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Abstract:



Future conditions of coastal Louisiana are highly uncertain due to the dynamic nature of deltas, climate change, tropical storms, and human reliance on natural resources and ecosystem services. Managing a system in which natural and socio-economic components are highly integrated is inherently difficult. Sediment diversions are a unique restoration tool that would reconnect the Mississippi River to its deltaic plain to build and sustain land. Diversions are innately adaptable as operations can be modified over time. An expert working group was formed to explore how various operational strategies may affect the complex interactions of coastal Louisiana’s ecological and social landscape and provide preliminary recommendations for further consideration and research. For example, initial operations should be gradually increased over 5 to 10 years to facilitate the development of a distributary channel network, reduce flood risk potential to communities, limit erosion of adjacent marshes and reduce stress to vegetation and fish and wildlife species. Diversions should operate over winter peaks to capture the highest sediment concentration, reduce vegetation loss while dormant, and reduce detrimental effects to fish and wildlife. Operations during the spring/summer should occur over shorter periods to capture the highest sediment load during the rising limb of the flood peak and minimize impacts to the ecosystem. Operational strategies should strive to build and sustain as much of the coastal landscape as possible while also balancing the ecosystem and community needs.






Keywords:


sediment diversion; Mississippi River Delta; coastal restoration; land building; estuarine dynamics; operational strategies; Barataria Basin; Mid-Barataria Sediment Diversion; Sediment Diversion Operations Expert Working Group








1. Introduction


Deltas are innately dynamic systems and climate change has added a layer of complexity to understanding future conditions of our world’s deltas [1,2]. The Mississippi River Delta (MRD) is one of the most heavily researched deltas in the world. Yet even with decades of intense science and data collection, anticipating and predicting ecological and social changes in the MRD is challenging both with and without human intervention. The State of Louisiana has proposed a US$50-billion effort to restore and protect the coastal landscape and communities [3,4,5] through the use of large-scale sediment diversions. Sediment diversions are designed to reconnect the Mississippi River to its floodplain, thereby transporting sediments from the Mississippi River to degrading wetlands, which will restart deltaic land building processes [6,7].



Historically, the Mississippi River entered into the Gulf of Mexico through a network of multiple distributary channels and sub-deltas spread throughout the southeastern and south-central coasts of Louisiana [8,9]. The influence of fresh water, sediment and nutrients was spread over a vast area of wetlands based on the natural rise and fall of the river, and the subsequent distribution and redistribution of sediment. The MRD landscape is thus about 25,000 km2 setting of bays, bayous, marshes and areas of open water. Levee construction along the lower Mississippi River and its distributaries following settlement and land clearing for agriculture was largely complete by the mid-nineteenth century [10,11]. However, a comprehensive federally managed system of levees from Cairo, Illinois to Venice, Louisiana was not begun until after the flood of 1927. In response to this devastating event, Congress authorized the Mississippi River and Tributaries (MR&T) Program to be constructed and managed by the U.S. Army Corps of Engineers (USACE). This action prevented breaching and overtopping that had previously occurred during flood events and ultimately impaired the natural flooding of the Mississippi River, severing the river from its floodplain [12]. Current levee management practices on the river have resulted in almost all of the land-building potential of the Mississippi River being concentrated in two outlets of the river, the Birdsfoot Delta and the Atchafalaya Delta complex, leading to a collapse of expansive deltaic wetland [13,14,15]. Between 1932 and 2010, Louisiana lost approximately 4900 square kilometers of land along the coast [16]. Without future human restorative interventions, the coast is predicted to lose an additional 5800 to over 10,000 km2 of land in the next 50 years depending on future uncertain environmental conditions affected by climate change, such as sea level rise [5].



