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Resource managers around the world are challenged to develop feasible plans for sustainable conservation and/or restoration of the lands, waters, and wildlife they administer—a challenge made greater by anticipated climate change and associated effects over the next century. Increasingly, paleoecologic and geologic archives are being used to extend the period of record of observed data and provide information on centennial to millennial scale responses to long-term drivers of ecosystem change. The development of paleoecology from an emerging field investigating past environments to a highly relevant applied science is reviewed and general examples of the application of paleoecologic research to resource management questions in diverse habitats and regions are provided. Specific examples of the application of paleoecologic research to the restoration of the Greater Everglades Ecosystem of south Florida (U.S.A) are presented. Conducting valuable scientific research that would benefit resource management decisions, however, is not enough. Scientists and resource managers need to be engaged in collaborative discussions from the beginning of the research process to ensure that management questions are being addressed and that the science reaches the people who will benefit from the information. Paleoecology and related disciplines provide an understanding of how ecosystems and individual species function and change over time in response to both natural and anthropogenic drivers. Information on pre-anthropogenic baseline conditions is provided by paleoecologic research, but it is the detection of long-term trends and cycles that allow resource managers to set realistic goals and targets by moving away from the fixed-point baseline concept to one of dynamic landscapes that anticipates and incorporates an expectation of change into decision-making.
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INTRODUCTION

Ecosystem restoration is taking place around the world in a variety of habitats and at a variety of spatial scales, ranging from large watershed-scale efforts such as the Chesapeake Bay, the Greater Everglades and the San Francisco Bay-Delta in the United States, the Mata Atlântica tropical forest in Brazil, and the mangrove forests of Andhra Pradesh in India, to small scale local restoration efforts in a number of countries. In Europe, the Water Framework Directive specifically focuses on restoring all surface waters of the EU to “good” ecological and chemical status by 2015 (European Commission, 2015). The urgency of these efforts is highlighted by the United Nations Environmental Program estimate that close to a third of the world's ecosystems have been transformed or destroyed and another third have been significantly disrupted (Nellemann and Corcoran, 2010). In addition, the Millennium Ecosystem Assessment (2005) estimates that ~60% of ecosystem services examined in their report have been degraded or are being used unsustainably. Increasingly, the economic value and societal importance of restoring impaired ecosystems is being realized from international to community levels, and a number of organizations have provided guidance on best practices1 (Parks Canada and the Canadian Parks Council, 2008; Nellemann and Corcoran, 2010; Keenleyside et al., 2012).

Restoration practitioners have acknowledged that understanding the long-term historic condition of an ecosystem is essential to establish the baseline conditions and provide a framework for the goals of restoration (NRC, 1992; Egan and Howell, 2001; SER, 2004; Vigmostad et al., 2005). The temporal scale of historical observation and analysis, however, is often limited to a snapshot of the conditions prior to a specific disturbance. Furthermore, instrumental and observational records are limited in scope, often to only the last five to six decades. The lack of data and the difficulty of obtaining information on the historic condition of an unimpaired system is a common concern of restoration practitioners (Maltby and Dugan, 1994; Cairns and Heckman, 1996; Hobbs and Norton, 1996; SER, 2004). Paleoecologic and geologic archives can be invaluable in identifying the historic condition because ecosystems are dynamic networks of physical and biological components that change over a variety of time scales from diurnal to millennial and beyond. Diurnal, lunar, seasonal, annual, and to some extent decadal scale changes can be directly observed, measured, and/or monitored by scientists; however, to investigate change that occurs over decadal to millennial scales, paleoecologic, and geologic records must be used to extend the period of record past directly recorded data. For these reasons, scientists have advocated the use of paleoecologic and geologic data to provide the long-term perspective on community and ecosystem responses to change (for example, Binford et al., 1983; Davis, 1989; Anderson, 1993; Cohen, 1995; Orson, 1996; Parsons et al., 1999; Swetnam et al., 1999; Aronson and Precht, 2001; Jackson, 2001, 2007; Jackson et al., 2001; Kowalewski, 2001; Alin and Cohen, 2004; Weckström et al., 2004; NRC, 2005; Bottjer, 2006; Froyd and Willis, 2008; Jackson and Hobbs, 2009; Davies and Bunting, 2010; Gell, 2010; Watson et al., 2011; Seddon et al., 2014; Van Riper et al., 2014; Kidwell, 2015; Pellatt et al., 2015).

Extensive information can be derived from sediment cores, ice cores, tree rings, speleothems, corals, fossil assemblages, and other physical and biological recorders of change. These records provide more than just a snapshot of the pre-disturbance unimpaired ecosystem. They provide an understanding of the long-term (multidecadal to millennial) patterns and responses to change that is essential for effective management and restoration (Jackson and Hobbs, 2009; Gell, 2010). Managers and decision-makers need to have an understanding of past ecosystem changes in order to anticipate potential future responses to physical drivers and the interaction of both natural and anthropogenic changes over the next century. Only with this type of long-term perspective can resource managers make decisions that will meet the ultimate goals of restoration—goals that will be realized long after an individual manager's tenure and in a world of shifting political and economic realities.

The anticipated changes in climate and sea-level over the next century increase the importance of resource managers looking beyond short-term time scales. The following critical questions need to be asked at the planning stages of restoration efforts and reassessed as part of adaptive management when restoration is underway. (1) How do current rates of ecosystem change differ from past rates? (2) If there is a trend, is it linear or non-linear (e.g., exponential) and what is the direction of change? (3) If changes are cyclic, what is the magnitude and frequency of the cycles? (4) How have organisms responded to past changes in the physical environment? (5) Which organisms can serve as good indicators of change? Analyses of paleoecologic and geologic archives can address these questions. Paleoecologic data provide a unique perspective on patterns and rates of temporal change in the preserved biological components of an ecosystem, and by inference or direct measurement, the physical and chemical components of the system. Geological archives record the changes in the physical and chemical components of the ecosystem. Combined, these tools provide insight into the natural and anthropogenic drivers of change and the ecological responses to those drivers.

The purpose of this paper is to briefly review the history of paleoecology from early concepts to the present applied science; to provide a general overview of paleoecological applications in a variety of settings; and to provide specific examples of the application of paleoecology to restoration and resource management. For the specific examples, we draw from our own research in the Greater Everglades Ecosystem of south Florida, U.S.A., to illustrate the value and application of centennial to millennial scale perspective for resource managers.

GROWTH OF PALEOECOLOGY FROM EMERGING FIELD TO APPLICATION

Foundations of Paleoecology

British naturalist Edward Forbes (1815–1854) is credited with being the founder of paleoecology (Hedgpeth, 1957a), although the ancient Greeks were the first to recognize that fossils provided clues to past environments (Ladd, 1957a; Cloud, 1959). In his descriptions of the benthic fauna of the Aegean Sea, Forbes (1843) discussed the constant shifts in the bathymetric zones, and the relationship between changes in sediments, water depth, and assemblages. He related these changing patterns over time to the “interstratification of fossiliferous and non-fossiliferous beds” recognizing the connection between modern processes and what is preserved in the geologic record (Forbes, 1843, p. 173). Laying the groundwork for paleoecology, Forbes explained how zones of different depths in the marine environment can be recognized in uplifted rock layers and he applied this “zoo-geology” method to a brief interpretation of the stratigraphic layers on the island of Neo Kaimeni, Greece.

Establishment as a Field

The earliest usage of the term paleoecology uncovered in this review is by the paleobotanists Berry and Clements in the early twentieth century (Berry, 1911, 1914; Clements, 1916, 1918) Berry identified the essential link to the study of modern organisms in his statement “the living representatives, their habitat, range and variation are of the greatest importance in determining paleoecology” (Berry, 1914, p. 142). Despite the earlier date on Berry's publication, Böger (1970) credits Clements (1916) with being the “creator” of the term paleoecology, referring to Clements definition of paleoecology as the response of fossil organisms and communities to their habitats and the response of the habitats to the organisms and communities (Clements, 1916, p. 279). Clements also made a clear connection between ecology and paleoecology stating that it was “undesirable to attempt a rigid distinction” between the two fields, yet he thought it was important to differentiate paleoecology due to the “inferential” nature of the interpretations (Clements, 1916, p. 280). He recognized the “great perspective” provided by paleoecology—a field that he envisioned as examining the “interrelations of climate, topography, vegetation, animals, and man”—and he saw a comparison of the paleoecologic record to the geologic record as a means of cross-checking the results (Clements, 1916, p. 279). It was also in 1916 that the first fossil assemblage diagrams were introduced by von Post in his lecture at the convention of Scandinavian naturalists. His technique of illustrating changes in the percent abundance of pollen in peat profiles from Sweden (Von Post, 1916) established a method that is used by the majority of paleoecologists today.

