

[image: image1]
Estimating Late 19th Century Hydrology in the Greater Everglades Ecosystem: An Integration of Paleoecologic Data and Models
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Determining hydrologic conditions prior to instrumental records is a challenge for restoration of freshwater ecosystems worldwide. Paleoecologic data provide this information on past conditions and when these data are used to adjust hydrologic models, allow conditions to be hindcast that may not be directly estimated from the paleo-data alone. In this context, the paleo-data provide real-world estimates as input to the models. Restoration of the Greater Everglades Ecosystem requires this understanding of the hydrology of the natural system prior to significant alterations due to water management and land use. Large scale models such as the Natural Systems Model (NSM 4.6.2) have been used by the South Florida Water Management District and other agencies responsible for restoration to estimate past hydrologic conditions; however, these models typically portray a drier natural system for the beginning of the 20th century than what is indicated by paleoecologic analyses and historical data. The purpose of this study is to estimate pre-20th century water levels, hydroperiods and flow in the freshwater wetlands of the Everglades by using pollen assemblage data in three sediment cores to adjust the Natural Systems Model. This study is designed to further test estimates of flow through the Everglades derived from analysis of sediment cores collected in Florida Bay. The results demonstrate that the NSM 4.6.2 underestimates water levels and hydroperiods in the Everglades compared to the paleo-adjusted NSM 4.6.2 model outputs. Flow models that use the paleo-adjusted water levels as input indicate flow through Shark River Slough in the late 19th century was approximately two times flow between 1990 and 2000, and flow through Taylor Slough was approximately three times flow between 1990 and 2000. The flow estimates derived from this study agree with the estimates derived from earlier studies using estuarine cores. This integration of paleoecologic information and hydrologic models provides resource managers with the best available estimates of past conditions and allows them to set realistic targets for restoration of freshwater ecosystems.
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INTRODUCTION

The Greater Everglades Ecosystem in southern Florida, United States, is one of the largest freshwater wetlands in the continental United States (McPherson and Halley, 1996) and has been recognized as a Wetland of International Importance, an International Biosphere Reserve, and a World Heritage Site. The ecosystem includes the Kissimmee River basin in central Florida, Lake Okeechobee, the Everglades, and the estuaries surrounding southern Florida (Figure 1). Beginning in the early 20th century, the construction of water control features (canals, levees, etc.) profoundly altered the natural water delivery to the southern part of the ecosystem (referred to herein as “pre-drainage”), reducing the volume of freshwater flowing through the Everglades via Shark River Slough (SRS) and Taylor Slough into Florida Bay and the southwest coastal region (Van Lent et al., 1993; Light and Dineen, 1994; McPherson and Halley, 1996; Renken et al., 2005; Lodge, 2010; Figure 2). The reduced flow volumes impacted the downstream coastal system, raising salinities along the southwest coast of Florida and in Florida Bay. Recent estuarine studies linking paleoecologic data to hydrologic models (Marshall et al., 2009, 2011, 2014; Marshall and Wingard, 2012) estimated that the average SRS flows have been reduced to approximately one-half of the historic volumes and the average Taylor Slough flows to approximately one-third to one-fourth. The reduced flow volumes translate into reduced water depths and shortened hydroperiods (the number of days water is above ground each calendar year) in the freshwater wetlands compared to pre-water management conditions.
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FIGURE 1. Satellite image showing key features of south Florida and the Greater Everglades Ecosystem (GEE). The extent of the natural Everglades Ecosystem closely corresponds to the current boundaries of the South Florida Water Management District (SFWMD). Location of sites and features within Everglades National Park are shown in Figure 2. EAA is the Everglades Agricultural Area, located south of Lake Okeechobee. Image from NaturalVue 15 m satellite imagery created by MDA Information Systems Inc. from Landsat-7 images.
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FIGURE 2. Map showing location of cores, water level and flow monitoring stations, and other relevant features in and around Everglades National Park. Geographic coordinates for cores and stations are given in Table 1.



Currently, much of the remnant natural freshwater wetlands and estuarine areas are located within ENP. In 2000, the US Congress adopted the CERP, a program that is designed to protect the remaining ecological integrity of the Everglades by restoring more natural hydrologic patterns. Restoration is considered a high priority for local, state and Federal government in part because of the national and international legal protections but also because the ecosystem services provided by the Everglades are an important part of south Florida’s economy (Johns et al., 2014). Everglades restoration is guided by the CERP and based on scientifically derived targets and goals for individual components of the ecosystem, but basic questions and uncertainties about the natural hydrologic conditions remain.

Previous authors have addressed the impacts of twentieth century changes to the hydrologic patterns and ecology of the Greater Everglades Ecosystem (for example, Light and Dineen, 1994; Davis et al., 2005; Sklar et al., 2005; McVoy et al., 2011), and conducted focused research on past hydrologic conditions for components of the ecosystem (for example, Smith et al., 1989; Willard et al., 2007). However, little work has been done to quantify past changes in hydrology across the ecosystem or to incorporate pre-twentieth century information into models. In this study we utilize pre-twentieth century paleoecologic information (pollen assemblages) from sediment cores in the freshwater wetlands of the Everglades to estimate water level for the circa 1900 CE time period. This information is incorporated into existing hydrologic models to provide simulated time-series and to estimate past flow conditions. The current research builds on previous work that estimated pre-water management flows and water levels in the freshwater wetlands based on paleoecologic salinity estimates in Florida Bay (Marshall et al., 2009, 2014; Marshall and Wingard, 2012; core locations shown in Figure 2) and it provides a means to further test the estuarine-derived estimates of upstream freshwater levels and flows. The results impart an increased understanding of the interconnected natural hydrologic conditions in the southern Everglades and a validation of previous results that can be used by resource managers for setting targets and realistic performance measures as directed by CERP for restoration of the remnant Everglades. The methodology outlined here can be used to adjust large scale hydrologic models to pre-alteration levels in any drainage system with the necessary data sets.



MATERIALS AND METHODS


Regional Setting and Site Locations


The Natural and Altered Everglades Ecosystem

The natural Everglades ecosystem was primarily formed by a combination of long-term geologic and climatic factors including extremely low topographic relief, limestone bedrock underlying much of the system, climate, and seasonal hydrology (DeAngelis and White, 1994; McPherson and Halley, 1996; Lodge, 2010). Changes in sea-level over the last 5000 years, interacting with the low topographic relief and porous bedrock, have played an important role in determining the regional distribution of the diverse ecotones of the Everglades.

South Florida is in a climate transition zone from sub-tropical in the north to tropical in the south (Koppen classification). Average annual rainfall totals about 134.5 cm with about 75% occurring between May and October (Ali and Abtew, 1999). The wet season generally corresponds to the hurricane season, and periodic tropical storms can contribute large volumes of rainfall to the Everglades over a short period of time. Evaporation in south Florida is high in the summer months, but total annual rainfall exceeds annual evaporation. In addition to discrete storm events, multi-decadal oscillations such as El Niño Southern Oscillation (ENSO), Atlantic Multidecadal Oscillation (AMO), and North Atlantic Oscillation (NAO), combined with millennial scale forcing like the mean position of the Intertropical Convergence Zone (ITCZ), have a significant role in shaping the south Florida climate (Bernhardt, 2011; Cronin et al., 2012; Wachnicka et al., 2013b). These climatic oscillations are a factor in periodic flooding and droughts in the Everglades ecosystem, and affect water level, flow and hydroperiod (DeAngelis and White, 1994).