The MRD does not function naturally as a result of management decisions impacting the river, the delta, and the regions subsurface that have created an artificial landscape dominated by a deteriorating delta [17,18,19]. Because of the human reliance on the current system, it is not feasible to return the system to a completely natural state. Sediment diversions are an engineering solution that can return some areas into a manmade replication of a natural state. Sediment diversions have been proposed as a foundational solution to the coastal land loss issue since the 1970s [4,20,21,22,23,24,25]. A diversion is a control structure of gates built into the levee of the Mississippi River that allows river water, sediment and nutrients to flow into degraded wetlands, mimicking the natural flood cycle, crevassing, and distributary sub-delta formation of the Mississippi River. Diversions are anticipated to provide significant benefits to the deltaic complex, including fish and wildlife that depend upon it and the estuarine complex it sustains. In turn, this would improve the overall health of the Gulf and forestall the gradual abandonment of areas of the coast to the Gulf of Mexico [7,20,26,27].



The State of Louisiana currently plans to begin constructing a large sediment diversion, the Mid-Barataria Sediment Diversion, by 2021. Once constructed and operational, the sediment diversion will quickly change the dynamics of the entire estuarine basin. Although there are modeling capabilities and scientific data to reasonably predict some of these changes, there are other aspects of the ecosystem and the communities that live and rely on the wetlands that are much more complex and harder to predict. Specifically, interactions among and between the various aspects of the ecological and social landscape currently, and in a future with climate change effects, are highly uncertain.



The inherent benefit of a controlled sediment diversion is that it is constructed with a series of gates that can be opened and closed based on riverine and basin conditions. Therefore, operational strategies become the most important component of predicting how the ecological and social landscape will change, allowing for adaptive management so that operational strategies can be modified in response to monitored future conditions. Operational strategies utilized in past modeling analyses have been simplified and standardized to provide consistency in the analysis, reduce computational costs and allow easy comparison between alterative human interventions [3,5]. The typical operational strategy is to operate the diversion anytime the Mississippi River flow is over approximately 17,000 cubic meters per second (m3/s), using either historical hydrographs or an averaged hydrograph over 50 years [3]. While providing consistency in the analysis, this standardized and simplified operation would likely result in large and unacceptable impacts to vegetation, wetland health, water levels, water quality and fish and wildlife species [28,29]. It is also unrealistic that this operation strategy would actually be put into practice.



As the State moves towards construction of a sediment diversion, the development of operational strategies will become an iterative process that will need to incorporate modeling analysis, monitoring and data collection, best professional judgement, adaptive management, and input from stakeholders, both those directly and indirectly affected by the diversion.




2. Materials and Methods


An interdisciplinary working group was formed to explore, discuss, debate and document these complex physical, ecological, economic and social issues related to operating a sediment diversion. Best professional judgement was utilized to begin to untangle the complexity of the interactions between the various aspects of the ecological and social landscape, specifically the interactions between water quality, habitats, fish and wildlife species, and natural resource users, both under current and future climatic conditions [30]. The Sediment Diversion Operations Expert Working Group (WG) was formed in September 2015 and consisted of 12 core members. Additionally, a total of 42 guest experts, invited by the core members, participated in a portion of each meeting to provide additional input and their recommendations on topics of relevance to their field of expertise. All of the experts involved have on-the-ground experience and an extensive understanding of the Louisiana coast and the Barataria Basin, the site of the proposed case study.



Between September 2015 and April 2016, the working group met monthly to discuss a specific topic(s) of importance to diversion operations (Table 1). The meetings included background presentations by core members, a facilitated discussion between guest experts and core members, and analysis and evaluation of recommendations by core members. With each topic, the team discussed the state of the knowledge, data gaps, triggers for modifying management actions, monitoring needs, and how the topic could be affected by various operation strategies. The process considered each of the key topics and their specific parameters as the only objective with no other constraints, to determine the optimal operation strategy that would maximize each parameter (e.g., what operational strategy would maximize land building if that was the only objective with no other constraints? What operational strategy would maximize shrimp production if that was the only objective?). After defining optimized operation strategies by each topic/parameter, the WG identified both consistencies and incongruities in the various strategies.



Table 1. Meetings and topics discussed by the working group.