In the 1920s there was an increase in interest in marine paleoecology following the structure originally outlined by Forbes. T. W. Vaughan led the effort in the United States to incorporate ecology of modern marine environments into geologic interpretations (Vaughn, 1924). In Europe, O. Abel established the journal Paleobiologica and R. Richter founded the Senckenberg-am-Meer Institute, both furthering the development of the field of paleoecology (Hedgpeth, 1957a). In 1930, Twenhofel (1931) delivered his Presidential Address to the Paleontological Society in the U.S. summarizing the role of the environment in determining the sediments and faunal remains found in the geologic record and highlighting the importance of this information to stratigraphic understanding. The first instructional manual for teaching paleoecology, entitled “Principles and instruction for paleoecological investigations” was published by Gekker (1933) based on his lectures at the Mining Institute in St. Petersburg, Russia and derived from his research on basin analysis of the Russian platform. The manual was followed by numerous articles on the concepts of paleoecology (for example Gekker, 1941, 1948, 1955) and the first textbook on paleoecology (Gekker, 1957), with the English title “Introduction to Paleoecology,” which was subsequently translated into Chinese, Japanese, French, and English and had a worldwide influence on the field.

Between 1935 and 1937 the U.S. National Research Council formed a Committee on Paleoecology, headed by Twenhofel and including paleobotantist E.W. Berry, which produced two reports (Twenhofel, 1936, 1937). These reports added emphasis to Twenhofel's 1931 address with a discussion of the importance of understanding environmental facies and the role of paleoecology in the interpretation of facies. Twenhofel (1936) described the practice of correlating deposits containing the same fossil assemblages because it is assumed that the deposits were synchronous; but he pointed out that deposits with similar assemblages probably represent similar environments that may actually be time transgressive. This role of paleoecology in stratigraphy also was discussed by Vaughn in his 1939 Presidential Address to the Geological Society of America (Vaughn, 1940) and by Gekker in his 1957 textbook. Vaughn concluded his 1940 address by stating that “There should be continuous shuttling from studies of the modern to studies of the ancient and back again from the ancient to the modern. By this process we may confidently expect to increase our understanding of much of the history of the earth” (Vaughn, 1940, p. 466).

Post World War II Expansion

Following World War II, interest in paleoecologic research increased significantly. Woodring (1951) presented a paper at the U.S. National Academy of Sciences annual meeting discussing the use of oxygen isotopes to discern water temperatures and resolve conflicting evidence from assemblage analysis. Vaughn continued his efforts during the war and formed a subcommittee within the U.S. National Research Council Committee on Geologic Research in 1941, with the goal of summarizing activities in marine ecology and paleoecology (Ladd, 1957a). After the war, this committee continued under various names and eventually guided the compilation and publication of the two-volume Treatise on Marine Ecology and Paleoecology (Hedgpeth, 1957b, v. 1, Ecology; Ladd, 1957b, v. 2, Paleoecology). These two volumes laid the ground work for much of the marine paleoecologic research that would follow with contributions that focused on ecologic and environmental requirements of key groups of organisms and on the interpretation of physical aspects of past environments.

The publication of Treatise on Marine Ecology and Paleoecology and Gekker's (1957) textbook stimulated the development of paleoecology in the 1960s as a recognized subdiscipline of paleontology. Norman Newell is credited with elevating the field to subdiscipline status (Sepkoski, 2008) in part due to his organization, along with John Imbrie, of a Paleontological Society symposium on paleoecology at the 1961 annual meeting of the Society. Principles of Paleoecology (Ager, 1963) and Approaches to Paleoecology (Imbrie and Newell, 1964) served as foundational texts (Bambach, 2008) within English-speaking countries for the new subdiscipline, identifying the fundamental principles and approaches to paleoecologic studies. The launch of the international journal Palaeogeography, Palaeoclimatology, and Palaeoecology in 1965 with the intent of playing a role in developing “a clearer understanding of the behavior of the earth” (Manten and Nairn, 1965) and of the journal Paleobiology in 1975 were indicative of the increasing interdisciplinary interest in paleontological investigations.

Emergence of New Methodology

Two pivotal publications were issued in the 1970s. Imbrie and Kipp (1971) introduced the factor analytic transfer function—a statistical method that uses factor analysis and linear regression of data on modern ecological requirements of organisms and applies those equations to the evaluation of fossil assemblages. This represented a significant step in moving paleoecologic analyses from primarily qualitative descriptions of assemblages based on numeric counts of taxa, to statistical data sets with associated errors and measures of confidence (Imbrie et al., 1973; Kipp, 1976). The ability to quantify confidence in interpretations is an important component in applying paleoecologic results to decision-making. The advent and subsequent explosion of personal computers in the 1980s contributed to this move toward rigorous analysis and added a “new perspective” to paleontology in general, and paleoecology specifically (Bambach, 2008, p. 30). The second publication, Valentine's Evolutionary Paleoecology of the Marine Biosphere (Valentine, 1973), was significant because it began to move paleoecology into the realm of understanding the processes by which ecosystems evolve and change over time (Bambach, 2008). The book also is notable because Valentine turned the uniformitarianism phrase around to say “the past is the key to the present” and developed the idea that changes in past environments and ecosystems can be used to understand present configurations. Valentine (1973, p. 466) saw the fossil record as “an interplay between evolutionary trends and environmental fluctuations” and it is this concept that is the foundation of the current paleoecologic investigations that examine late Holocene changes and the combined effects of anthropogenic and natural changes on ecosystems.

The growth in evolutionary paleoecology in the 1980s and 1990s led to an increased understanding of the relationships between the environment, ecology, and evolutionary processes and the importance of temporal and spatial scales on the interaction of these components (Allmon and Bottjer, 2001). In addition, the advances in stable isotope biogeochemistry and chronologic methods allowed for increased precision in comparing the physical and biological components of ecosystems preserved in geological archives and understanding the connections between the components (Allmon and Bottjer, 2001; Kowalewski, 2001; NRC, 2005). Refinement of the use of transfer functions and analog datasets allowed more precise and statistically defensible estimates of past environmental conditions (Birks et al., 1990). These developments provided the foundation for paleoecology to broaden its scope and begin to address research questions directly related to current resource management issues. In 1980, the value of understanding changes on the scale of decades to centuries was acknowledged by the US National Science Foundation when it began the Long Term Ecological Research (LTER) program (Hobbie et al., 2003). Although LTER studies focus on observations of living systems, the importance of extending the record beyond the centennial scale by linking long-term observations to paleoecologic studies was recognized (Davis, 1989; Kowalewski, 2001; Hobbie et al., 2003; NRC, 2005).

Application to Restoration and Resource Management

The decade of the 1990s saw an increased focus on restoration of degraded ecosystems and the impacts of global change. The role that paleoecology could play in addressing these issues was recognized as scientists and resource managers debated (1) what constitutes an appropriate baseline or reference condition for restoration given the extent of anthropogenic alterations to natural systems; (2) how to account for processes that occur infrequently or very slowly over decadal to centennial timescales and (3) what are the appropriate spatial and temporal scales for understanding ecosystems (Davis, 1989; Swetnam and Betancourt, 1998; Landres et al., 1999; Swetnam et al., 1999; Jackson and Overpeck, 2000; Jackson, 2001; Flessa, 2002). The U.S. National Academy of Sciences Committee on Restoration of Aquatic Ecosystems published a report in 1992 (NRC, 1992) that discussed the need for baseline studies and identified paleoecology as a method for obtaining information on the historic condition of ecosystems. By the end of the 1990s, the value of historical information on ecosystem variability and the use of paleoecology to obtain this information were increasingly recognized as essential components in resource management decisions (Landres et al., 1999; Millar and Woolfenden, 1999; Parsons et al., 1999; Swetnam et al., 1999).

In 2005, the U.S. National Academy of Sciences Committee on The Geologic Record of Ecological Dynamics (NRC, 2005, p. 3) identified three initiatives that apply the geologic and paleontologic record to scientific, management and societal issues: (1) use the record of the past as a “natural laboratory” to understand past responses to change under a range of conditions; (2) use the record “to enhance our ability to predict the response of biological systems to climate change in particular;” and (3) to use the Holocene record to examine anthropogenic vs. non-anthropogenic effects on ecosystems. These three initiatives capture the essence of much of the applied paleoecology and ecosystem history research that has been conducted over the last several decades. Paleoecology is not just viewed as a way to understand the past, but also as a window to the future (Swetnam et al., 1999; Kowalewski, 2001; Bottjer, 2006).