In a region of relatively low-lying topography, subtle differences in the terrain have a significant impact on the hydrology. The primary drainage pathway through the center of the Everglades (SRS; Figure 2) is confined on the east by the Atlantic Coastal Ridge and on the west by the Western Flatwoods (McVoy et al., 2011) and the slightly higher Big Cypress area. In the natural ecosystem, the source of water in the Everglades was primarily direct rainfall (Obeysekera et al., 1999). Other sources of freshwater to the wetlands included intermittent overflows from Lake Okeechobee to SRS and seasonal groundwater seepage from the Atlantic Coastal ridge onto the marl prairie (Parker et al., 1955; McVoy et al., 2011). Freshwater has a relatively long residence time in the shallow-slope landscape and the low north-to-south topographic relief creates slow, mostly laminar (sheet) flow (Kushlan, 1990; Lodge, 2010). The slow-movement of water created lag-times in water delivery to the southern part of the system, which continued past the end of the wet season (Kushlan, 1990). In addition, the presence of peat contributed to the retention of groundwater after the end of the wet season, but, conversely, retarded groundwater rising to the surface from the porous limestone below (Kushlan, 1990; Lodge, 2010; McVoy et al., 2011).

The naturally occurring seasonal wet and dry periods, in conjunction with microtopographic, topographic, and climatic variations, create varying water depths and hydroperiods throughout the freshwater wetlands. East of SRS in the southern part of the marl prairie, water can overflow into Taylor Slough (Figure 2) when water levels are high enough. Prior to the 20th century, Taylor Slough freshwater flows were augmented by rainfall and local groundwater contributions from Long Pine Key (the western extension of the Atlantic Coastal Ridge in ENP). In the natural ecosystem, Taylor Slough flows reduced salinity in Florida Bay by as much as 7–9 ppt compared to the late 20th century, particularly in the near-shore central and eastern Bay waters (Marshall et al., 2014) and likewise, the temporally variable inputs of freshwater from SRS were an important determinant of salinity in the southwest Gulf Coast mangrove zone.

Variations in water depth and hydroperiod allow for diverse and productive wetland plant communities (Lodge, 2010; McVoy et al., 2011; Harvey et al., 2017), which are preserved in the sediments as pollen and macroplant fossils. Recognition of these distinctive water-defined communities in sediment cores provides the means to interpret past hydrologic environments (Bernhardt and Willard, 2009). For example, plants such as water lilies (Nymphaea) prefer deeper water and can be found in SRS and Taylor Slough, whereas plants such as sawgrass (Cladium) are better suited to the adjacent, shallower-water wet prairies and marshes (Long, 1984; Lodge, 2010; McVoy et al., 2011).

Alteration of the natural hydrology began around the start of the 20th century in an attempt to drain the wetlands to create agricultural land. Larger-scale changes followed as canals, levees, pumps and storage structures were built in attempts to control flooding, increase available dry land, and provide water for agriculture and the growing population (Light and Dineen, 1994; McVoy et al., 2011). The largest-scale effort was the Central and Southern Florida Project for Flood Control, authorized by Congress in 1948. By the late 20th century, the reduction of freshwater entering the southern part of the ecosystem from Lake Okeechobee and the diversions through the Atlantic Coastal Ridge into the estuaries, resulted in ENP being almost entirely dependent on precipitation for freshwater inputs. These hydrologic alterations negatively affected the freshwater flora and fauna (Kushlan et al., 1975; Davis et al., 1994, 2005; Ogden et al., 2005; Renken et al., 2005; Lodge, 2010). Harvey et al. (2017) found that alterations in the natural seasonal fluctuations of water depth were a primary cause of degradation in ecosystem function over the last century. In addition, the more frequent intermittent exposures of the freshwater wetland soil surfaces led to oxidation of the peat deposits in many places, thereby altering the microtopography and further affecting hydroperiods (Lodge, 2010; McVoy et al., 2011; Harvey et al., 2017). Downstream, the reduced freshwater contributions altered the natural salinity regimes in the mangrove transition zone and estuaries causing negative impacts to the estuarine biota (Olmsted and Armentano, 1997; Fourqurean and Robblee, 1999; Lorenz, 1999; Sklar et al., 2005; Yarbro and Carlson, 2008; Wachnicka et al., 2013a; Wachnicka and Wingard, 2015; Wingard et al., 2017).

The net result of these hydrologic alterations combined with urban and agricultural development was to reduce the Everglades wetlands ecosystem to approximately 50 percent of its original size. In the late 1980s efforts began to reverse the effects of almost a century of hydrologic alteration with the passage of the Everglades National Park Protection and Expansion Act of 1989 (Public Law 101-229) and the Everglades Forever Act by the Florida Legislature in 1994. The CERP was formulated in the 1990s and authorized by Congress in 2000 (Public Law 106-451; U. S. Army Corps of Engineers and South Florida Water Management District, 1999). Restoration of the remaining Everglades wetlands is envisioned as a 30 to 50-year effort and the National Research Council (2003) has identified the importance of using science to guide restoration.



Study Sites and Observed Conditions

Three sediment cores were selected for paleoecological analysis from cores that had previously been collected by the U.S. Geological Survey (USGS) in the freshwater wetlands of ENP (Figure 2 and Table 1). Cores were selected for this study based on their proximity to long-term ENP water level monitoring stations with each core coming from a different hydrologic and ecologic setting.


TABLE 1. Locations of the three sediment cores and the adjacent monitoring stations within Everglades National Park.

[image: Table 1]The P33 core (USGS core 11-1-19-1) is located in SRS about 5.2 km from the P33 water level monitoring station. Water level data have been continuously collected at P33 since October 1952, longer than any other water level monitoring station in ENP (hydrologic station data from South Florida Water Management District; Supplementary Table S1A). For this study, the station data from January 1, 1965 to December 31, 2000 were included to coincide with the period covered by the NSM 4.6.2 water model discussed below. SRS is the primary flow path through the Everglades and the P33 site is the deepest-water environment of the three sites and has the longest observed hydroperiod (Table 2). The SRS flow used in this study is the sum of flows measured at the six monitoring stations located north of the P33 station along the Tamiami Trail (Figure 2) and span the main flow path of the slough.


TABLE 2. Water level and hydroperiod data from paleoecologic analyses, observed, NSM 4.6.2, NSM 4.6.2 bias-adjusted, and NSM 4.6.2 paleo-adjusted.

[image: Table 2]The NP206 sediment core (USGS core 08-08-1-5a) is located east of the main flow path of SRS approximately 0.7 km from the associated ENP NP206 water level monitoring station in an area that has been characterized as both Rockland marl marsh and as wet prairie/sawgrass marsh for the pre-20th century time period (Lodge, 2010; McVoy et al., 2011). The collection of water level data started at NP206 in October 1974; for this study the data start on January 1, 1975 and run through December 31, 2000 (Supplementary Table S1B), the date the NSM 4.6.2 water model ends. The average observed water levels at NP206 monitoring station over the period of data analyzed are the shallowest of the three locations and the average observed hydroperiod is the shortest (Table 2). In addition to rainfall and groundwater contributions to the water levels in the vicinity of NP206, when water levels are high enough in SRS the slightly higher wet prairie around NP206 also can be inundated by the overflow. When this area is inundated, water may flow south into Taylor Slough through an existing low area in the westward extension of the Atlantic Coastal Ridge. The Taylor Slough Bridge (TSB) flow monitoring station is located near this low area (Figure 2).