	
Meeting Topic

	
Date

	
Parameters Discussed






	
River Hydrology and Sediment Loads

	
16 September 2015

	
River flow, stage, velocity, flood peaks, trajectory, sediment concentrations, discharge, sediment transport and budget, sediment-water ratios (SWR), atmospheric conditions, climate change




	
Basin Geology and Land-Building

	
16 October 2015

	
Delta development (channel evolution, progradation, aggradation, subsidence), seasonal sedimentation, sediment transport, diversion discharge, velocity, sediment retention, cold fronts, turbidity, topography, bathymetry, soil salinity, substrate, erodibility, shear stress/strength




	
Water Quality

	
20 November 2015

	
Hydrodynamics, residence time, discharge, salinity, temperature, nutrients (flux, load), hypoxia, phytoplankton production, harmful algal blooms, sediment, turbidity, flocculation, disease, pathogens, hormones, pharmaceuticals, cold fronts




	
Wetland Health

	
14 December 2015

	
Habitat types, estuarine salinity gradients, saltwater intrusion, elevation, vegetation, salinity, invasive vegetation species, sediment (input, quality, composition), bulk density, nutrient loading rates, vegetative biomass, nitrogen availability and uptake, phosphorus, sulfates/sulfides, temperature, respiration rates, duration of flooding, growing season, vegetation stress, saltwater spikes




	
Fish and Wildlife Species

	
13 January 2016

	
Trophic productivity, salinity, species/community composition, dietary ranges, niche breadth, predator/prey relationships, species distribution, estuarine salinity gradients, habitat quality/value, species abundance, nutrients, water depth, sediment input, fish productivity, eutrophication, fishing practices, life cycles, fishing pressure, mortality, habitat requirements, indicator species




	
Communities, User Groups and Socio-Economics

	
17 February 2016

	
Economic value, river flow, stage, distributary width, discharge, flood risk, subsidence, sea level rise, storm seasons/surge, tides, salinity, turbidity, temperature, channelization, winds, velocity, elevation, transition costs, compensation, mitigation, sack and seed oyster fisheries, private and public oyster beds, leasing program, oyster cultch, shrimp production, blue crab stock, social behavior, politics, community adaptation, trust




	
Operational Strategies

	
14 March 2016

	
Hydrograph typologies and various operational strategies




	
Governance, Legal and Stakeholder Involvement

	
13 April 2016

	
Property rights, negligence, eminent domain, inverse condemnation, oyster lease acquisition and compensation programs, oyster lease dynamics, flow capacity, flow easements, salinity gradients, land trusts, public ownership, conservation easements, advisory groups, frontloading impacts, insurance, decision-making framework, transparency, trust, role of stakeholders, agencies and public officials in operations decisions










The Mid-Barataria Sediment Diversion was used as a case study. The Mid-Barataria Sediment Diversion is proposed on the west bank of the Mississippi River just north of Myrtle Grove, at river mile 60.7 (Figure 1). The diversion is proposed to have a peak flow of approximately 2100 m3/s, which is equivalent to the average annual flow of the Missouri River when flowing at full capacity [31]. The Mid-Barataria Sediment Diversion has a long history in restoration planning [3,23,27,32] and is slated to begin construction in 2021.


Figure 1. Proposed location of the Mid-Barataria Sediment Diversion [5].
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3. Results


3.1. Objectives of a Sediment Diversion


3.1.1. Land-Building Objective


Building and sustaining coastal land is the primary objective of a sediment diversion. Land-building is not a limiting or constraining factor to operation strategies. If land-building were the only objective, without any other constraints or considerations, the operation strategy would focus on opening the diversion as much as possible, nearly year-round to deliver the maximum quantity of sediment possible to the receiving basin (Figure 2). Modifications to discharges would occur to move sediment through the system, limit scour of existing wetlands and maximize vegetation health. Natural delta building processes are dynamic and disruptive to the current established estuarine condition. Operating a sediment diversion for only this objective maximizes land-building benefits that could be achieved, but would also result in substantial changes to other aspects of the environment, such as fish and wildlife species or vegetation.


Figure 2. Conceptual optimization of sediment diversion operations for building land only with no other constraints overlaid on a common three-peak hydrograph typology. Graphic notes when diversion could potentially be opened, not that it would be anticipated to be open for the entire time period.
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3.1.2. Secondary Objective


Additional secondary objectives are needed to capture key aspects of the natural and socio-economic system to better define the scientific framework for the development of operational strategies. As with the primary objective, these secondary objectives should be specific and measurable. Secondary objectives can be considered the constraints on land-building, but provide balance to ensure a functioning and productive estuary. For instance, an objective could be developed to delineate specific habitat or estuarine gradients within the basin.