Debates continue about what constitute baseline and reference conditions, and what are the appropriate spatial and temporal scales for studies; and new debates have emerged about novel ecosystems, no-analog communities, and how to define sustainability (Jackson and Overpeck, 2000; Willard and Cronin, 2007; Williams and Jackson, 2007; Jackson and Hobbs, 2009; Watson et al., 2011), but paleoecology has entered the realm of applied science in the twenty-first century. Opportunities for collaboration between paleoecologists and the emerging field of conservation paleobiology offer the potential to further our understanding of interactions between evolutionary patterns, the environment, and biodiversity2. Perhaps paleoecology's greatest contribution to resource management as we move forward into uncertain conditions will be the understanding of ecosystem structure, function and responses to disturbance (Jackson and Hobbs, 2009). As the following sections illustrate, studying the geologic and paleontologic record of the past is playing an important role in shaping resource management decisions—not only looking backward to understand how an ecosystem has evolved and changed over time, but also looking forward to anticipate possible responses to future change. The past can serve as a guide to future decision-making.

APPLICATION OF PALEOECOLOGIC ANALYSES TO RESOURCE MANAGEMENT

Paleoecologic analyses have provided diverse and essential information to resource management agencies and decision-makers over approximately the last 30 years, with an increase in the last decade of studies focused on direct application to specific management questions. Research has been conducted from the tropics to the polar regions and in terrestrial, freshwater, estuarine and marine ecosystems. The examples in this section were selected to provide insight into the scope of applied paleoecological investigations and offer only a small sampling of the vast amount of research in this field. The common themes to all of these examples are that paleoecologic research has provided information on the range of variability in the system that extends beyond the period of direct observation and has examined responses to natural and/or anthropogenic disturbances over appropriate timescales. These examples all illustrate the use of paleoecology in testing hypotheses, establishing baseline conditions, examining ecological functioning and response to disturbances, and providing insight into resilience of species and systems.

Forests

Understanding and managing forest ecosystems is particularly difficult given the longevity of individual trees and the decadal to centennial time scales over which forest ecosystems develop. Critical questions are how resilient are forest ecosystems, what are the tipping points, how will forests respond to future climate change and will they shift to alternative states (Reyer et al., 2015). A number of paleoecologic studies have examined the impacts of anthropogenic and natural disturbances on forest ecosystems.

Pellatt et al. (2015) used pollen and charcoal analyses of lake sediment cores to investigate an ~500-year history of threatened Garry Oak ecosystems in British Columbia, Canada. Their results contributed to an understanding of the impact of climate, aboriginal land management practices, and European colonization on the forests and illustrated the strong linkage between forest structure and fire history. In a similar study, Crawford et al. (2015) combined ethnographic, anthropologic and paleoecologic data to investigate whether hunter-gathers influenced forest ecosystems of the Klamath Mountains, California, U.S.A. Bush and Colinvaux (1994) conducted the first paleoecologic investigation of the remote Darien region in Panama, an area that was thought to be one of the last neotropical forest ecosystems unaffected by humans. Their results revealed a 4000-year history of human disturbance and illustrated that the present-day forest formed over the last ~350 years, demonstrating the resiliency of the ecosystem following disturbance. A study of Malaysian Borneo tropical peat swamp forests using pollen and charcoal from sediment cores indicated the forest had been relatively stable over a 2000-year history, despite the occurrence of El Niño Southern Oscillation (ENSO) events, other climate changes and episodic fires (Cole et al., 2015); however, the last 500 years of fire history was evidence of human disturbance that exceeded any previous levels and caused a decline in the forest community. Karpińska-Kołaczek et al. (2014) determined the timing and extent of human impact on the woodlands of northeastern Poland, demonstrating that deforestation was most significant from the Middle Ages to the end of state farming in the 1990s. Other studies have investigated the history of infestations in Balsam Fir forests in Canada (Simard et al., 2002) and tested hypotheses explaining the development of savanna in a region of southeastern Venezuela where the climate is favorable to extensive rainforest development (Ballesteros et al., 2015).

Freshwater Lakes

Lacustrine ecosystems have been a focal point of many Holocene paleoecologic and paleoclimatologic studies because lakes serve as catchment basins preserving high-resolution records of natural and anthropogenic changes. The typically high sedimentation rates of these systems and the seasonal shifts in higher latitude lakes can preserve annual to decadal-scale resolution that predates anthropogenic alteration, thus providing exceptional records of temporal changes in the surrounding region (Birks and Birks, 1980; Anderson, 1993; Alin and Cohen, 2004; Quinlan et al., 2008; Smol, 2009). Changes in water quality (eutrophication, acidification, and increased sedimentation) are frequently examined through paleoecologic and sedimentologic records and are indicative of changes in the surrounding watershed (Birks and Birks, 1980; Last and Smol, 2001a,b; Smol et al., 2001a,b; Hawryshyn et al., 2012; Reavie et al., 2014; Cumming et al., 2015).

The Paleoecologic Investigation of Recent Lake Acidification (PIRLA) Project was formed in 1983 to investigate the effects of acid deposition related to burning of fossil fuels on North American lakes, addressing questions critical to scientists and policy-makers (Whitehead et al., 1990). Specifically, the PIRLA Project's goal was to examine if lakes in proximity to factories had undergone significant changes in acidity over the last 100 years. They recognized that long-term data on precipitation and lake-water biogeochemistry were the only way to test hypotheses about the relationship between industry and acid deposition and that the only source of these data was proxy information from sediment cores (Whitehead et al., 1990). In a smaller scale study, Ruggiu et al. (1998) investigated the impacts of industrial pollution on subalpine Lake Orta in Italy. Using diatoms from sediment cores they were able to reconstruct an approximately four century sequence of changes in the lake, detecting twentieth century fluctuations caused by copper contamination, acidification, and nitrification. They also identified periods of improvement in water quality associated with reduced copper loading, advancements in treatment facilities, and additions of lime to the lake to counter the acidification; these results were used to assess the success of restoration efforts underway at the time of the study (Ruggiu et al., 1998). Quinlan et al. (2008) emphasized the importance of long-term data in a similar study on the lakes in Ontario, Canada that assessed the combined effects of eutrophication, acidic deposition, and climate change prior to the beginning of monitoring efforts. Their results demonstrated that particularly when multiple stressors are affecting a system, paleoecologic analyses can integrate the cumulative effects better than modeling or experimental studies (Quinlan et al., 2008). Additionally, the concept that restoration of water quality does not necessarily mean biological recovery is highlighted by their findings (Quinlan et al., 2008). Paleoecologic studies have also provided information on the occurrence of endemic species in ancient lakes and changes in biodiversity due to the combined impacts of climate and anthropogenic stressors. Cohen (1995) examined the effects on endemic diversity from watershed disturbances caused by deforestation and accompanying increased erosion rates in Lake Tanganyika, Africa and demonstrated responses of species over time. Paleoecology was also listed as one of the seven science directions to be taken by the Centre of Socio-Ecological Problems of the Lake Baikal Basin in Russia (Tulokhonov et al., 1995).

Rivers, Wetlands, and Tidal Marshes

Holocene paleoecologic studies of fluvial ecosystems most often focus on the associated wetland, marsh and delta deposits because the dynamic nature of the active channels is not conducive to preservation of detailed records of environmental change. The extent to which the wetland sediments record the ecosystem history of a river is dependent on the degree of connectivity between the river and the associated wetland and the frequency and height of flooding, which affects the sedimentary supply from the river to the wetland (Gell, 2010). The value of wetlands from both an economic and ecological standpoint is now recognized worldwide, although in the past they have often been treated as areas to be altered or modified for societal purposes (Barbier et al., 1997; EPA, 2002). Paleoecologic studies can be invaluable in determining the timing and impact of these alterations and also in predicting how wetlands will respond to future climate and sea level changes.

