification system
(Symposium on the classification of brackish waters
1958), the average salinity observed for Whipray Basin
(1990–2003) is euhaline (30–40), but using the paleo-based
simulation, Whipray Basin is polyhaline (18–30; Fig. 5;
Swart et al 1999; Trappe and Brewster-Wingard 2001).

Phase II: Regression Models Based on Observed Data

Regression model development resulted in the estimation of
salinity models for Whipray Basin as a function of the stage
at P33 and CP. Plots that compare the observed and
simulated salinity values produced by regression models
using P33 and CP for both calibration and verification
periods (see Table 1 for details) are presented in Fig. 6. The
simulated salinity agrees closely with the observed except
for a few notable time periods. For example, the P33 plot
shows that during much of 1993, observed salinity is 5–10
lower than simulated, and in late 1993 through most of
1994, observed salinity was 5–10 higher than simulated.
Similar differences between observed and simulated salinity
appear in the verification plot for the salinity regression
model developed from CP. A drought period occurred in

South Florida in the late 1980s and early 1990s that is
reflected in the low stage elevations, low flows, and
hypersaline conditions indicated during that period by both
observed and simulated data. The statistics on the salinity,
flow, and stage regression models are presented in Table 2.
The coefficient of determination values (adjusted R2) in
Table 2 (developed for the regression models in step 3 on
Fig. 2) show that the Whipray Basin salinity model
developed from P33 does a better job of explaining the
variation in the observed Whipray Basin salinity data
(adjusted R2=0.53) than the CP station model (adjusted
R2=0.33).

Figure 7 presents the observed flow data compared to the
simulated flow (from regression models) for SRS and TSB
(Fig. 2, step 4A), for periods that are combined calibration
and verification periods (see Table 1 for time periods). The
plots generally show good agreement between observed
and simulated flows for SRS and TSB. However, the results
also show that the peak observed flow on some days was
not reached by the SRS and TSB models (e.g., late 1994 in
SRS and late 1999 in TSB). At other times, the simulated
flows are higher than observed flows (e.g., most of 1996 in
SRS and the last half of 1996 and 1997 in TSB). Table 2
presents adjusted R2 values of 0.46 and 0.58 for SRS and
TSB, respectively. Table 2 also summarizes the model
parameters and presents the adjusted R2 values for stage
and salinity models at other locations in the Everglades and
Florida Bay (Fig. 2, steps 4B and 4C), based upon the
observed stage and salinity data. The adjusted R2 values for
these stage and salinity models ranged from 0.45 to 0.83.
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Phase III: Coupling Paleoecologic Salinity with Regression
Models

When the observed Whipray Basin salinity is input to the
inverse calibration model to produce stage, both CP and
P33 are simulated well, although there are notable differ-
ences in simulated and observed stages throughout the
record (Fig. 8). Table 3 presents the results of this
evaluation, including mean values, standard deviation, and
percent error of the mean for both observed and simulated
series. The statistics on stations P33 and CP represent the
use of the inverse calibration model only to simulate stage
(Fig. 2, step 5). In contrast, for verification of the SRS and
TSB flow models, two models were coupled and the
statistics reflect the coupled (two-model) procedure. The
low error of the mean value for the P33 model contributes
to the low error of the mean value for the two-model
simulation of SRS flow. The higher error of the mean for
the CP model is reflected in the higher error of the mean
value for the two-model TSB simulations. A comparison of
the percent error of the mean in Table 3 shows that the
models are estimating higher values, with the exception of
the CP station model. Overall, the percent error of the mean
varies from about 1% to over 13% for the salinity-to-stage
and the salinity-to-stage-to-flow coupled models.

After evaluating model performance through verification
to understand the uncertainty in the estimation process, the
paleo-based Whipray Basin salinity developed in step 2 was
used to drive the suite of linear regression models described
above to estimate paleo-based stage and flow in the
Everglades and salinity throughout Florida Bay. Table 4
presents the mean daily values of paleo-based stage and
flow for P33, CP, SRS, and TSB (Fig. 2, steps 5 and 6)
compared to observed values for the combined calibration
and verification period (see Table 1). For stations P33 and
CP, mean paleo-based values for stage were 0.55 and
0.60 m higher than the observed mean value of stage for
the period of comparison. For SRS, the mean value for
the paleo-based flow is increased by 73.4 m3s−1, while at
TSB, the mean value for the paleo-based flow is increased
by 6.7 m3s−1. The ratio of the paleo-based average flow to
the observed average flow also is presented in Table 4.
The paleo-based average flow at SRS was 2.7 times the
observed flow for the period of comparison, while the
TSB paleo-based flow is almost four times the observed
flow.