3.2. Hydrograph Typologies


Ongoing modeling analyses have utilized decades of historical hydrographs to predict future outcomes. Common methods include using some or all of the 56 year record and repeating those hydrograph years into the future, or averaging the historical record to develop a single composite hydrograph. The result of averaging the historical record is a theoretical hydrograph of the Mississippi River that is unlikely to ever occur. The impacts of current and future climate change on discharge patterns in the lower Mississippi River are worth examining. The historical records show no statistically significant trend of overall discharge in the Lower Mississippi River [33]. Outputs of climate models provide different predictions of discharge in the Mississippi River. Work by Tao et al. [34] indicates that there will be an increase in discharge in the basin during the 21st century, with an additional −100 to +450 km3·yr−1 of water flowing in the lower river. However, work by Nakaegawa et al [35] suggests that the magnitude of this change during the 21st century will be less, 88.4 km3·yr−1 (10.3% increase), with increased discharge during the spring floods and decreased during the late summer droughts. Fallon and Betts [36] predict that climate change in the 21st century could decrease discharge in the river by as much as 41.3 km3·yr−1, or increase by as much as 31.3 km3·yr−1. There is evidence in the literature that extreme events (both floods and droughts) are anticipated to increase and the timing of flood events may also shift [34,37]. The culmination of climate change effects across the entire Mississippi River watershed on the hydrograph remains uncertain. The operation of a sediment diversion can be adjusted to future discharge patterns in the river.



To counter the use of theoretical hydrographs, a statistical analysis was completed to determine if there were patterns in river flow over the past 56 years during the water year (defined as 1 October through 30 September of the next year). The discharge records from 1960 to 2016 from the USACE Tarbert Landing Station were used. This range was selected to avoid the lock and dam construction period that had largely ended by 1960. The record was filtered to identify peaks that exceeded 17,000 cms (600,000 cfs). Years with one, two, three and more than three peaks were put into corresponding classes respectively and the frequency of the occurrence of each class was determined. The mean date of occurrence and mean peak amplitude of each peak was computed, although this can vary in any given year based on rainfall and snowmelt over the entire Mississippi River watershed. The peak flows are based on the means over the 56 years and are subject to year-to-year variability of the order of ±15%.



Six basic hydrograph typologies were identified that could occur in any given year (Figure 3). Although the timing of peaks or frequency of occurrence are likely to shift in a future with climate change [34], the basic behavior of the river is likely to remain constant. These hydrograph typologies can be used to develop and communicate operational strategies, as operations are likely to differ in a one-peak river flow year compared to a four-peak river flow year.


Figure 3. Hydrograph typologies of the Mississippi River based on 56 years of river flows and the historic rate of occurrence [38].
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3.3. Initial Operations


There are multiple geologic, hydrodynamic, ecologic and social concerns to be understood and considered when developing an initial operation plan. A sediment diversion should not be operated at full capacity on Day 1. Initial operational strategies (Years 0 to 10) should include gradual openings based on seasonality over the course of several years, allowing for the basin to adjust and evolve to accommodate the new flow conditions.



3.3.1. Geology and Hydrodynamics


Initial operational strategies should take into account the geology and hydrodynamics on the basin-side. The closest two existing analogs for sediment diversion in coastal Louisiana (West Bay Diversion and Wax Lake Outlet) both discharge into water bodies with depths that typically range from 1 to 3 m [39,40], whereas the Mid-Barataria Sediment Diversion will empty into an area consisting of broken, degraded marsh and shallow, open water before reaching Barataria Bay (2 m water depth) [41]. Wetlands in existing diversions and diversion analogue settings, such as the West Bay Mississippi River Diversion and the Cubit’s Gap Delta can accrete 1–5 cm of sediment during a seasonal flood pulse, enough to match or offset regional rates of relative sea-level rise in many locations [39,42]. Although the basin has an existing network of natural and man-made channels, it does not currently have the delta channels or distributary channel system to efficiently convey 2100 m3/s of water and sediment through the basin [40]. If water is not able to move through the basin to Barataria Bay and out to the Gulf of Mexico, water levels will increase on marsh surfaces and flood risk could increase for communities located proximal to the marsh complex (e.g., Grand Bayou, Lafitte) [43,44,45]. It is estimated that it could take 5 to 10 years for the distributary channel network to develop that would then allow the diversion to be operated at full capacity [43,46].