In an investigation of a wetland on the U.S.A. side of the St. Lawrence River, Rippke et al. (2010) were able to distinguish four distinct periods of succession in the plant communities and to determine that the current dominance of Typha (cattail) is related to peak agricultural disturbance in the late 1800s. Their findings demonstrated that water regulation in the Lake Ontario / St. Lawrence River system was not the cause of the present-day Typha dominance. Similar studies (Orson et al., 1992; Orson, 1999) in tidal marshes of the northeastern United States examined the effects of hydrologic alterations, beginning with early European colonization of the region, on marsh development and succession of plant communities. Orson (1996) also demonstrated the varying responses of freshwater and salt marshes to rising sea level; based on his results, he recommended that management begin to set aside land to accommodate future inland transgressions of the marshes. Litwin et al. (2013) determined that the effects of gravel mining, not river flooding, explained altered erosion rates in a tidal marsh along the Potomac River, Virginia, in eastern U.S.A. Their study used a combination of digital imagery analysis and paleoecologic analysis of sediment cores to assess causes and rates of land loss and provided the U.S. National Park Service with information to assist in restoration of the marsh. An investigation at the Urdaibai Biosphere Reserve on the north coast of Spain established that the marshes regenerated within ten years following abandonment of the agricultural areas and mosquito control structures that were in place by the end of the eighteenth century (Cearreta et al., 2002). Rates of natural response and regeneration are important for land managers to understand because facilitating natural processes is more successful at restoring ecological functioning of marsh ecosystems than engineering marsh restoration projects has been (Cearreta et al., 2002). Understanding pollution sources, eutrophication, turbidity and other water quality issues are important concerns in fluvial and wetland ecosystems (Gell, 2010; Bennion et al., 2014). Gell et al. (2007) analyzed paleoecologic records from wetlands adjacent to the River Murray, Australia, to provide information on the pre-colonization condition (salinity, biota, nutrients, sedimentation rates, and sediment sources) in response to the South Australian government's initiative to establish baseline conditions for the wetlands of the river system. Their study demonstrated the importance of examining long-term data sets to put the present state of the system into ecological context for managers Gell (2010).

Estuaries and Coastal Zones

Estuaries and coastal regions are highly desirable for development. Thirty-nine percent of the world's population lives within 100 km of the coast (Burke et al., 2001). The demands for potable water and land for development often conflict with resource management needs. These problems will only be compounded with anticipated sea level rise over the next century. Paleoecologic information can provide insight into future changes by providing information about past patterns and rates of change and responses to disturbance.

Large-scale estuarine restoration projects have utilized information on historical variability for several decades. Numerous paleoecologic analyses have been conducted in the Chesapeake Bay region, eastern U.S.A. (summarized in Willard and Cronin, 2007). These studies have indicated (1) the effects of deforestation and the centuries-long impact of land-use on the Chesapeake region (Cooper and Brush, 1993; Brush and Hilgartner, 2000; Willard et al., 2003); (2) the combined effects of climate and land-use (Cooper and Brush, 1993; Cronin and Vann, 2003; Willard et al., 2003; Brush, 2009); and (3) measures of water quality, such as salinity, eutrophication, hypoxia and anoxia (Cooper and Brush, 1993; Karlsen et al., 2000; Cronin and Vann, 2003; Willard et al., 2003; Brush, 2009). The results of these studies provide resource managers and policy-makers with information on pre-European colonization baseline conditions and anthropogenic vs. natural impacts to the Chesapeake Bay region over the last four centuries. In the Colorado River estuary, Mexico, changes in benthic productivity (Kowalewski et al., 2000) and salinity (Rodriquez et al., 2001) were demonstrated through a combination of paleoecologic assemblage analyses and oxygen isotope analyses. Prior to 1930, when the construction of dams altered the natural flow of water in the Colorado River, the delta ecosystem supported population densities of approximately fifty bivalve mollusks per m2, compared with three per m2 observed in the 1999–2000 study—a 90% decrease (Kowalewski et al., 2000). These findings address critical information gaps related to restoration of freshwater flow through the Colorado River because no surveys were conducted prior to alteration of natural flow (Kowalewski et al., 2000; Rodriquez et al., 2001).

In coastal zones and estuaries worldwide, paleoecologic analyses of assemblages have provided valuable information to resource managers on natural variability and responses to anthropogenic and natural disturbances. Jackson et al. (2001) discuss the importance of providing marine resource managers with information on the global impacts of overfishing on coastal ecosystems at the millennial scale using paleoecological, archeological, and historical data. They believe recent attempts at restoring coastal ecosystems, including coral reefs, sea grass beds, and kelp forests, have failed because these efforts “focused only on the most recent symptoms of the problem rather than on their deep historical causes” (Jackson et al., 2001, p. 636). In the Gulf of Finland, diatom distributions in cores have indicated the rate and magnitude of eutrophication and sediment loading over the last two centuries and the impact of these disturbances on species composition and biodiversity (Weckström, 2006; Weckström et al., 2007). These studies revealed differences in urban vs. rural areas and also demonstrated the response of the biota at some sites to decreases in waste water discharge, information that can be used to guide the EU's Water Framework Directive (Weckström, 2006; Weckström et al., 2007). In southeastern Brazil, Martínez et al. (2013) identified distinct changes in benthic assemblages in the Cananéia-Iguape estuarine-lagoonal system associated with construction of the Valo Grande channel and diversion of freshwater. Analysis of cores from Elkhorn Slough estuary, central California, U.S.A., indicated changes in marsh vegetation that corresponded to changes in sedimentation rates (Watson et al., 2011). The study was initiated because concerns about salt marsh transitioning to mud flats in recent years led to restoration planning and the need to characterize the baseline conditions and effects of land use changes. Their results showed that the build-up of salt marsh over the last century was most likely caused by increased sediment input from land-use changes; therefore loss of the salt marsh might not be a cause for concern and sustaining the salt marsh might not be feasible (Watson et al., 2011).

Global Applications

The papers discussed above are a very small subset of the hundreds of papers published in the last few decades applying paleoecologic analyses to resource management and restoration worldwide in virtually all of Earth's habitats. These examples offer a brief overview of the essential information paleoecology provides on pre-anthropogenic baseline conditions (defined differently for each region), the relationship between humans and our environment throughout human history, and the influence of natural changes on ecosystems. They also illustrate the combined effects of natural and anthropogenic drivers of change and introduce the value of applying these concepts to restoration and resource management. The following discussion of research in the Greater Everglades Ecosystem provides more detailed examples of the direct application of paleoecologic information to restoration and resource management.

THE GREATER EVERGLADES ECOSYSTEM RESTORATION AND THE ROLE OF PALEOECOLOGY

The Greater Everglades Ecosystem is located in southern Florida and includes Everglades National Park (ENP), which has been designated a World Heritage Site, an International Biosphere Reserve and a Wetland of International Importance (Figure 1). The natural Everglades ecosystem was defined by a combination of the climate, hydrology, geology, and low-lying topography of south Florida, extending from the Kissimmee River in the central portion of the state south to the estuaries of Florida Bay, Biscayne Bay, and the southwest Florida coast, encompassing ~46,000 km2. The seasonal rainfall and low topographic relief make the area highly susceptible to flooding, so beginning in the late 1800s as the population of south Florida increased, there was a demand for protection from flooding, an increase in available land for agriculture and development, and additional water supply. In the early twentieth century, canals were constructed to divert water and roads and railways aided travel through the relatively undeveloped region (Light and Dineen, 1994). The Central and Southern Florida Project for Flood Control was authorized in 1948 (Light and Dineen, 1994) and included the construction of levees, pumps, water storage structures and additional canals. The combined effects of land use and water management significantly altered the natural flow of freshwater through the wetlands to the estuaries and coastal ecosystems during the twentieth century. Approximately 50 percent of the original Everglades remain today (mostly within Everglades National Park), but under an altered hydrologic regime; the rest has been lost to agriculture and development (Davis and Ogden, 1994; McVoy et al., 2011).
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FIGURE 1. Satellite image of South Florida showing features discussed in text. Arthur R. Marshall Loxahatchee National Wildlife Refuge (labeled Loxahatchee NWR) is also Water Conservation Area (WCA) 1. Only the mouth of the Kissimmee River is shown where it empties into Lake Okeechobee; the river begins just south of Orlando and is considered the headwaters of the Everglades. White dotted lines indicate the boundaries of the National Park Service lands. Source of background image is USGS 1993 South Florida Satellite Image Map. United States index map shows location of Florida (gray) and satellite image (black box).



Political, social, and scientific interest in restoring the Everglades led to the development of the Comprehensive Everglades Restoration Plan (CERP) in the 1990s, which was authorized by Congress as part of the Water Resources Development Act of 2000 (U.S. Public Law 106-451) (USACE, 1999). Everglades restoration is envisioned as a 30 to 50-year effort at a cost of $12.5 billion (2008 price levels) (USACE (US Army Corps of Engineers) and SFWMD (South Florida Water Management District)., 2009). As this massive effort proceeds in the face of changing economies, politics and environmental conditions, it is essential that science provides the guidance and framework for restoration. The following examples illustrate the value of paleoecologic analyses in understanding past physical and biological parameters of the ecosystem and in gaining insight into ecosystem responses to projected changes in sea level and climate over the next several hundred years.