When the daily flows are averaged to monthly values
and compared, the seasonal differences between the current
hydrologic conditions and the hydrologic regime in the
absence of drainage disturbances can be seen. Figure 9
(top) presents the paleo-based mean monthly flow volumes
(m3×106) for Shark River Slough compared to the observed
volumes. Paleo-based mean monthly flow volumes for
Shark River Slough range from about 250 to 465 m3×106

with the observed volumes ranging from 45 to 215 m3×
106. For Taylor Slough (Fig. 9, middle), mean monthly
paleo-based flow volumes average between 18.5 and
38 m3×106, while observed volumes are between 0.75
and 13.5 m3×106. The average monthly flows into north
Shark River Slough for the paleo-based regime are between
three and eight times the observed flows over the year
(Fig. 9, top). For Taylor Slough, the range for the paleo-
based regime is three to 24 times greater than the observed
flow (Fig. 9, middle). During the months of July, August,
September, and October (wet season), the paleo-based

Table 3 Output from step 4A and 4B (Fig. 2)

Station Observed Simulated

Number Mean Standard deviation % Error of mean Number Mean Standard deviation

SRS (flow) 4,052 42.39 40.15 5.02 4,036 44.63 39.25
TSB (flow) 3,645 2.22 2.86 13.62 4,778 2.57 3.04
CP (stage) 4,497 0.39 0.17 −5.41 4,117 0.37 0.32
P33 (stage) 4,601 1.93 0.21 1.03 4,117 1.95 0.27

Mean, standard deviation, and number of values represent flow and stage simulations using the suite of models with observed Whipray Basin
salinity as initial input. Percent error of the mean compares observed and stimulated stage and flow data. Flow values are in cm3/s. Stage values
(m) are relative to the NGVD29 datum.
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flows are about three times the observed flows for both
sloughs. However, during the dry season, there is a larger
deficit, and later in the dry season, the flow deficit in Taylor
Slough is much greater than the flow deficit in Shark River
Slough. Figure 9 (bottom) presents the ratio of the monthly
average simulated paleo-based flow to the monthly average
observed flow for SRS and for TSB, illustrating the
differences between the two flow regimes.

The paleo-based average annual hydroperiod durations
for selected CERP Indicator Regions also were calculated
(Fig. 2, step 7). Table 5 compares the paleo-based hydro-
period estimates with the observed hydroperiod and the
CERP targets (U. S. Army Corps of Engineers 2006). For
all stations examined, the paleo-based hydroperiods are
longer than the observed hydroperiods by amounts ranging
from 267 to 300 days or 34 to 43 weeks. Station TSH in
Taylor Slough is located in a freshwater marsh area and
should be wet most of the time, yet currently averages only
77 days.

The paleo-based salinity regime at other stations in
Florida Bay was also simulated (Fig. 2, step 8). Table 6
presents a comparison of the observed salinity data and the
simulated paleo-based salinity. The differences in the
average salinity values for the shown periods of comparison
were between 5.3 and 20.1, with the largest differences at
the inner embayments and the smallest differences at the
western-most stations. For the existing situation, the
average value of salinity at seven stations exceeds 30. For
the paleo-based regime, only one station has an average
salinity value for the period of comparison greater than 30.