The EVER4 sediment core (USGS core 08-08-4-1a) is in the southeastern region of ENP and may be influenced by tides and salt water intrusion into the ground water. This area has been characterized as a Perrine marl marsh (McVoy et al., 2011), a coastal wet prairie (Lodge, 2010), and a marl prairie. The EVER4 core is about 2.5 km from the associated EVER4 water level monitoring station. Collection of water level data began at the site in November 1993 and the data used for this study start January 1, 1994 and run through December 31, 2000 (Supplementary Table S1C), the date the NSM 4.6.2 water model ends. Observed water levels and hydroperiods are intermediate between the other two sites (Table 2). Water levels at the EVER 4 station are relatively well correlated to Taylor Slough flows even though EVER4 is approximately 12 km east of the slough and water levels in the surrounding coastal wet prairie are supplemented by rainfall and groundwater contributions.



Paleoecologic Analysis

In order to reconstruct past vegetation assemblages to use as a proxy for hydrologic conditions, pollen was isolated from sediment using standard palynological methods as described in Bernhardt and Willard (2015; Figure 3, step 1). Cores were subsampled in 1-cm increments and approximately 0.5 g of dry sediment was used for palynological analysis. Samples were first acetolyzed (9 parts acetic anhydride: 1 part sulfuric acid) in a hot-water bath (100°C) for 10 min, then neutralized and treated with 10% KOH in a hot-water bath for 15 min. Neutralized samples were sieved with 5 and 200 μm sieves, and the 5–200 μm fraction was stained with Bismarck Brown, mixed with warm glycerin jelly, and mounted on microscope slides. Palynomorph identification was conducted using a light microscope at 400x magnification. Taxonomic identifications were based on reference collections of the United States Geological Survey (Reston, VA, United States) and Willard et al. (2004).


[image: image]

FIGURE 3. Flow chart illustrating sequence of steps to produce estimates of circa 1900 CE water levels, flow, and hydroperiods using paleoecologic data, and comparing these estimates to modern observed records. The three stations referred to in the diagram are the Everglades National Park (ENP) water level monitoring stations P33, NP206, and EVER4 that are in proximity to the three sediment cores selected for this study. SRS is Shark River Slough; flow for SRS is a composite of data from 6 stations spread horizontally across US Rt. 41/Tamiami Trail. TSB is a flow monitoring station at Taylor Slough Bridge. See Figure 2 for location of cores and monitoring stations.


Percent abundance of major wetland taxa can be used to accurately discern plant communities only meters apart in the Everglades (Willard et al., 2001; Bernhardt and Willard, 2009). Because hydrologic conditions are one of the primary controls on the distribution of plant communities in the Everglades, we can infer water depth and hydroperiod of past intervals based on documented hydrologic controls observed and measured for the modern plant communities. This method of using present knowledge of plant hydrologic requirements to determine past hydrologic conditions has been used successfully to relate changing plant communities to changes in climate and land use (Willard et al., 2001, 2007; Bernhardt and Willard, 2009; Bernhardt, 2011).

In order to determine past plant communities (and therefore hydrologic conditions) based on pollen assemblages, we applied the Modern Analog Technique (Overpeck et al., 1985) to downcore pollen assemblages at the P33, NP206 and EVER4 core sites (Figure 3, step 1). We used square-chord distance between pollen assemblages from the cores and pollen assemblages from a surface sample data set (where hydrologic conditions are documented for each sample/vegetation type). Square-chord distance was used because it is not influenced by rare taxa. The hydrologic environments (average seasonal water levels and hydroperiod) for the identified plant communities in each segment of each core were characterized using field measurements and the published research on freshwater wetland plants in the Everglades and similar environments (for example see Willard et al., 2001; Givnish et al., 2008; Lodge, 2010).

Downcore pollen assemblages were divided into plant community zones by using stratigraphically constrained cluster analysis (CONISS) using the Tilia software package (Grimm, 1992)1. In this method of zonation, clusters are constrained by incremental sum of squares method. The data are not transformed, and we use the percent abundance pollen data including all taxa in the pollen sum for each sample. This method visually groups segments in the core with similar pollen assemblage types and therefore similar plant communities (i.e., prairie, marsh, slough, or ridge).

For the P33 and EVER4 sediment cores, the first increase (greater than one pollen grain) of Casuarina equisetifolia (Australian pine) was used to estimate the depth in the core that corresponded to the circa 1900 CE period. Casuarina equisetifolia was introduced to south Florida from Australia around the beginning of the 20th century, and thus serves as an important biostratigraphic marker (Duever et al., 1986; Langeland, 1990; Wingard et al., 2007). For the NP206 core, the circa 1900 CE horizon was identified by the abrupt increase of Ambrosia (ragweed) and by comparison to the regional pollen stratigraphy. Abrupt increases in percent abundance of Ambrosia can be indicative of intensification of regional land-clearance in south Florida, which occurred around the beginning of the 20th century.

For this study, the plant communities just before and directly following the circa 1900 CE period were the primary focus. The products of this paleoecological analysis are average water level and hydroperiod values for the segments of the cores before-and-after circa 1900 CE, for each sediment core (Figures 4–6; pollen data in Supplementary Table S2). These sediment core-based data at the P33, NP206, and EVER4 sediment core locations are considered the best available information on the historic condition and are the primary data used in this paper to estimate average hydrologic conditions for the pre- and post-circa 1900 CE time frame.
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FIGURE 4. Results of stratigraphically constrained, correlation coefficient (Pearson product moment) cluster analysis of pollen assemblage from P33 sediment core (USGS core 11-1-19-1). Pollen count data are presented in Supplementary Table S2. Circa 1900 CE horizon is based on the first occurrence of Casuarina equisetifolia (Australian pine).
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FIGURE 5. Results of stratigraphically constrained, correlation coefficient (Pearson product moment) cluster analysis of pollen assemblage from NP206 sediment core (USGS core 08-08-1-5a). Pollen count data are presented in Supplementary Table S2. Circa 1900 CE horizon was identified by the presence of Ambrosia (ragweed) and by comparison to the regional pollen stratigraphy.
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FIGURE 6. Results of stratigraphically constrained, correlation coefficient (Pearson product moment) cluster analysis of pollen assemblage from EVER4 sediment core (USGS core 08-08-4-1a). Pollen count data are presented in Supplementary Table S2. Circa 1900 CE horizon is based on the first occurrence of Casuarina equisetifolia (Australian pine).




NSM 4.6.2 Hydrologic Model

The basis for the simulated temporal variability for the pre-circa 1900 CE average water levels and hydroperiods at the P33, NP206, and EVER4 sediment core locations was provided by the outputs from an existing model of the historic Everglades developed by the South Florida Water Management District – the Natural System Model2 (NSM version 4.6.2; Figure 3, step 2; Table 2; full dataset in Supplementary Table S1). This temporal hydrologic variability provided by the NSM 4.6.2 is necessary to reconstruct water levels, flows and hydroperiods prior to the beginning of water monitoring; this seasonal and annual variability cannot be derived from the paleo-record. The NSM 4.6.2 is a large-scale numeric model (grid cell size is 3.2 km by 3.2 km) that simulates the pre-circa 1900 water level conditions of south Florida and produces timeseries outputs for specific locations. The model utilizes 1965-2000 climate records because no continuous observed data exist within the Everglades prior to construction of the drainage features. The NSM 4.6.2 also uses available information on elevation of the Everglades landscape from maps, surveys, and anecdotal records from the early 1900s.