Understanding Landscape Scale Responses to Climate and Anthropogenic Change

The distribution of wetland vegetation in the Everglades is primarily controlled by hydrology (hydroperiods, water depth, and salinity). The main controls on the hydrology over the last ~5000 years have been changes in climate and sea level, as well as human alteration of the natural freshwater flow over the last ~120 years (Willard and Bernhardt, 2011). Extreme changes in hydrology paired with biogeochemical feedback mechanisms are thought to be the main drivers of the formation and evolution of wetland communities such as ridges, sloughs, and tree islands (Wetzel et al., 2005; Ross et al., 2006). Paleoecological records from wetland sediment cores collected throughout the Everglades (Figure 2) illustrate how these drivers influenced the formation of the now iconic mosaic of wetland vegetation communities.
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FIGURE 2. Map of south Florida showing location of cores and monitoring stations. Cores used for the regime shift analyses and the multiple linear regression models (MLRs) discussed in the text are indicated and specific monitoring stations discussed are labeled.



On short time scales, the multidecadal climate phenomena that the Greater Everglades wetlands are sensitive to include the North Atlantic Oscillation (NAO), the Atlantic Multidecadal Oscillation (AMO), and the El Niño Southern Oscillation (ENSO)(Cronin et al., 2002; Donders et al., 2005; Bernhardt and Willard, 2009; Wachnicka and Wingard, 2015). For example, periods of increased El Niño-like conditions are responsible for increased precipitation in the region, which in turn has impacted vegetation communities (Donders et al., 2005; Donders, 2011). On longer times scales, driven by the mean southward position of the Intertropical Convergence Zone (ITCZ), sustained aridity events also shaped the timing of tree island initiation and expansion (Willard et al., 2006; Bernhardt, 2011).

Two climate events in the late Holocene that were influential in the evolution of the ridge and slough landscape and tree island communities were the Medieval Climate Anomaly (MCA: ~650–1050 CE) and the Little Ice Age (LIA: ~1550–1750 CE). The MCA is characterized by sustained La Niña-like conditions and overall drier conditions in the southeastern US. When the pollen records from cores (Figure 3) are compared to modern analog data, they show that the MCA is a period of ridge formation and tree island initiation and expansion (Willard et al., 2006; Bernhardt and Willard, 2009; Bernhardt, 2011). These dry periods are critical in reinforcing biogeochemical feedbacks encouraging the establishment and growth of tree island and ridge vegetation (Ross et al., 2006). The LIA, while a period of cool wet conditions in the eastern US, is characterized by drier conditions in southern Florida (Pederson et al., 2005; Bernhardt and Willard, 2009). These sustained dry conditions stand out as another time period of tree island and sawgrass ridge growth (Willard et al., 2006; Bernhardt and Willard, 2009). Based on the microscopic charcoal proxy record, these intervals of extended aridity also are periods of increased fire (Bernhardt, 2011; Jones et al., 2014). Large changes associated with MCA aridity significantly impacted the rates of carbon accumulation in these systems (Jones et al., 2014).
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FIGURE 3. Summary of changes in pollen percent abundance and peaks in charcoal from a sawgrass ridge core and a tree island core. The Little Ice Age (LIA) and the Medieval Climate Anomaly (MCA), indicated by the light gray bands, brought warmer drier climates to south Florida. (See Willard et al., 2006; Bernhardt and Willard, 2009; Bernhardt, 2011 for the data and an explanation of the environmental interpretation of the pollen record.)



One of the primary goals of studying the paleoecology of the Everglades ecosystem is to help land managers understand the effects of hydrologic modifications on the wetland communities they manage, whether these changes are due to management decisions or to anticipated climate and sea level changes over the next century. The paleoecologic record has demonstrated that past changes in precipitation influenced the distribution of many Everglades wetland communities, as described above. These longer term records serve as a baseline to anticipate how future modifications to the region's hydrology will alter vegetation. Research conducted in Arthur R. Marshall Loxahatchee National Wildlife Refuge (hereafter referred to as the Refuge) illustrates the importance of centennial-scale information for management decision making.

The Refuge, located in the northeastern portion of the Everglades (Figure 1) has undergone a suite of differently managed hydrological regimes since the 1950s (Brandt, 2006). The results of these sustained hydrologic changes are reflected in the pollen assemblages preserved in cores collected across the Refuge (Bernhardt et al., 2013). Using Sagittaria (broad leaf arrowhead) pollen as a proxy for hydrologic variability, Bernhardt et al. (2013) show that since significant alteration of the natural system began in the 1900s, the loss of natural hydrologic variability in the Everglades altered the distribution of wetland vegetation. One of the most significant findings was the loss of distinct hydroperiods in response to south Florida's natural wet and dry seasons. When compared to the last 300 years, the loss in variability in hydroperiods between seasons is greatest during the last 50–100 years. This indicates that the effects of human modification to the natural hydrology have been greater than the last 300 years of climate variability. The pollen assemblages also recorded the formation of a hydrological gradient with the northern part of the Refuge being drier than historical conditions and the southern being much wetter. These data as a whole provide targets for restoration goals if managers are trying to recreate pre-drainage conditions within the Refuge.

Understanding Biotic Responses to Sea Level, Climate, and Anthropogenic Change

Currently, terrestrial and marine ecosystems in south Florida are under pressure from the combined effects of sea level rise, climate change, and twentieth century anthropogenic changes that have altered the natural functioning of the system. In the relatively flat, low-lying region, the impact of sea level rise on the natural and built systems is of particular concern. Rising sea level affects coastal ecosystems in this region long before inundation occurs as a result of saline ground-water intrusion and higher storm surges (Langevin and Zygnerski, 2013). Compounding the effects of rising sea level is the reduction in freshwater delivery to the coastal ecosystems that has occurred throughout the twentieth century following the construction of the complex system of canals and levees across the entire south Florida region. In addition to a reduction in the volume of freshwater, water management has led to changes in direction of water flow, decrease in water quality, and decrease in ground water levels by a few meters (Parker et al., 1955; Kohout and Kolipinski, 1967).

The coastal ecosystems of south Florida contain many biologically distinct components including the largest protected mangrove ecosystem in the western hemisphere, the most extensive living reef in the continental United States, and widespread protected subaquatic grass beds (Kimball, 2007). Each of the coastal biologic zones is characterized by distinct plant, vertebrate, invertebrate, and microbenthic communities with characteristic salinity regimes (McIvor et al., 1994; Fourqurean and Robblee, 1999; Lodge, 2010). These communities have evolved over the last ~5000 years in response to natural variations in sea level and climate. The resistance and resilience of these organisms and ecosystems are highly variable; however, studies have shown that the combined effect of climate and land use changes significantly decreases the ability of individual species or whole communities to absorb and/or respond to change (Scheffer et al., 2001; Folke et al., 2004; Mac Nally et al., 2014). The result often leads to distinct shifts in ecological regimes as the species composition and abundances change in response to ecosystem drivers (Smol et al., 2005; Wachnicka and Wingard, 2015; Randsalu-Wendrup et al., 2016). Paleoecologic analysis of sediment cores collected in the estuaries and coastal regions of south Florida have provided information on the responses of organisms and habitats to changes in sea level, climate, freshwater supply, and water quality (Figure 2).

An examination of changes in biotic communities throughout the time of deposition of the cores clearly indicates the effects of sea level rise over the last four millennia in Biscayne Bay and Florida Bay. The lower portions of many of these cores contain freshwater and mangrove peat deposits with taxa typically found in today's freshwater Everglades wetlands. Over time, these communities were replaced with species typical of the nearshore mangrove zone oligohaline (0.1–5.0 psu) communities, followed by estuarine to marine species, depending on the distance from land (Figures 4, 5). Numerous proxies have been examined (diatoms, ostracodes, mollusks, and foraminifera) and they indicate a similar trend toward increasingly saline environments over the last few centuries (Ishman et al., 1998; Willard et al., 1997; Brewster-Wingard et al., 2001; Wingard et al., 2003, 2004, 2007a; Murray et al., 2010; Wachnicka et al., 2010, 2011, 2013a,b,c; Cheng et al., 2012; Wingard and Hudley, 2012; Wachnicka and Wingard, 2015). Comparing these temporal changes in biotic communities across the region provides insight into the future migration paths of communities and species in response to predicted sea level rise in the twenty-first century.
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FIGURE 4. Variations in percent abundance of three molluscan indicators over time illustrate changes in the nearshore environment of Florida Bay (T24, Figure 2) in response to sea level, climate and anthropogenic alteration. (A) Percent abundance of the three indicators. (B) Polymesoda floridana (southern marsh clam) on a mud flat; these clams can tolerate extremes in salinity but are found on exposed mudflats subjected to tidal and freshwater flooding. (C) A hydrobiid (minute freshwater snail) moving through the water; these snails are carried by the freshwater currents out into the estuaries and can serve as an indication of freshwater flow. Not shown: Cyrenoida floridana (Florida marsh clam) are typically found in very low salinity (oligohaline) water near sources of freshwater influx. Little Ice Age (LIA) and Medieval Climate Anomaly (MCA) are indicated by light gray bands.
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FIGURE 5. Variations in percent abundance of dominant molluscan species in a core from central Biscayne Bay (NN, Figure 2) illustrate increasing salinity over time at the site. Species are arranged from left to right in order of increasing abundance near the core top. In general the shift in abundance toward the core top coincides with increasing preference for more marine (euhaline)/less estuarine (polyhaline) conditions.