Sudden openings could create a surge in the distributaries which could endanger waterway users and cause excess scouring, and indeed many deltaic river mouths are erosional at the point where the channel enters the receiving basin [47,48]. Erosion of deteriorating marsh could occur in areas outside of the developing channel network, if river velocities are higher than 20–50 cm·s−1. Although most of the eroded sediments will be trapped somewhere further down basin, gradual operational strategies over the first 5 to 10 years should reduce unintended wetland loss from erosion. In addition, the loss of emergent land area reduces the capacity of the wetlands to capture and retain resuspended sediments during periods of inundation [3,5].




3.3.2. Habitats and Fish and Wildlife Species


The diversion will be flowing into already fragmented and degraded marshes where vegetation is already flood stressed [49,50]. This preexisting vegetation could die due to lack of time for adaptation to the new conditions or an increase in water levels which would then induce further wetland loss [50,51]. Likewise, fish and wildlife species can suffer from an initial shock of changing conditions. Initial operations should occur gradually to allow fish and wildlife species, as well as the habitats they depend on, to self-organize around the new normal conditions. In addition, vegetation stress and/or wetland loss could be reduced by focusing on operations during the non-growing (winter) season for at least the first 2 to 3 years.





3.4. Winter Operations


3.4.1. Geology and Hydrodynamics


A commonly accepted operational strategy for sediment diversions is to mimic the natural function of the river and its floodplain. Operation strategies focus on using pulsed operations during the natural flood cycles of the Mississippi River, which typically occur from late winter to early summer, but could extend from early winter to late summer [52]. The Mississippi River can experience one or more flood peaks during the water year and those peaks often begin in the winter. Winter peak discharges are typically lower than in the spring, but can reach over 35,000 m3/s at New Orleans as occurred in January 2016. In the last 56 years (1960–2016), winter flood peaks (defined as over 17,000 m3/s from November through February) have occurred in 82% of the time (Figure 4) [38]. If the diversion’s operational threshold is lowered to 14,000 m3/s, the occurrence of annual winter peaks increases to 100% although some peaks are short-lived, being less than one week [38]. Standardized and simplified operation strategies use the 17,000 m3/s threshold as a point where sand resuspension potential increases and results in significant suspended sand loads in the water column [52]. Sand is an essential building block for new land, but silt and clay are essential in sustaining the existing wetland landscape, thus operational strategies should maintain flexibility to operate below the 17,000 m3/s threshold.


Figure 4. Monthly distributions of potential river discharges over various thresholds for operations (Note: Legend is in cubic meters per second).
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There are some clear advantages to operating a sediment diversion, both initially and over the long-term, on wintertime river peak flows. The sea surface elevation in the Gulf of Mexico is lowest in the winter, which can facilitate the movement of water out of the basin, thereby reducing residence times and the risk of elevated water levels for extended periods of time [53,54]. Additionally, the first peak of the water year tends to carry the greatest concentration of sand, silt and clay [55] and the highest suspended sediment concentrations occur from November through February, even though the highest sediment loads do not occur until March [38]. Suspended sediment is an essential component of sustaining existing marshes, both with sediment deposited directly on the marsh surface and sediment deposited on bay and canal bottoms that can be resuspended and deposited on the marsh surface during the passage of cold fronts [56,57,58,59,60]. To maximize sediment resuspension and transfer to the wetland surface, winter operations would take advantage of cold front passage (most prevalent from November to March) prior to the consolidation of the material on the bay bottoms. Operating a diversion in the winter and/or early spring enhances the chances of landward redistribution as approaching cold fronts bring onshore winds that generate waves and currents that increase coastal set-up and drive sediment landward and onto marsh surfaces [61].