The NSM 4.6.2, and our use of the model in this study, assumes that seasonal patterns of rainfall for the beginning of the 20th century were similar to the 1965–2000 period. As explained in Marshall et al. (2009), this is a reasonable assumption because patterns of rainfall for the region are similar for 1895–1950 time period and the 1960–2000 time period (Enfield et al., 2001; Basso and Schultz, 2003). Large scale climate drivers such as the AMO also were similar for the beginning of the 20th century and the 1965–2000 time period (Enfield et al., 2001). For these reasons, the output from NSM 4.6.2 is considered to be a ‘best professional judgment’ estimate of the variability of the pre-1900 CE hydrology at the sediment core locations.

To use the NSM 4.6.2 for our paleo-analyses, several adjustments to the raw model output were made (Supplementary Table S1 and Supplementary Documentation). NSM model output for each model cell is water level elevation in feet above the 1929 National Geodetic Vertical Datum (NGVD29). We subtracted the elevation data at each water monitoring station from the NSM output for the associated model cell which converted the resulting water levels (elevation) to water depth (cm). The NSM 4.6.2 is a derivative of the South Florida Water Management Model (SFWMM), a regional hydrologic model for south Florida on a 2 by 2-mile grid; however, the SFWMM output contains a bias (MacVicar et al., 1984; South Florida Water Management District, 2005; also described in unpublished reports, F. E. Marshall, 2014, 2015, 2016). Model bias is the difference between the model output and the measured value of the parameter being estimated. Therefore, we removed the bias by making a temporally constant adjustment to the NSM data (Table 2; complete dataset in Supplementary Table S1) for each station (P33, NP206, and EVER4). Only the above ground values were used to determine mean and median water levels, and hydroperiods.



Calibration of NSM 4.6.2 Using Paleoecologic Analyses

The results of the paleoecologic analyses were used to calibrate the bias-adjusted NSM 4.6.2 output to reflect late 19th century conditions (Figure 3, step 3) using the following method. First, the median bias-adjusted NSM 4.6.2 above-ground water depth at each of the three primary monitoring stations (P33, NP206, and EVER4) was subtracted from the paleo-estimated water level for the circa 1900 time-frame at the corresponding sediment core sites. For EVER4, the paleo-estimated water level produced a range of 40–67 cm. Based on our knowledge of the EVER4 core site and the EVER4 monitoring station site, we used the low end of the paleo-based range (40 cm) as the starting point for subtracting the bias-adjusted NSM median. The differences calculated are the paleo-based calibration adjustments for each station (Table 2). Next, these paleo-based calibration adjustments were added to each value in the P33, NP206, and EVER4 bias-adjusted NSM 4.6.2 time series to create the paleo-based NSM 4.6.2 water levels (Supplementary Table S1 and Supplementary Documentation). Paleo-based NSM 4.6.2 hydroperiods for each station were calculated by (1) subtracting the ground elevation (NGVD 29) from the paleo-based NSM 4.6.2 water levels for each day of each year in the model; (2) removing any water level values less than or equal to zero; and (3) counting the number of days water level was above-ground each year (Supplementary Table S3). All years in the model were averaged to produce a paleo-based mean hydroperiod for each station (step 4).

The goal in calibrating the NSM 4.6.2 to the paleoecological analyses was to produce average water levels and hydroperiods from the bias-adjusted NSM 4.6.2 time series that simulate the longer-term average values derived from the sediment cores for comparison to the observed data. The period included in the analyses for the water level monitoring data at each of the three monitoring stations have different starting dates, but the same ending date (December 31, 2000). Even though the periods of analysis are different, these data were considered to be the best available information and the number of values is sufficient for producing statistically significant differences when comparing the observed data to the model output. The adjusted NSM 4.6.2 water levels and hydroperiods for each of the three sediment core sites are herein referred to as paleo-based/paleo-adjusted. The outputs from steps 3 and 4 are paleo-based NSM 4.6.2 water level time series and hydroperiods for the P33, NP206, and EVER4 sites that, for this study, are assumed to estimate the variability of the late 19th century hydrologic conditions near the three sediment core locations.



Development of Flow Models

In order to simulate the paleo-based flow at SRS and TSB, linear flow models with non-linear independent variables were developed from daily average observed flow data3 (Table 3) and daily average observed water level data (Supplementary Table S1) using the SAS© PROC REG stepwise regression routine with a 99% level of confidence as the criterion for including any independent variable in a linear regression flow model (Figure 3, step 5 and Supplementary Documentation).


TABLE 3. Summary of observed data from flow monitoring station(s); comparison of model development results using full period of available data, and period beginning in 1995.

[image: Table 3]To develop the models, we experimented with the following: (1) which periods of observed data to include in model development; (2) whether to include below ground water levels and zero values; (3) whether to use squared or cubed water level as flow model inputs to account for peak flow periods; and (4) which variable (flow or water level) should be the dependent and which the independent. With all other components being equal, when the models using flow as dependent and water level as independent were compared to the inverse, the two versions of the models produced similar results. However, water level was the logical choice for the independent variable because stage (converted to water level in the models) is the output variable provided by the NSM (and other hydrologic models), and it is the variable estimated by the paleoecologic analyses. In addition to experimenting with model configurations, we also tested which water level monitoring stations best explained the variability seen in flow for SRS and TSB. The models selected for use in these analyses, and described in the next paragraphs, are the iterations that had the highest r2 values and that came closest to replicating the observed flow (mean and pattern of highs and lows).

The observed daily SRS flow4 used in this study is a water balance based on the measured flows into SRS through six water control structures along Tamiami Trail: SRS = S12A + S12B + S12C + S12D + S333 - S334 (note, S334 is a subtraction, because its location on the eastern side of the park diverts water away from SRS). The P33 monitoring station is located within the main channel of SRS and a model with the P33 water level data as the independent variable explains more of the variability in SRS flow compared to the water depth data from NP206 and EVER4 (r2 = 0.78 vs. r2 = 0.29 and r2 = 0.31, respectively).

The selected SRS flow model used daily average water depth at P33 as the independent variable and the observed daily flow across the Tamiami Trail as the dependent variable. For the model, below ground water levels were set to zero, the observed data from January 1, 1995 to September 30, 2015 were included in model development, and water level was cubed. Although a much longer period of record was available to use for the model (Table 3), the data from 1978 through the end of the 1980s represented a period when the effects of water management created a highly altered hydrologic system (mean observed for 1978–2015 = 28.7 m3s–1, compared to 31.5 m3s–1 for 1995–2015). In the early 1990s concern emerged that water management was negatively affecting the water-based ecosystem (Light and Dineen, 1994), and increased flows began to be provided to ENP resulting in flow regimes that were considerably closer to natural conditions. Therefore, the data from January 1, 1995 to September 30, 2015 were used for SRS flow model development.

The selected Taylor Slough flow model used daily average water depth at EVER4 as the independent variable and the observed daily flow at TSB5 as the dependent variable. For the model, below ground water levels were set to missing and the observed data from January 1, 1995 to December 31, 2008 were included in model development. As described above for the SRS model, a longer record was available for use in model development (Table 3), but the period from 1995 forward provided a better model of the natural system. Although the r2 values are the same for the two periods for TSB, the observed and predicted mean flows are much closer for the 1995–2008 period and using the shorter time period makes comparison to the SRS model more viable. The EVER4 water depth data were used because flow for TSB is more highly correlated with water depths at EVER4 than at NP206 (r2 = 0.63 vs. r2 = 0.48, respectively). When a stepwise-selection process was used to select parameters for a multivariate linear regression (MLR) model, the addition of NP206 as an independent variable to a model that had already been fitted with EVER4 independent variables provided very little improvement to goodness-of-fit statistics as measured by partial r2 values.