The responses of south Florida estuarine biota to changes in climate have been determined by comparing paleoecologic records to twentieth century documented climate patterns (Cronin et al., 2001; Wachnicka et al., 2013a,b). Major shifts in the structure of ostracode and diatom assemblages often coincide with shifts in the intensity of ENSO, AMO, and the Pacific Decadal Oscillation (PDO). Wachnicka et al. (2013c) showed that the occurrence of severe and prolonged droughts associated with a combination of extreme cold phases of ENSO, AMO, and PDO, or a combination of warm phases of AMO and cold phases of PDO, corresponded to significant changes in the structure of diatom assemblages in cores from Biscayne Bay (Figure 6). For example, the largest shifts in diatom assemblage structure in Card Sound Bank and No Name Bank cores in the late 1950s coincided with changes in precipitation from below average to above average. During the same time period, the Palmer Drought Severity Index shifted from negative to positive, and PDO and ENSO from cold to warm phases. Additionally, freshwater deliveries from coastal wetlands to Biscayne Bay significantly decreased or ceased due to construction of a dense network of canals and levees along the bay's shoreline in the 1940s and 1950s. Shifts in assemblage structure do not always overlap exactly with shifts in climate indices or hydrological modifications because some locations and some species are more resistant to environmental change than others. Ecosystems with low ecological resilience may easily be tipped into an alternative state by a stochastic event, while those with high ecological resilience may quickly recover from relatively small perturbations. With the current state of knowledge it is impossible to definitively explain the mechanisms responsible for all the shifts in microbenthic community structure in the cores, but research continues on identifying cause and effect relationships and the resilience of different communities in south Florida's estuaries.
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FIGURE 6. Comparison of historical patterns in climate indices (PDSI, AMO, PDO, NAO, ENSO), local weather, sea level, and freshwater flow from major canals along the Biscayne Bay coast to major shifts in diatom assemblage structure. Shifts in diatom assemblages (far right column) are shown from three locations in Biscayne Bay: No Name Bank (black), Featherbed Bank (blue), and Card Sound Bank (green) (NN, FB, and CB, Figure 2); dashed lines mark the most significant shift in each core. Red lines indicate significant shifts in the values measured. Adapted from Wachnicka et al. (2013c).



Compilation of analyses from sediment cores collected in the estuaries and coastal regions of south Florida have demonstrated that an ecological regime shift occurred across Florida Bay and Biscayne Bay in the mid-1950s and early-1960s (Figure 7; Wachnicka et al., 2013b,c) and across the southwest coastal margin in the 1980s, approximately the time period of implementation of the Central and Southern Florida construction projects (Light and Dineen, 1994). Post 1950, diatom communities in most cores show a significant increase in abundance of epiphytic communities and in taxa with wider salinity tolerances (Wachnicka and Wingard, 2015). The frequency and magnitude of shifts in diatom species composition also increased post-1950s (Wachnicka et al., 2013c; Wachnicka and Wingard, 2015), which agrees with research that has indicated the rate of biological change usually increases with continuous changes to environmental conditions (Folke et al., 2004). The diatom analyses are consistent with paleoecologic analyses of other benthic organisms (mollusks, ostracodes, foraminifers) that detected significant shifts between the 1940s and 1960s in cores from south Florida's estuaries (Brewster-Wingard and Ishman, 1999; Alvarez Zarikian et al., 2001; Brewster-Wingard et al., 2001; Cronin et al., 2001; Wingard et al., 2003, 2004).
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FIGURE 7. Regime shifts in percent similarity of diatom assemblage structure over time in seven cores from Biscayne Bay and Florida Bay, since the late 1800s. The regime shift indices represent the cumulative sum of normalized anomalies of percent similarities in consecutive samples relative to a critical level; therefore, a higher value is indicative of increased change relative to the previous sample. Core locations are shown on (Figure 2) (blue diamonds).



Understanding biotic responses to anthropogenic and natural drivers of change over decadal to centennial timescales is essential for management agencies to predict how species and ecosystems will respond to future changes. Information provided by paleoecologic analyses of sediment cores allows scientists to examine the patterns and strength of species and habitat responses to a wide range of environmental stressors over time-scales that extend beyond our oldest recorded observations and measurements. For example, compiled data from cores across the region have demonstrated the inland migration of the mangrove ecotone and the nearshore estuarine species as sea level has risen over the last 4000 to 5000 years. This information demonstrates adaptation and the biotic response of migration, which illustrates the importance of planning for open space to allow for expansion of species ranges and/or migration. Understanding whether individual organisms and habitats will migrate, adapt or go extinct is critical to future planning. Paleoecologic data also assist in distinguishing natural from anthropogenic driven change, such as the regime shifts detected after the 1940s to 1950s. Such knowledge allows managers to make cost-effective decisions about focusing restoration efforts and resources on components of environmental change that they may be able to affect, and coming to terms with components of the ecosystem that will inevitably change.

Linkages between Wetlands and the Estuaries—Estimating Pre-Instrumental Flow and Stage Based on Paleosalinity

Water is a defining component of the Everglades and the focus of restoration is to improve the quantity, quality, timing and delivery of water to the freshwater wetlands of the Everglades and the downstream estuaries of south Florida (USACE (U.S. Army Corps of Engineers) and DOI (U.S. Department of the Interior)., 2015). The relationship of the freshwater hydrology (stage, flow, hydroperiods) to estuarine salinity, prior to water management and significant anthropogenic alteration of south Florida (pre 1900 CE), is generally understood. As the volume of freshwater flowing through the Everglades to Florida Bay was reduced during the twentieth century, salinity in the bay increased (McIvor et al., 1994); in addition, unnatural timing of excessive amounts of freshwater delivered through canals during storm events has had deleterious effects on biota. To set targets and performance measures for restoration, however, it is essential to determine specifics of the relationship between freshwater delivery to the bay and salinity in the bay. For example, how much freshwater flow is necessary for oligohaline to mesohaline conditions in the nearshore transitional zones of the Florida Bay estuary? Did freshwater flow only impact the nearshore regions of the estuary under the natural system or were the outer reaches of the bay also affected? Instrumental data or historic scientific investigations that could answer these questions are sparse. The first rain gauges were installed in ENP in 1949, the first hydrologic gauges began operating in 1952 in the Everglades wetlands, and the first salinity stations were installed in Florida Bay in 1988 (Figure 2, triangles), decades after significant alteration of the hydrology and landscape of south Florida had begun. Yet the management teams responsible for overseeing restoration and establishing performance measurements and targets need to understand the hydrologic functioning of the natural system (RECOVER, 2014).

To fill this information gap and understand the salinity patterns within the estuaries prior to instrumental data and detailed field observations, the USGS and several universities began to collect sediment cores from the estuaries of south Florida in the 1990s (Figure 2) to conduct paleoecologic and other analyses (summarized in Wingard et al., 2007a). The focus from the beginning for the USGS core analyses was to understand the spatial and temporal changes in salinity in different regions of Florida Bay to assist resource managers in the establishment of performance measures and targets for restoration (Figures 5, 8). Age models for the cores were established using lead-210, carbon-14 and the presence of exotic pollen (Holmes et al., 2001; Wingard et al., 2007b). The exotic pollen marks the approximate beginning of the twentieth century, an important marker in south Florida because it is prior to the construction of any significant water control structures. Analyses of the cores from 1995–2006 established changing salinity patterns in the estuaries of south Florida as indicated by assemblage analysis of biota (primarily mollusks, ostracodes, benthic foraminifers, and diatoms; Brewster-Wingard et al., 1998, 2001; Ishman et al., 1998; Brewster-Wingard and Ishman, 1999; Huvane and Cooper, 2001; Wingard et al., 2003, 2004; Wachnicka and Wingard, 2015) and isotopic and elemental analyses of faunal remains (Halley and Roulier, 1999; Swart et al., 1999; Dwyer and Cronin, 2001). CERP planning teams and resource managers found this information on past conditions of the natural system interesting, but treated it as anecdotal, uncertain how to apply it directly to the establishment of restoration guidelines. What the core analyses lacked was a method to link the information from specific core sites to bay-wide salinity patterns and, more importantly, to freshwater hydrology in the Everglades wetlands.
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FIGURE 8. Changes in molluscan assemblages from core collected at the mouth of Taylor Creek, northern margin of Florida Bay (T24, Figure 2), which indicate increases in salinity at the site over time. Species-weighted cumulative weighted percent (SW-CWP) value is shown on the far left (see text and Wingard and Hudley, 2012 for explanation of CWP). Species are arranged from left to right, ranging from freshwater to species that tolerate wide fluctuations in salinity (euryhaline).