3.4.2. Habitats and Fish and Wildlife Species


The exact vegetation response to operations of a diversion may be difficult to predict. There tends to be a lot of inertia in plant community dynamics and the dynamics of vegetation shifts are more complex [62]. There are examples in coastal Louisiana of vegetation being very responsive to fresh water inputs (Naomi Siphon) and others where vegetation has been very stagnant (Caernarvon Freshwater Diversion) [50]. Freshwater vegetation may establish in the outfall area over time, however maintaining as much intermediate and brackish marsh as possible will reduce the risk of episodic loss of freshwater vegetation that can occur from salinity spikes during droughts or tropical storm surge, and build wetlands that have resilience to rising sea levels and the subsequent increase in daily salinities [63]. Operations during winter months can minimize vegetation transition and reduce vegetation stress and loss from prolonged and continuous flooding while plants are in the dormant state (Figure 5). Although denitrification potential of marshes is lowest in the winter and little plant uptake of N will occur, the passage of cold fronts can also push nutrient-laden water onto the marsh surface and facilitate nitrogen removal. If flood pulses are diverted during the growing season, then it is possible that up to 34% of nitrate will be taken up by macrophytes and soil microbes with the remainder lost to the atmosphere as denitrification [64].


Figure 5. Conceptualized operational strategy that optimizes vegetation health and minimizes loss of vegetation from prolonged and extensive flooding.
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Winter operations can also reduce or eliminate detrimental impacts to commercially and recreationally important fish and wildlife species, including a reduced mortality rate in oysters, due to the species’ ability to adapt to low salinity conditions when water temperatures are lower [65]. Temperature is one of the most fundamental and primary environmental parameters that influences life and its biophysical processes [65]. Water temperature for aquatic species influences their ability to metabolize and cope with osmotic conditions (i.e., changing salinity). As water temperature increases in the spring and summer, an ecototherm’s metabolism increases, as does its potential sensitivity to salinity changes. If operated in the winter, the diversion will likely need to close by March. Estuarine gradient recovery, which would occur over 2 to 4 weeks after the diversion is closed [66,67], can be timed to facilitate the shrimp postlarvae immigration into the estuary.





3.5. Spring and Summer Operations


3.5.1. Geology and Hydrodynamics


To maximize the land-building objective, operational strategies should include the peaks of the winter season as well as the spring and early summer flood peaks; statistically, the months with the highest total sediment load are March and April [38]. The hysteresis of the river results in the rising limb of the flood event being transport-limited and the falling limb of the flood event being supply-limited. Operating the diversion only on the rising limb could result in diverting approximately 72% of sediment while reducing the amount of fresh water diverted by 44% [38], increasing sediment capture efficiency while reducing effects on the basin-side from excess fresh water. Closing or reducing flow on the falling limb of the peak could also increase sediment transport potential in the river to minimize shoaling and adverse impacts to navigation.



Operations of diversions could be used to mediate water quality, both onshore and offshore, by controlling marsh inundation and the increase in residence times of water in the estuary to maximize denitrification and nutrient uptake by marsh vegetation during the warmer months when concentrations of nutrients in the Mississippi River typically are the highest [68,69,70]. One strategy of operating the diversion could be to allow higher flows when nutrient loads in the river are high and decrease the flow gradually to prevent nutrient-laden water from becoming stagnant, thus reducing the likelihood of algal bloom formation [55,71,72]. A gradual shutdown will allow some residual water to flow through the system as residence times are gradually increased and nutrients are processed through the estuary [73,74,75,76]. Nutrient retention and enhancement devices (NREDs), such as strategically placed marsh platforms, could increase the ability of the basin to act as a nutrient sink and potentially could be combined with sediment retention and enhancement devices (SREDs) to improve sediment trapping and nutrient uptake efficiencies within the basin.




3.5.2. Habitats


Duration of flooding is one of the most important variables controlling vegetation health when planning diversion operations. Increased duration of flooding has been demonstrated to cause a decline in both aboveground and belowground biomass [50,51]. Sensitivity to flooding varies by species with freshwater species being generally the most tolerant [51]. Any operations during the growing season should include adequate dry periods to allow vegetation to recover from flood stress.