Paleo-Based Estimates and Comparison to Observed Data

To produce the paleo-based flow estimates for circa 1900 CE, the paleo-based NSM 4.6.2 water level time series data for P33 and EVER4 (Figure 3, step 3) were input to the SRS and TSB flow models (step 5) to simulate paleo-based flows at SRS and TSB, respectively (step 6; Supplementary Documentation). As the final step, the paleo-based water levels and hydroperiods at P33, NP206, and EVER4 and the paleo-based flows at SRS and TSB were compared to the observed data for the period of the data (Tables 4, 5) for each monitoring station (step 7). The results from these comparisons provide an approximation of the differences between the late 19th century water levels, hydroperiods, and flows and the late 20th century conditions. The paleo-based water level and flow estimates from this study also were compared to the estimates of wetland hydrologic conditions inferred from Florida Bay paleoecology/modeling studies (Marshall et al., 2014).


TABLE 4. Comparison of observed water level and observed hydroperiod data to paleo-adjusted.
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TABLE 5. Comparison of observed and model produced flow data.
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RESULTS


Observed Hydrologic Conditions

Observed hydrologic data (water depth and hydroperiod) from the monitoring stations associated with each sediment core serve as a reference point for the current status and conditions in the three Everglades wetland areas (Table 2 and Supplementary Table S1). Although longer records exist at the three monitoring stations, the observed data summarized here coincide with the data used for the NSM 4.6.2 model. The P33 water level monitoring station in the main flow path of SRS, has the highest average water depth over the period of analysis (38.1 cm, averaged over 12,236 days) and the longest hydroperiod (340 days, averaged over 36 years) of the three study sites (Table 2). At NP206, in the marsh east of the SRS, the average water depth (9.7 cm, averaged over 3017 days) and hydroperiod (137 days, averaged over 26 years) are the lowest of the three sites. The EVER4 water monitoring station, located in the southeastern coastal wet prairie, is intermediate to the other two sites with an average water depth of 15.2 cm (averaged over 2085 days) and a hydroperiod of 298 days (averaged over 7 years). Observed flow across the Tamiami Trail in SRS over a 22-year period is 31.3 m3 s–1 and observed flow at TSB over a 36-year period is 1.3 m3 s–1; for the decade of the 1990s flow was slightly higher – 40.6 m3 s–1 for SRS and 2.3 m3 s–1 for TSB (Table 5).



Paleoecologic Analyses

Paleoecological analysis of the P33 sediment core from SRS (Figure 3, step 1) identified the circa 1900 CE horizon at a depth of 10 cm below the top of the core based on the first occurrence of Casuarina (Figure 4). The P33 sediment core pollen assemblage for the segments directly below the identified circa 1900 CE horizon (i.e., prior to the first major water management projects) is analogous to freshwater slough assemblages and indicates that the average seasonal water depth at that time was about 67 cm and the average hydroperiod was about 363 days (Table 2). The immediate post-circa 1900 CE period shows the beginning of a transition at the core site to a marsh environment, with relatively shorter hydroperiods and shallower water levels than the pre-1900 segment as indicated by the increased abundance of Morella and Amaranthaceae pollen.

The NP206 sediment core was collected from the freshwater wetland area east of SRS. The abrupt increase in the abundance of Ambrosia pollen in the NP206 sediment core was found at 13 cm below the present ground surface and provided an estimate of the circa 1900 CE horizon (Figure 5). The pollen assemblages for the segments prior to circa 1900 CE describe an environment that was characteristic of a wet prairie with a hydroperiod of about 90 days and an average seasonal water depth of about 30 cm (Table 2). Similar to the P33 sediment core analysis, the core segment just prior to the circa 1900 CE horizon was wetter than the observed data at the NP206 sediment core location. These wetter conditions are indicated by a reduced abundance of Amaranthaceae and Asteraceae pollen. The early post-circa 1900 CE pollen assemblage indicates a transition at the NP206 core location to a marl prairie with an average hydroperiod of about 90 days, similar to pre-circa 1900 CE, but with a reduced average seasonal water depth of approximately 10 cm, similar to the observed data.

The pollen analysis for the EVER4 core (Figure 6) identified the circa 1900 CE horizon at a depth of 8 cm below the ground surface based on the first occurrence of Casuarina. Modern analog analysis of the pollen assemblage in the core segment just below the circa 1900 CE horizon provides evidence of a late 19th century plant community surrounding the EVER4 site that was characteristic of a sawgrass marsh with a 304 to 363-day hydroperiod and annual average water depths of about 40 to 67 cm (Table 2). The pollen analysis for the EVER4 sediment core segments just above the circa 1900 CE horizon indicates a transition in the early 20th century to a generally drier site, indicated by the increase in Poaceae and Asteraceae pollen. Throughout the core there is a relatively consistent amount of Cladium pollen. In addition, there is evidence of two distinct plant communities post-circa 1900 CE at this sediment core site (Figure 6). The pollen analyses indicate that, for the earlier 20th century conditions, the average hydroperiod was about 304 days and the average seasonal water depth was about 40 cm. The pollen assemblages from the uppermost portion of the core (i.e., later in the 20th century) provide evidence of a further-reduced hydroperiod of less than 304 days with an average seasonal water depth of approximately 40 cm, more characteristic of a sawgrass marsh or sawgrass ridge environment as interpreted by an abrupt increase in Cladium pollen.

Collectively, the sediment cores examined provide evidence for a wetter pre-drainage environment at the three locations within the Everglades. The shifts in pollen assemblages occurred at approximately the same time as the first large-scale water management projects were completed in south Florida, circa 1900 CE.



Calibration of the NSM 4.6.2 Hydrologic Model

A comparison of the NSM 4.6.2 data for each of the three primary monitoring stations (P33, NP206, and EVER4) to the paleo-estimated circa 1900 CE average water levels (Figure 3, step 3) indicates that the unadjusted NSM 4.6.2 water levels (step 2) were less than the pollen-based paleo-estimates (step 1). When the paleo-based water depth adjustments were applied to the bias-adjusted NSM 4.6.2 water level data for the P33, NP206, and EVER4 stations, the resulting time series outputs portray water levels that are generally similar to the hydrologic environment indicated by the circa 1900 CE paleoecologic analyses (Table 2 and Figure 7). The paleo-based NSM 4.6.2 water levels for P33 and EVER4 provide the input for the flow models.
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FIGURE 7. Histogram comparing paleo-adjusted, NSM 4.6.2 bias-adjusted, NSM 4.6.2, and observed mean water levels (in cm) over the period of data used in the analyses for each of the three locations. Numbered dots and range are estimates of water level from paleoecologic analysis for reference. Data are in Table 2.




Flow Models

To estimate paleo-based flows at SRS, the following linear regression flow model (based on observed data from 1995 to 2015, Table 3) was developed using SAS© Proc Reg procedures:
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SRS flow is the dependent variable and water level at P33 is the independent variable. The r2 value for this SRS flow model is 0.78 and the standard error of prediction is 1.4 m3 s–1 (N = 7,061).