The solution came through the development and application of a method that links multiple linear regression models that use observed hydrologic data (salinity, stage, flow) to a quantitative estimate of the paleosalinity indicated by molluscan assemblages in the cores (Marshall et al., 2009, 2014). The paleoecology component of this method is a modification of the modern analog technique (referred to as the cumulative weighted percent method—CWP), which applies data on living mollusk species to core assemblages to estimate an average salinity for each sample in a core (Wingard and Hudley, 2012). The modern analog data set contains salinity measurements and species observations from 933 site visits at 193 different sites in south Florida's estuaries3. The CWP paleosalinity estimate is calculated by multiplying the average salinity for each species (derived from field observations) by the percent abundance of each species in each core sample, summing, and dividing by 100. To account for the wide salinity tolerances of euryhaline species, nearshore or basin correction factors can be applied depending on the location of the core and the species. Before applying the CWP technique to the analysis of cores, the method was tested using modern samples collected near water monitoring stations that provided nearly continuous records of salinity. The test results demonstrated that the method could estimate average observed salinity at the water monitoring stations within ± 2 practical salinity units (psu) (Wingard and Hudley, 2012). The verification of the CWP method using known data provided the confidence to proceed with the analyses of five sediment cores from Florida Bay (pentagons Figure 2; CWP on Figure 8; Marshall and Wingard, 2012). The output from the paleoecologic analysis is an estimated salinity for the circa 1900 CE portion of each core—the time period just prior to the beginning of significant anthropogenic alterations of south Florida.

The modeling component of the method uses multiple linear regression models (MLRs) developed from hydrologic monitoring stations located throughout Everglades National Park (Figure 2; Marshall, 2005; Marshall et al., 2011). The MLRs predict (1) salinity in Florida Bay as a function of stage in the wetlands at specific locations; (2) salinity in Florida Bay as a function of salinity at specific locations; (3) flow in the wetlands as a function of stage at specific locations; and (4) stage in the wetlands as a function of stage at specific locations (Marshall et al., 2009, 2014). The key to the method is the relationship between salinity in Florida Bay and stage in the wetlands; this MLR was linked to the South Florida Water Management District's Natural Systems Model (NSM; SFWMD (South Florida Water Management District) and Interagency Modeling Center., 2005), which simulates daily stage and flow in 4-mi2 grids using observed climate data and assumes an unaltered landscape. By linking the NSM to the salinity-to-stage MLRs, estimates of NSM-based salinity were produced for Florida Bay (NSM/MLR; Marshall, 2005; Marshall et al., 2011); however, these NSM/MLR salinity estimates were higher than estimates produced by paleoecologic analysis (RECOVER, 2012a,b; Table 1). The solution was to use the paleo-based salinity estimates (CWP values) from the circa 1900 CE (prior to significant alteration of south Florida) section of each core to produce a simulated time series by adjusting the NSM/MLR (Marshall et al., 2009, 2014). For example, the paleo-based salinity estimate for the Whipray Basin core is −2.3 salinity units (psu) less than the NSM/MLR model (Table 1) so each value in the NSM/MLR time series for Whipray Basin is adjusted by −2.3 psu (Marshall and Wingard, 2012).


Table 1. Comparison of mean salinity values from observed data, model data, and paleosalinity estimates for each sediment core.
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The simulated paleo-based time series is substituted for the observed salinity in the statistical models, and the models are run to predict salinity throughout Florida Bay, as well as upstream flow and stage, based on the paleosalinity. This process was repeated for each of the five cores, then the results from each core analysis were weighted using the Mean Square Error Estimate (MSE), then the weighted results were combined to produce a synthesized time series of pre-alteration salinity at each monitoring station in Florida Bay (Marshall et al., 2014). The results indicate that in the absence of water management, Florida Bay salinity would be ~3 to 9 psu lower than current conditions (Figure 9). To achieve these salinities, freshwater flow through the wetlands would need to be 2.1 to 3.7 times greater than existing flows and upstream stage would be approximately 0.25 m higher than current conditions (Figure 10).
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FIGURE 9. Bar chart comparing the observed salinity from monitoring stations in Florida Bay (triangles on Figure 2) to the estimated salinity derived through applying paleosalinity estimates to the NSM/MLR models. Observed salinity is averaged by region of the bay over the period of record. (Period of record varies by region: North and Northeast = 1994–2000; Central and South = 1997–2000; West = 1998–2000). Data from Marshall et al. (2014).
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FIGURE 10. Bar charts comparing the observed monitoring station data (Figure 2) to estimated flow and stage derived through applying paleosalinity estimates to the NSM/MLR models. (A) Comparison of stage at two stations (P33 and CP) to paleo-based estimates. Observed stage is averaged over the period of record. (Period of record is 1/1/1990 to 12/30/2000 for both stations.) (B) Comparison of flow through Shark River at Tamiami Trail (SRS) and Taylor Slough (TSB) at bridge over park road to paleo-based estimates. Observed flow is averaged over the period of record. (Period of record is 10/1978 through 12/2009 for SRS and 10/1960 through 12/2009 for TSB). Data from Marshall et al. (2014).



The results of this linkage between paleoecologic data and statistical models are being used to set targets for the Florida Bay salinity performance measures developed by the CERP's Restoration Coordination and Evaluation (RECOVER) Southern Coastal Systems team (Figure 11; RECOVER, 2012a,b, 2014). In the near future, the paleo-based stage and flow estimates could be used as targets for Everglades freshwater wetlands stage and flow performance measures. Decisions are still being made about alternative methods for restoring more natural flow to Everglades National Park and resource managers are attempting to incorporate sea level rise and changing climate patterns into these decisions. The understanding of the natural hydrologic connectivity of south Florida provided by these models is essential in assessing the future alternatives. In addition, as restoration projects come on line the models can be used for adaptive management to determine performance of various components of restoration. Scientists working on coastal and estuarine restoration can utilize this method to establish pre-anthropogenic hydrologic connections if they have access to available paleoecologic information and hydrologic data. Quantitative understanding of the natural system allows resource managers to establish targets for effective and sustainable restoration.
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FIGURE 11. Graph illustrates the application of the paleo-based NSM/MLR salinity estimates to salinity performance measures and target setting by the RECOVER Southern Coastal Systems team. In this example, 2006 observed salinity data for Whipray Basin (WB, Figure 2), Florida Bay, are compared with the paleo-adjusted target range. For 2006, the salinity target was met only partially (indicated by arrow) when observed salinities dropped to upper range target values in late August and early September. Adapted from RECOVER (2012b).



Challenges of Applying Paleoecology to an Ongoing Restoration Effort

The most significant challenges faced in applying paleoecologic investigations to the Greater Everglades Ecosystem restoration effort are the same challenges faced by paleoecologists working on resource management issues in any area. First, obtaining accurate chronologies and good age models are essential to determine the timing of significant changes indicated by the biotic remains in the cores and to examine anthropogenic vs. natural effects. In south Florida, hurricanes, human disturbance, and the effect of old carbon being taken up by living organisms complicate the process of developing age models (see Lowe and Walker, 1997 for a discussion of old carbon). Second, building a representative modern analog data set is the key to interpreting the fossil assemblages. The process of gathering modern data, however, takes time, particularly if the goal is to capture a variety of environmental or climatic conditions (for example, wet year vs. dry year). A related concern is whether to continue to gather modern analog data after analyses are completed and use the updated information to reassess previously developed models as conditions change. Ongoing restoration efforts potentially benefit from updated models, but the efforts simultaneously divert scientists from analyses of new locations that might also benefit resource management. Third is the question of preservation and whether the assemblages being analyzed are representative of the life assemblages. A number of authors have dealt with this question (Kidwell and Tomasovych, 2013, references in Table 1), but in south Florida the acidic peats and the alternate wetting and drying of portions of the landscape can lead to poor preservation of certain groups (Sanchez et al., 2013). A fourth challenge is the occurrence of no-analog taxa. Some species and assemblages present in the cores cannot be found living in south Florida today, but their presence in the recent past implies they are indicative of significant changes. Williams and Jackson (2007) discuss no-analog communities and point out that this problem will only increase as climate change occurs over the next century. Finally, efforts to incorporate uncertainty into paleoecologic analyses are a significant challenge (Seddon et al., 2014), but also a solution to dealing with imperfect age models, less than ideal analog datasets, inconsistent preservation, and no analog taxa. Resource managers can be presented with results that indicate the uncertainty inherent in the interpretations. Finding solutions to these challenges is important in applying paleoecologic data to Everglades restoration and to any restoration and resource management question being addressed.