Discussion

One of the primary goals of Everglades restoration is to
“get the water right,” which means restoring a more natural
flow pattern through the system (Sklar et al. 2005; US
Army Corps of Engineers 1999). In order to accomplish
these goals, an understanding of the historic conditions in
the Everglades is necessary, along with the ability to
quantify linkages between ecology and water depths,

hydroperiods, and flow (Sklar et al. 2005). The restoration
of the upstream hydrology (stage and flow) in the
freshwater Everglades is a major step toward the restoration
of the freshwater ecology and is expected to restore the

Table 4 Output from steps 5 and 6 (Fig. 2)

Station Observed Paleo-based Difference (paleo − observed) Paleo: observed

Number Mean Number Mean

P33 (stage) 4,581 1.93 3,920 2.48 0.55 1.28
CP (stage) 4,477 0.39 3,922 0.99 0.60 2.54
SRS (flow) 4,052 42.40 4,036 115.80 73.40 2.73
TSB (flow) 3,627 2.23 4,760 8.90 6.67 3.99

Comparison of observed and simulated paleo-based stage and flow. Flow values are in cm3/s. Stage values (m) are relative to the NGVD29 datum.
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downstream estuarine environments within Florida Bay.
Because of the connectivity and continuity between the
freshwater and estuarine hydrology and biota, a return to a
more natural salinity condition in Florida Bay cannot be
accomplished on a regional scale without returning the
upstream freshwater and transition zone ecosystems to the
pre-drainage hydrologic environments (rocky glades, ridge/
slough/tree island, mangrove zone), which includes restor-
ing stage and flow. In addition, it has been suggested that
maintaining the freshwater head on the salt/fresh interface
zone is the most effective measure in adapting naturally to
the projected rise in sea level for the twenty-first century
(Nicholls et al. 2007).

The suite of hydrologic regression models that have been
developed link an estuarine hydrology indicator (salinity)
and a freshwater hydrology indicator (stage) with a forcing
factor (flow) that is a primary hydrologic component. Even
though flow is controlled, the link between stage in the
Everglades and salinity in Florida Bay is primarily a link
between two uncontrolled response variables to flow inputs.
For example, once the flow has been delivered to ENP
across Tamiami Trail, the predominately natural physical
conditions of Shark River Slough will determine the level
of water stored in the slough (hydroperiod for the marshes)
and the resulting downstream salinity in the west coast
mangrove estuaries. A similar situation exists for Taylor
Slough—once the freshwater flows past Taylor Slough
Bridge, there are only minor anthropogenic influences.
Therefore, determining the flow required at these two
locations is essential to Everglades and Florida Bay
restoration, and this study suggests that it can be derived
from paleo-based salinity and stage targets.

As with all linear regression models based on real data,
there are embedded errors that have to be taken into
account. Residual analysis showed that the basic assump-
tions of normality have not been seriously violated by any
of the models, but there is a seasonal pattern to the model
errors. The models do not estimate the highest values of wet
season daily flow as well as they do the daily flows in the
low to middle range, as can be seen in the plots of observed

and simulated values for calibration and verification periods
(Fig. 7).

Plots of observed and simulated data and model statistics
for P33 and CP stations for the calibration and verification
periods show that the model output traces the observed
daily salinity data well for normal rainfall and wet years,
but not as well in dry times (Fig. 6). Even so, when the
models are used in the inverse calibration mode with
observed salinity used to estimate stage, the errors in the
simulated P33 and CP mean values for the calibration/
verification period were only about 1% and 5%. When
daily flow is then estimated using these P33 and CP
simulated daily values, the error of the mean for the two-
model simulations of SRS and TSB increases to 5% and
14%, respectively. So the coupling of models also intro-
duces uncertainty but not to a high level.

Table 6 Output from step 8 (Fig. 2)

Florida Bay
Station

Observed
salinity
average

Paleo-based
salinity average

Salinity difference
(observed − paleo)

Bob Allen 33.2 21.1 12.1
Buoy Key 32.8 22.2 10.6
Butternut Key 31.3 17.7 13.6
Duck Key 29.0 16.8 12.2
Garfield Bight 28.9 10.3 18.6
Joe Bay 15.4 2.7 12.6
Johnson Key 35.3 27.0 8.3
Little Madeira Bay 23.8 8.2 15.6
Little Rabbit 34.4 27.3 7.1
Murray Key 33.0 24.8 8.2
Peterson Key 35.8 30.5 5.3
Terrapin Bay 23.6 3.5 20.1

Comparison of observed salinity data and simulated paleo-based
salinity data at various locations in Florida Bay, Everglades National
Park, including the difference. Daily average calculated over the
period of measurement for the observed and over the period of
simulation for the paleo-based data. The period of comparison for
each station extends from the “date data begins” (Table 1) through
December 31, 2000