To estimate paleo-based flows at TSB, the following linear regression flow model (based on observed data from 1995 to 2008, Table 3) was developed using SAS© Proc Reg procedures:
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TSB flow is the dependent variable and water level at EVER4 is the independent variable. The r2 value for this TSB flow model is 0.63 and the standard error of prediction is 0.5 m3 s–1 (N = 3740).



Comparison of Paleoecologic, Observed, and Model Results

The observed mean water depth and hydroperiod and the model-produced mean water depth and hydroperiod for each of the model runs (NSM 4.6.2, bias-adjusted NSM 4.6.2, and paleo-based NSM 4.6.2) are presented in Table 2 for each of the three stations associated with a sediment core analysis (full dataset in Supplementary Table S1). Even though the full period for the model-produced NSM 4.6.2 data ranges from January 1, 1965 to December 31, 2000, the period of the data presented in Table 2 represents the period of overlap between the observed data at each station (truncated as described in Methods) and the NSM 4.6.2 data. Consequently, results from the P33 analyses are based on 36 years of observed data and model input, NP206 on 26 years, and EVER4 on only 7 years.

Figure 7 and Table 2 show that the paleo-based NSM 4.6.2 water depths, which represent circa-1900 values, are deeper than the observed or than the other simulated values for the period of analysis at all three stations. At P33 and NP206, the observed mean and median water levels represent the lowest values for the period of analysis compared to the output from the model runs. At EVER4, the NSM 4.6.2 and bias-adjusted 4.6.2 represent the lowest mean and median water level values. Comparing the observed and paleo-based NSM 4.6.2 results (Table 4), the paleo-based mean water depth exceeds the observed by 25.3 cm for P33, 18.7 cm for NP206, and 18.4 cm for EVER4.

A comparison of the paleo-based NSM 4.6.2 mean hydroperiod to the observed, the NSM 4.6.2, and the bias-adjusted NSM 4.6.2 hydroperiods for each of the three stations indicates that the paleo-based NSM 4.6.2 hydroperiods are the longest for the period of analysis (Table 2 and Figure 8). For P33 and EVER4, the paleo-adjusted NSM comes the closest to producing the paleoecologic estimates of circa 1900 CE hydroperiods. In contrast, for NP206, the NSM 4.6.2 model outputs (unadjusted, bias-adjusted, and paleo-adjusted) produce a significantly longer hydroperiod than that indicated by the paleoecologic analysis, and even the observed hydroperiod of 137 days exceeds the paleoecologic estimate of 90 days. Comparing the observed and paleo-based NSM 4.6.2 results (Table 4), the paleo-based mean hydroperiod exceeds the observed by 21 days for P33, 181 days for NP206, and 42 days for EVER4.
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FIGURE 8. Histogram comparing paleo-adjusted, NSM 4.6.2 bias-adjusted, NSM 4.6.2, and observed mean hydroperiods (in days) over the period of data used in the analyses for each of the three locations. Numbered dots and range are estimates of water level from paleoecologic analysis for reference. Data are in Table 2.


Pre-circa 1900 CE paleo-based flows into SRS were simulated using the P33 paleo-based water levels as inputs to the SRS flow model for two time periods: (1) October 12, 1978 to December 31, 2000, the full period of overlap between the observed data and the NSM 4.6.2 model data, and (2) January 1, 1990 through December 31, 2000. The 1990s time period incorporates the documented increase in flows due to water management (Van Lent et al., 1993; Kotun and Renshaw, 2013) and also is the time period used in Marshall et al. (2014). The model outputs for the full period of overlap (Table 5 and Figure 9) estimate that the average paleo-based SRS flow was 71.5 m3 s–1. The observed SRS flow for the same time period was 31.3 m3 s–1, a difference between observed flows and paleo-based flows of 40.2 m3 s–1 and a ratio of paleo-based SRS flows to observed flows of 2.3. For the truncated time period (1990–2000), the model outputs estimate that the average paleo-based SRS flow was about 82.9 m3 s–1 and the average observed SRS flow for the same time period was 40.6 m3 s–1. The difference between the observed flows and paleo-based flows for the 1990s is 42.3 m3 s–1 and a ratio of paleo-based SRS flows to observed flows of 2.0.
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FIGURE 9. Bar chart comparing mean observed flow to the mean paleo-adjusted NSM 4.6.2 flow for the full period of record (POR) and the 1990–2000 period, in cubic meters per second (m3s–1). (A) Shark River Slough (SRS) and (B) Taylor Slough Bridge (TSB) (data in Table 5; note different x-axis scales).


Pre-circa 1900 CE paleo-based flows into Taylor Slough were simulated using the EVER4 paleo-based water levels as inputs to the TSB flow model for two time periods: (1) January 1, 1965 to December 31, 2000, the full period of overlap between the observed data and the NSM 4.6.2 model data, and (2) January 1, 1990 through December 31, 2000, for comparison to SRS and Marshall et al. (2014). The model outputs for the full period of overlap (Table 5) estimate that the average paleo-based TSB flow was about 4.8 m3 s–1. The observed TSB flow for the same time period was 1.3 m3 s–1, a difference between observed flows and paleo-based flows of 3.5 m3 s–1 and a ratio of paleo-based TSB flows to observed flows of 3.6. For the truncated time period (1990–2000), the model outputs estimate that the average paleo-based TSB flow was about 7.3 m3 s–1. The average observed TSB flow for the same time period was 2.3 m3 s–1, which is a difference of 5.0 m3 s–1 and the ratio of paleo-based flows to observed flows is 3.2.



DISCUSSION

A primary goal of Everglades restoration is “to get the water right” (Sklar et al., 2005) – returning the quantity, quality, and timing of freshwater flow into and through ENP and into its downstream estuaries to an approximation of natural, pre-drainage hydrology. The National Research Council Committee on Independent Scientific Review of Everglades Restoration Progress stated in 2010 that it was “essential” for restoration planning to understand freshwater flow in the pre-drainage system (National Research Council, 2010, p. 118). To assist restoration managers in identifying the quantity of pre-drainage flow, a project was implemented in 2006 to link paleoecologic data on salinity in Florida Bay with linear regression model outputs based on observed water levels in the freshwater wetlands and flows to the estuaries. The goal was to estimate the freshwater input to the downstream estuarine ecosystem that was necessary to produce the circa 1900 CE salinities in Florida Bay (Marshall et al., 2009). The initial effort, which used paleosalinity estimates from one core in the central portion of Florida Bay, was followed with additional work incorporating data from five Florida Bay sediment cores into the linear regression models and synthesizing the model outputs (Marshall and Wingard, 2012; Marshall et al., 2014). The paleosalinity results indicated that flow through SRS was 2.1 times the observed, and flow through Taylor Slough at the TSB was 3.7 times the observed, over the period of analysis (1990–2000; Marshall et al., 2014). In addition, the water level at P33 was estimated to be 23 cm higher circa 1900 CE than the observed (period of analysis 1990–2000; Marshall et al., 2014).