DISCUSSION

In 2001 Kowalewski asked the question is applied paleoecology an oxymoron or reality? He concluded that it is a reality—the past can serve as the key to the future. The examples provided above reinforce Kowalewski's and others' conclusions (for example, Folke et al., 2004; Willis and Birks, 2006; Willard and Cronin, 2007; Jackson and Hobbs, 2009; Gell, 2010; Willis et al., 2010; Dietl and Flessa, 2011; Seddon et al., 2014; Dietl et al., 2015) that studying changes to Earth's ecosystems over centennial to millennial time scales is essential as we move forward with restoration and resource management programs in the twenty-first century. In addition, these examples illustrate implementation of the initiatives outlined in 2005 in the U.S. National Academy of Sciences Committee report on The Geologic Record of Ecological Dynamics (NRC, 2005) by documenting past responses to ecosystem change under a range of conditions; by providing information that can be used to predict biological responses to future changes; and by highlighting potential changes to ecosystems due to anthropogenic impacts.

Having excellent scientific information and valuable results, however, is not enough (Froyd and Willis, 2008; Flessa, 2009; Dietl and Flessa, 2011). Resource managers and scientists need to be engaged in discussions at the beginning of the research process. Science done in isolation from resource management and planning runs the risk of being under-utilized or obsolete by the time the research is published because decisions have already been made and managers have moved on to the next question. The Greater Everglades Ecosystem restoration provides an example of how scientists and resource managers work together. Everglades restoration is organized around teams responsible for developing restoration plans, targets, and performance measures for different components of the system (NRC, 2003; USACE (U.S. Army Corps of Engineers) and DOI (U.S. Department of the Interior)., 2015). Each of these teams is made of groups of resource managers, stakeholders, and scientists with different research specialties; therefore communication begins at the outset. Managers present an information need and scientists can immediately inform the team if the required research is feasible and if yes, give an estimate of the time and cost involved. Alternative research paths and solutions can be discussed that might be more efficient approaches to the same question. As the research proceeds, managers can be kept informed of progress, updated on preliminary findings, and when the research is complete the summary results can be presented directly to the team orally and in reports that summarize the key findings. Publication in peer-reviewed journals is still an essential step in this process, because it provides validation for the decisions the team ultimately makes—decisions that may be questioned in a court of law. However, using the team approach, managers have actionable information in hand before the final publication and scientists know that the right people will use their publications and apply their findings to the decision-making process.

Paleoecologists, conservation paleobiologists, and geologists need to be included in these resource management teams to provide the centennial to millennial scale perspective of ecosystem change and biotic responses to change. The U.S. National Park Service (NPS) has formally recognized the importance of understanding long term change in the landscapes it manages and has begun to adjust the concept of preserving resources “unimpaired4” for the future to allow for the dynamic nature of landscapes (Jarvis, 2016). A goal stated in the 2016 policy memorandum (Jarvis, 2016) is “to steward NPS resources for continuous change that is not yet fully understood.” In addition, the memorandum states that “New science—and new disciplines of science—have expanded our understanding of natural and cultural systems, and have revealed how much we do not yet know about how these systems function” (Jarvis, 2016).

Paleoecology and related disciplines are poised to meet the challenges for NPS and for restoration efforts around the world by providing information on how ecosystems function over time under changing pressures and drivers, and thus extend instrumental and observational records. The concept of a baseline and the application of these ideas have been debated (Millar and Woolfenden, 1999; Froyd and Willis, 2008; Jackson and Hobbs, 2009; Dietl and Flessa, 2011; Watson et al., 2011; Kidwell, 2015), but the majority of scientists and resource managers do not view a baseline as the goal for restoration of an ecosystem to a former condition. They recognize, as NPS has, that ecosystems are dynamic and that a baseline is a snapshot in time that represents a valuable, but arbitrary, starting point for understanding ecosystem changes over time. Often the baseline is considered the condition prior to anthropogenic alteration—a time that varies over centuries depending on where you are geographically—and serves as a reference point (Millar and Woolfenden, 1999; Froyd and Willis, 2008). Paleontologic and geologic archives provide a map of how an ecosystem has changed in response to natural drivers and/or anthropogenic disturbance, and what was the natural range of variability that existed in the past. Measurement of a proxy over a span of centuries to millennia indicates natural trends and disturbances to the system (Figure 12A); projection of this trend into the future provides a realistic restoration target that takes into account the natural trajectory of change in the variable of interest. Examining multiple proxies and combining these data increases the understanding of the interconnected responses between physical and biological components of an ecosystem. The goal of restoration should be to restore the ecosystem to the natural trajectory of change detected from multiple proxies. If the system has been altered too much (due to climate change, sea level rise, land-use or other drivers) alternative scenarios can be proposed based on an understanding of the system's response to change. In addition, paleontologic and geologic archives illustrate natural cycles (Figure 12B), which may indicate that a system is presently at a flexion point and changes can be anticipated if the ecosystem continues to follow these cycles. Combining results from analyses of multiple proxies from multiple sites, across various temporal and spatial scales, will lead to an understanding of the larger processes at work. Paleoecology is inherently multidisciplinary and the most informative results come from collaborations between scientists in related fields working in the near-term living environments and those investigating the longer-term record utilizing all available tools including biotic, isotopic, geochemical, biogeochemical, and sedimentological analyses.


[image: image]

FIGURE 12. Schematic diagrams illustrating application of long-term records to understanding past history of ecosystem and forecasting future change. (A) Proxy data indicate change in some variable in the past and a trend can be detected. Offset from the natural trend (gray area) occurs after disturbance. Restoration targets (red bull's eye) and goals should be to restore the ecosystem to the natural trajectory of change—not to the pre-disturbance condition. Alternate targets and scenarios (gray dashed lines) can be proposed to adjust natural trends for offsets due to drivers and stressors beyond the control of land management agencies (for example, rising sea level or climate patterns). (B) Illustration of long-term cyclic change. These cycles can be projected into the future providing resource managers an understanding of expected changes. It is important to recognize if an ecosystem currently exists at an inflection point (1) and change is expected (2).



SUMMARY

Paleoecology is a thriving scientific discipline that has evolved over the last century to become an essential component of scientific research that is applied to ecosystem restoration and resource management. It provides the long-term perspective necessary to understand processes that occur on decadal to millennial and multimillennial time scales and to gain insight into how ecosystems and species function under changing conditions. Knowledge of past processes and responses provides the best means for establishing realistic and sustainable goals for restoration planning and resource management. Understanding long-term trends and cycles moves management decisions away from the fixed-point baseline concept to the idea of dynamic changing landscapes and allows managers to incorporate an expectation of change into future decision-making. The challenges faced by resource managers will only increase over the next century but new methods of investigating the past will continue to be developed. These new methods and evolving disciplines can be incorporated in to the process, but paleoecologists, geologists, and conservation paleobiologists need to have a seat at the table.
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FOOTNOTES

1The Society for Ecological Restoration International provides links to a number of best practice documents from around the world at their website: http://www.globalrestorationnetwork.org/community-restoration-network/restoration-toolkit/best-practices/

2Conservation Paleobiology is defined as the application of theories and analytical tools of paleontology to biodiversity conservation (Dietl and Flessa, 2011) and the use of geohistorical records to address current problems in the conservation and restoration of biodiversity and ecosystem services (Dietl et al., 2015). See also Dietl and Flessa (eds.) (2009); Dietl (2016); and Flessa (2002) for more information on conservation paleobiology.

3Values as of September, 2015. Data are available at http://sofia.usgs.gov/exchange/flaecohist/.

4The U.S. National Park Service was established in 1916 when the U.S. Congress passed the Organic Act (16 USC l 2 3, and 4). A component of the NPS mission identified in the Organic Act was “to conserve the scenery and the natural and historic objects and the wild life therein and to provide for the enjoyment of the same in such manner and by such means as will leave them unimpaired for the enjoyment of future generations.”
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