Table 5 Output from step 7 (Fig. 2)

Indicator
Region

Name Station Paleosalinity regime Observed Difference (paleo − observed) RECOVER target

days weeks days weeks days weeks

147 Rocky Glades East G3273 316 45 16 2 300 43 ∼24 weeks average
148 Rocky Glades West NP206 325 46 86 12 239 34 32–34 weeks average
133 Taylor Slough TSH 344 50 77 11 267 39 Natural System Model

Average hydroperiod in days and weeks for the paleo-based salinity regime and the observed values. For this study, hydroperiod is defined as the
period of time that stage is greater than 15 cm above ground surface. Paleo-based hydroperiod is the average over 36 years of simulation. Target
values provided are from RECOVER Greater Everglades performance measures (U. S. Army Corps of Engineers 2006). Location data on stations
in Table 1
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In addition to the uncertainty in the models, there also is
uncertainty in the paleo-based salinity regime used as input
to the models. The interpretation of the paleoecological data
to start the process for this analysis is somewhat qualitative
(cluster analyses were used to establish the assemblage/
paleosalinity zones) and the necessary assumption is made
that the organisms have not changed their salinity toler-
ances as measured in the modern environment. Errors
associated with age models for the core could lead to
selecting the wrong paleo-based salinity regime for input;
however, as discussed above, for the Whipray Basin core,
the polyhaline assemblage spans a period of decades that
incorporates 1800s to mid-1900s within the range of error
of the age model.

By utilizing the method developed here of coupling
paleoecologic data with regression models based on
observed data, some of the issues of uncertainty with the
models (Sklar et al. 2005) are overcome, while also
overcoming problems associated with temporal scales of
paleosalinity data. Given errors within the age range of core
samples and the sedimentary process of time-averaging,
typically the best resolution achieved on early twentieth
century samples is approximately a decade. In order to
develop realistic salinity targets for restoration, short-term
salinity variations need to be understood. By generating a
daily time series that simulates a typical minimum and
maximum salinity regime over a period that includes a wide
range of actual climatic and hydrologic conditions, the
problems of temporal scale with paleosalinity interpreta-
tions and the problems of realistic historical data for the
models are both overcome.

To manage uncertainty in hydrology and salinity, a daily
time step was used for the basic model simulations and then
averaged to monthly and annual mean values before interpret-
ing. In this manner, a large number of daily values (N=
13,149) from 36-year simulations were averaged and
inferences were made using the monthly or annual mean
values. An analysis of the monthly mean data shows that the
error that is apparent in simulations of high daily flow values
has been minimized by averaging. This means that the model
output can best be used to estimate average flow conditions.
Overall, annual, and monthly mean simulations are robust
when they have been computed from daily estimates over a
period that includes a variety of wet, dry, and average rainfall
years as is included in the 36-year record of daily values
used for this study. Mean daily values translate easily to
mean annual flows for wet, dry, and normal rainfall periods.
Mean annual values can be used with monthly mean values
to evaluate annual and seasonal needs, including flows for
the water management structures that supply freshwater to
Shark River Slough and Taylor Slough.

An evaluation of stage values in both Shark River
Slough and Taylor Slough shows that freshwater levels in

the Everglades are about 0.15 m lower on average now than
during the pre-drainage period. Kelble et al. (2007)
postulate that water levels in Shark River Slough may have
been high enough before drainage disturbances that
freshwater frequently overtopped the Buttonwood Embank-
ment, which rarely happens today. If true, the freshwater
supply to the central part of Florida Bay has been reduced,
contributing to the onset of hypersalinity.

The simulated overall mean flow values are useful for
interpretive purposes as an indicator of the overall
hydrologic conditions in the system. The overall mean
values produced by the regression models indicate that pre-
drainage freshwater flow into ENP was about 2.5 to four
times higher than the observed flows. This compares
favorably to the findings of Smith et al. (1989) who
estimated flow to northeast Florida Bay has been reduced
by about half compared to historical conditions on the basis
of coral skeleton analyses.