The study described here was designed to better understand the late 19th century freshwater hydrology of the Everglades and to determine if paleoecologic data from the freshwater wetlands, and the models developed using these data, would support the earlier (Marshall et al., 2014) estimates of flow based on paleosalinity in Florida Bay. Few anecdotal records of the pre-drainage Everglades ecosystem exist, so it is essential to corroborate any estimates of the historic conditions prior to implementation of targets and performance measures. To date, paleoecologic analyses have provided needed insights into past hydrologic conditions and habitat characterizations in the Everglades freshwater wetlands (for example, Saunders et al., 2006; Willard et al., 2006; Bernhardt and Willard, 2009; Willard and Bernhardt, 2011; Bernhardt et al., 2013), but these assessments are generally site specific and have highlighted the spatial heterogeneity of the system (Bernhardt et al., 2013). Willard and Bernhardt (2011) proposed using paleoecologic records from the freshwater wetlands to validate model estimates of pre-drainage hydrology. This is the approach we have used for this study – paleoecologic evaluations at three sites to assess and adjust as necessary the NSM 4.6.2 hydrologic model. The NSM 4.6.2 is considered a “best professional judgment” for simulating the pre-drainage hydrology and is used for restoration goal setting for the CERP (U.S. Army Corps of Engineers and U.S. Department of the Interior, 2015). However, as demonstrated here, when the outputs from the NSM 4.6.2 model are compared to paleoecologic studies and to outputs from other models of pre-drainage Everglades hydrology (such as NSRSM; F.E. Marshall, unpublished report, 2016), the NSM 4.6.2 model portrays a generally drier natural system for the circa 1900 time period than the results of other analyses (National Research Council, 2010).

The pollen records from the three core sites indicate a wetter pre-drainage environment and responses to changing conditions around the beginning of the 20th century. Such rapid responses of vegetation to hydrologic changes were noted by Harvey et al. (2017) and they believe reductions in average water depth caused the rapid initial responses in the plant communities. When comparing our results to historical reconstructions, the paleo-based NSM 4.6.2 outputs indicate that the pre-1900 CE seasonal average water depths may have been slightly higher for the P33 and NP206 sediment core locations than what is described in McVoy et al. (2011). At the location of the EVER4 sediment core, the results of this study and the water level estimate of McVoy et al. (2011) are similar.

Hydroperiod results are not as consistent as water level. For P33 and EVER4, the paleo-based NSM 4.6.2 hydroperiods (Table 2 and Figure 8) are close to approximating the hydroperiod derived from the paleoecologic analyses and exceed the model-based (unadjusted and bias-adjusted NSM 4.6.2) hydroperiod estimates. However, for NP206 the paleoecological data indicate a hydroperiod significantly less than any of the model estimates (unadjusted, bias-adjusted, and paleo-adjusted NSM 4.6.2), and less than the observed, despite the close approximation of the paleo-adjusted NSM to the paleo-estimated water level (28.4 cm and 30 cm, respectively). This inconsistency is due in part to the NSM 4.6.2 overestimating hydroperiod for this site (312 days compared to 137 observed; Table 2). In the observed data, the water level at NP206 has the shallowest water depth and shortest hydroperiods. The station is above ground only 3017 days in 26 years. During this period, four years have zero flow, 10 years out of 26 have values >0 but <100 days, only 7 years have values >200 days, and only 1 year (1995) exceeds 300 days. The ratios comparing NSM 4.6.2 to observed hydroperiods are 1.04 for P33, 2.78 for NP206, and 0.91 for EVER4, so despite changes in water level over time, the NSM 4.6.2 comes close to approximating the number of days above ground water levels are observed at P33 and EVER4 over the periods analyzed. However, the number of days NSM 4.6.2 estimates above ground water levels at NP206 is almost three times greater than observed. When the paleo-adjustments in water level are added to the NSM 4.6.2, it converts more below ground levels to above ground, increasing the discrepancy even further.

This discrepancy between the hydroperiod estimated from the paleoecologic analysis at NP206 and the modeled NP206 hydroperiod illustrates the difficulty of modeling a spatially heterogeneous system. The pollen records contained in the sediment cores are the best available information on the pre-1900 CE hydrology at each core site. In contrast, the NSM 4.6.2 is a landscape-scale model and each cell in the model covers over 10 km2 and assumes that there is a constant elevation within each cell. Lodge (2010) describes the marl prairie where the NP206 monitoring station and the NP206 sediment core are located as containing ‘pinnacle rock’ – an irregular limestone surface with projections that may rise 0.3 ± meters above the surrounding terrain and solution holes forming in low areas. Assuming constant elevation in an area with this type of microtopography could explain the discrepancy between the NSM 4.6.2 estimates of hydroperiod and therefore the paleo-adjusted model output. Peat fires might be another explanation for the discrepancy at NP206 because they can cause subsidence through oxidation (Lodge, 2010; McVoy et al., 2011); however, no charcoal analyses were done on the core so this idea cannot be tested. In contrast, the P33 monitoring station and its associated core are located in the main flow channel of SRS, a relatively large area that is typically underwater, so the effects of micro-topography and/or model-cell size do not cause significant variations in the hydroperiod results. P33 also is farther from any drainage canals than the other two sites and has the longest period of analysis. The results at P33 portray a general lowering of the average water level over the last century and a relatively small change in the hydroperiod with an observed hydroperiod at P33 of 340 days per year and model-based hydroperiods ranging from 354 to 360. These minor shifts in the P33 hydroperiod are significant, however, because with P33’s location in the main flow channel it would be expected to be underwater most of the time. In addition, the P33 paleo-adjustment used in this study (+21.58 cm) is very close to the +23 cm above the P33 paleo-estimated water level for the circa 1900 system in Marshall et al. (2014). At EVER4, which is closest to drainage canals, the paleo-adjusted NSM 4.6.2 average water level does not quite reach the low-end of the paleoecologically estimated range for water level but is still significantly higher than the observed and the unadjusted and bias-adjusted NSM 4.6.2 output. The observed hydroperiod at EVER4 is higher than the unadjusted and bias-adjusted NSM 4.6.2, again highlighting the problems with using NSM 4.6.2 model cells that do not take into account the local variations in topography.

The goal of this and previous paleoecologic and modeling exercises has been to estimate the hydrologic conditions that existed in the Greater Everglades Ecosystem prior to construction of drainage features. The output from the SRS flow model presented here indicates that restoration of the pre-water management levels in the SRS freshwater wetlands within ENP will require an increase in average SRS flow of 2.0 times the 1990s observed average flow or 2.3 times the average flow from 1978 to 2000 (Table 5 and Figure 9). These findings are consistent with the previous paleosalinity-based flow estimates for SRS (Marshall et al., 2014) of 2.1 times the 1990s observed SRS flow. The long period of water level data at the P33 station, the position of the core and the station in the main flow channel of SRS, the high r2 value for the model (r2 = 0.78), and the close correspondence of the estimates of paleo-adjusted flow in this study to our previous results using cores from Florida Bay, give us confidence in our estimate that late 19th century flow in SRS was 2.0 to 2.3 times the late 20th century flows.

The outputs of the TSB flow model presented here indicate that restoration of pre-drainage water levels would require an increase in TSB flows of 3.2 times the 1990s observed average flow or 3.7 times the averaged flow from 1965 to 2000. Like SRS, these findings are consistent with the Marshall et al. (2014) estimate that TSB flow for the late 19th and early 20th century was 3.7 times TSB flow in the 1990s. Despite these consistent results, we are not as confident in the TSB flow estimates compared to the SRS estimates for several reasons. First, the TSB flow model is based on EVER4 water depth data and the EVER4 station has only been in place since 1994, therefore it documents hydrologic conditions during a period when water management had already begun to increase flow into Taylor Slough (Van Lent et al., 1993; Kotun and Renshaw, 2013) and the r2 value (0.63) is lower than for SRS (0.78). Second, the EVER4 station is located outside the main flow path for Taylor Slough and therefore EVER4 may not be as reliable a predictor of flow at TSB as P33 is for SRS. Third, EVER4 is located close to the ENP boundary and is more impacted by water management in the adjacent non-regulated park lands; this is also a region where ground water and surface water interactions affect water levels and flow (Harvey et al., 2000). Finally, the area outside of the main sloughs can have variable microtopography. We selected a paleo-adjustment for EVER4 of +25.7 cm based on the paleo-based water level data at the core site, but a different adjustment may have been appropriate for the EVER4 monitoring station, given the existing variations in topography.

These results support previous observations and model results that indicate Taylor Slough and SRS carried significantly more water prior to the implementation of water control. The paleo-based flows also estimate the quantity of water needed for restoration. The close agreement of the estimates of flow for SRS and TSB from this study and the previous estimates based on paleosalinity in Florida Bay is a significant finding, because two completely different proxies from two different regions of the Everglades (pollen from Everglades freshwater wetlands and mollusks from Florida Bay) have provided very similar results. The results also are consistent with Smith et al. (1989) estimates of a 59% decrease in flow from SRS in the 20th century based on analyses of fluorescent banding in a coral from Florida Bay.

Estimates of pre-drainage hydrology are intended as a guide for restoration managers in determining project feasibility and in setting performance measures and targets for restoration. In practice, it will be difficult to increase water levels in the ENP beyond a certain point due to the extensive urban and agricultural development that has occurred in south Florida over the last century and because the CERP mandate that restoration cannot negatively impact flood control or water supply. Additionally, restoration of more natural hydrology alone will not be equally effective in all regions of the Everglades; success will depend on a number of factors including retention of the pre-drainage microtopography (Harvey et al., 2017). The existing SRS flow data indicate that water levels at P33 have a relatively strong correlation to flows, and water levels at the different monitoring stations within the freshwater wetlands of ENP are relatively highly correlated to one another (Probst and Rosendahl, 1981; Marshall et al., 2011). These correlations suggest that the most direct and effective way of increasing water levels in SRS is by increasing flows across Tamiami Trail into ENP. Attempts to do so thus far have been hampered by a number of factors, including seepage into the existing network of canals6. In addition, any water used to increase SRS water levels must be of suitable quality such that the benefits of increased flows outweigh any potential harm; thus, treatment may be required before delivery to SRS. Because of the direct hydrologic connection between SRS and the ENP estuaries along the Gulf of Mexico, increases in water levels and flows in SRS should result in reduced salinities downstream. Lower salinities would benefit the ecologically important salinity transition zone (“inshore marine habitat,” Livingston, 1990) and is a desired CERP objective. Engineering options for restoration of pre-water management flows to Taylor Slough are somewhat limited, although some projects have already been implemented (for example, widening of the TSB; South Florida Water Management District, 2008). The lack of options for Taylor Slough increases the importance of restoring freshwater levels and flows in SRS and the eastern wet prairie, where NP206 is located, in order to maximize the overflow from SRS into Taylor Slough. In addition, improving the hydrologic conditions of Taylor Slough has the benefit of improving the dependent freshwater wetland biota in Taylor Slough as well as the salinity conditions in the downstream nearshore estuarine embayments of Florida Bay within ENP.

It has been demonstrated through long-term paleoecologic studies (Saunders et al., 2006; Willard et al., 2006; Bernhardt and Willard, 2009; Willard and Bernhardt, 2011; Wingard and Hudley, 2012; Bernhardt et al., 2013; Wachnicka et al., 2013b; Wachnicka and Wingard, 2015; Wingard et al., 2017) that over the last 5000 years changes in climate patterns have altered the hydrology and the habitats of the Greater Everglades Ecosystem in different ways, depending on location within the ecosystem. Virtually all environmental proxies that have been measured in sediment cores indicate nearly synchronous changes in the early to mid-20th century, most of which are believed to be associated with the construction of water management structures and the subsequent land-use changes that have altered the natural landscape. The most important driving factor in the Greater Everglades Ecosystem is the availability of freshwater. Everglades restoration is driven by the primary goal to “get the water right,” therefore, efforts have been focused on restoring more natural hydrologic conditions. Responses of the Everglades biota to past natural perturbations seen in paleoecologic analyses indicate that the ecosystem will respond positively to an increase in flow, and the logical target is restoration to the circa 1900 CE levels indicated in this and previous studies. The question is whether such an increase is defensible and feasible. A mass balance check on estimated SRS flow (Marshall et al., 2014) found that the volumes of freshwater needed to restore the SRS flows were roughly comparable to the estimates of the average total volumes of freshwater that are presently being discharged to the east and west coasts through water management activities. This implies there is enough water being diverted from flowing south into the Everglades to achieve historic flows if it could be redirected. Restoration of more natural flow would benefit not only the habitats and biota of the freshwater wetlands of ENP, but also the downstream estuaries and in addition, it would reduce or eliminate the ecologically harmful discharges to the Atlantic and Gulf coasts from the canals draining Lake Okeechobee.



SUMMARY

The results of this study agree with previous paleoecologic and modeling efforts. The results support the concept that the pre-drainage Everglades ecosystem of the late 19th century was significantly wetter than the post-drainage conditions of the wetlands within ENP. We have quantified the pre- and post-drainage differences in water level and hydroperiod for three sites and flow estimates at two stations within the freshwater wetlands. In addition, we have demonstrated a method for adjusting individual cells within the NSM 4.6.2 hydrologic model to circa 1900 CE conditions that can then be used to estimate historic flow. The differences noted between the three core locations highlight the heterogeneity of the Everglades wetlands and the need to further calibrate the NSM 4.6.2 and other models of the pre-circa 1900 CE conditions (i.e., the Natural System Regional Simulation Model, or NSRSM) to better reflect the pre-drainage conditions. Paleoecologic characterizations in previous studies also have shown this spatial heterogeneity of the freshwater wetlands in ENP and the long-term responses to both natural and anthropogenic disturbances; however, past studies have not been directly incorporated into models that can quantify the needed restoration flows into ENP. Paleoecologic data allow us to hindcast conditions prior to anthropogenic disturbance. By incorporating these data into existing models, the models are calibrated to the past conditions instead of relying solely on hydrologic modeling to recreate those conditions. We propose that paleoecologic studies be used similarly at additional locations in the freshwater wetlands and the estuaries to ground-truth the models to the greatest extent possible using the available data.

The results from this study and a previous study (Marshall et al., 2014) indicate that flow through the SRS would need to increase approximately two times current levels to simulate late 19th century conditions and flow through Taylor Slough would need to increase approximately three times. The existing hydrologic conditions indicate that an increase in flow would achieve the higher water levels and typically longer hydroperiods that have been estimated by the paleoecologic analyses. We recognize that restoring flows to these levels may be difficult given the land-use changes that have occurred over the last century and potential loss of microtopography. However, it is essential for restoration planners and resource managers to understand the magnitude of the flows needed and the relationships between flow, water level and downstream salinity in the estuaries needed to simulate the natural hydrology. By basing performance measures and targets on models that have been calibrated to reflect pre-drainage conditions, CERP managers will have defensible targets and a better chance of achieving the restoration goal to “get the water right” for the benefit of the ecology of the freshwater wetlands of the Everglades and the downstream receiving estuaries.
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Full water level dataset in Supplementary Table S1, and hydroperiod data in Supplementary Table S3.
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