When comparisons between existing flows and paleo-
based flows are made on a monthly average basis (Fig. 9),
there is a large flow deficit in both Shark River and Taylor
Sloughs in the dry season. However, the deficit in Taylor
Slough in the dry season is much greater than the Shark
River Slough deficit during the same period. During
extended drought periods, the large deficit during the dry
season likely contributes significantly to the establishment
of hypersaline conditions at Whipray Basin.

This difference between the deficits in Shark River and
Taylor Sloughs may be caused, in part, by the impact of C-
111 Canal drainage of freshwater flow from the eastern
portion of the Everglades into the ENP eastern panhandle
area (Knight and Kotun 2001; Knight 2001). In addition,
the difference may reflect the fact that the stored water
levels in Shark River Slough currently are not high enough
during the wet season so that freshwater can spill over the
Rocky Glades into Taylor Slough, which is thought to be
the pre-drainage condition. Taylor Slough also may be
impacted by reductions in the freshwater contribution from
groundwater compared to pre-drainage times, or by
increases in saline groundwater contributions due to
saltwater intrusion. It appears that the capacitive ability of
the system to store freshwater during normal and wet
periods over multiple years may be compromised by the
release of large volumes of water for flood protection and
the consumptive uses of a growing population.

When average mean hydroperiods are compared, it
appears that the hydroperiod in both sloughs has been
reduced significantly by water management. The Taylor
Slough hydroperiod has been reduced more than the Shark
River Slough hydroperiod. The hydroperiod information
reinforces the findings of the flow analysis—water man-
agement appears to have impacted Taylor Slough more
severely compared to Shark River Slough. The hydroperiod
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estimates also corroborate the findings of Willard et al.
(2006) that indicate that the Rocky Glades areas of Shark
River Slough, both east and west, were much wetter before
drainage disturbances than once thought.

When the Whipray Basin paleo-based salinity regime is
used to simulate the salinity regime at other locations
within Florida Bay, the pattern of salinity that is produced is
more estuarine than the current system. While the average
paleo-based salinity regime at locations in the western and
southern Bay remained in the polyhaline range (18–30), the
paleo-based salinity regime at the near-shore embayments
became oligohaline (0.5–5), with the mid-Bay stations in
the mesohaline range (5–18). Results of this study suggest
that hypersaline events occur in Whipray Basin naturally
(see Fig. 5). However, comparing the paleo-based salinity
to the observed data indicates that water management
practices appear to have exacerbated the situation resulting
in additional hypersaline episodes that many not have
occurred in a natural regime.

The paleo-based flows and stages produced by the models
are an estimate of how the current system could be operated
to achieve the paleo-based salinity target at Whipray Basin
and hydroperiod targets in Shark River Slough and Taylor
Slough. Mean monthly flow values for wet, dry, and normal
rainfall years can be sampled from the 36-year paleo-based
salinity runs and used as a starting point for operational
restoration targets. From a seasonal frame of reference, the
greatest improvement in hydrology toward restoration of the
southern Everglades would be the provision of additional
flows to Shark River Slough and Taylor Slough to extend
wet conditions in the sloughs further into the dry season.
This change in hydrology would improve Florida’s southern
estuaries by keeping salinities at more desirable lower levels
for longer periods. Managing upstream freshwater levels to
mimic paleo-based stages would greatly serve to restore the
ecosystem. The results of this study provide a scientific basis
for setting restoration targets to pre-drainage conditions.
These targets may not be achievable, however, due to future
climate change, economics, and/or political decisions, but
understanding past conditions is an essential part of
understanding future conditions.

The coupling of paleoecological information with re-
gression models based on observed data represents an
important step forward in the establishment of relevant,
scientifically based hydrologic and salinity targets for
Everglades and Florida Bay restoration. The paleoecologic
data provide long-term historic information on ecosystem
conditions while the regression models provide seasonal
and annual variations absent in the paleoecologic data. The
regression models provide a link between salinity targets in
the estuary and upstream freshwater stage, hydropatterns,
and flow targets because they are physically based. The
addition of paleo-based estimates of hydrology and salinity

based on sediment core analyses from other locations in the
estuaries of South Florida, when available, will serve to
corroborate or modify the findings of this study and the
inferred salinity regime.
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