3.5.3. Fish and Wildlife Species


Operational strategies should take into account the overall biological community and productivity of the system, while also considering the life cycle needs of key indicator species (those of high economic or ecological value). In general, the productivity of the entire trophic system generally increases with the input of nutrients, however the changes in diversity and distribution of species are more variable with the input of fresh water [77].



There are two aspects of fish and wildlife to consider in diversion operations: (1) species population (distribution and abundance) based on the life history and environmental requirements of each species and (2) the people and industries that rely on those natural resources. Louisiana has been gaining, and will continue to gain, habitat coastwide for more saline species for the next 50 years with or without human intervention [3,5,78,79]. The loss of low salinity habitats and the expansion of shallow saline waters can result in tremendous loss of wildlife species [3,5,80]. Diversions will likely cause habitat shifts depending on the operations. These habitat shifts may appear moderate when viewed coastwide but could be more extreme when viewed locally within a basin or watershed. Wildlife communities will also likely shift in response to shifting habitats, new introduced species, range expansion of existing species and changes in human harvest and predator/prey relationships. Many of the species that may be positively affected by the expansion of shallow saline waters in a future without human intervention will be negatively affected by a future with diversions and vice versa. Although optimum diversion flow conditions may negate optimum conditions for specific species, this does not potentially negate the possibilities that these species populations will exist at economically harvestable levels, even if maintained at current levels or reduced from a future without human intervention [5].



Sediment diversions will create new wetland habitats that will be beneficial to most wildlife species, including American alligator and waterfowl. However, despite over 60 years of research in estuarine ecosystems, there is little known about the direct relationship between increasing wetland habitats and fish biomass production [81]. It is difficult to detect a signal of specific environmental changes in fish productivity due to adaptations necessary for survival in a highly variable estuarine environment. These species have been adapting to the ever-changing and dynamic delta for the last about 5000 years. As solid marsh, which provides minimal fish habitat, degrades, the area of marsh edge relative to open water increases and has been considered essential to many of the life stages of estuarine dependent species [82,83]. Salt marsh habitat value for fish is maximized when the maximum extent of edge is reached after which additional wetland loss decreases the habitat value for fish [84,85]. In Barataria Basin, the most productive basin in Louisiana from a fish standpoint, the extent of marsh edge to open water does not seem to be driving species abundance. The maximum extent of marsh interface (i.e., edge) was achieved in 1985 [86], however species abundance and community composition have remained unchanged since 1966. Factors that may be more important in driving species abundance are fishing pressure, estuarine-like conditions on the shallow shelf [81], shallow open bays [87], and local adaptations at larger spatial and temporal scales. Based on research on the Caernarvon Freshwater Diversion, it is likely that the distribution of estuarine species will change in response to the operation of a sediment diversion, but it will not necessarily affect the overall biomass and production [88].



Each species’ environmental requirements are different, but optimizing operational strategies on each species can help define commonalities and discrepancies that would lead to beneficial or detrimental effects on each species (Figure 6). Diversions could also have a significant effect on predator/prey relationships important to the food web and affect growth rates of specific species.


Figure 6. Operations to “optimize” a specific species overlaid on one of the common three peak hydrograph typologies. Optimize means to leave at present-day status quo within the Barataria Basin. Graphic notes when diversion could potentially be opened, not that it would be anticipated to be open the entire time period.
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The American alligator (Alligator mississippiensis) prefers fresh marshes and will cease feeding over 10 parts per thousand (ppt) [89]. Sediment diversions are anticipated to increase the habitat quality and quantity for the alligator. Initial operations do not have to be as concerned as most of the outfall area is currently intermediate and brackish marsh, but the population will grow over time as more fresh habitats are created. American alligators can be negatively affected by water depths or stressed vegetation during the nesting season (mid-May to early September) [90]. Once a substantial population establishes, future operational strategies will need to consider minimizing extensive flooding during the nesting season, although the loss of a single year of nesting will not be detrimental to the entire population [90].



	
Blue crabs (Callinectes sapidus) in Barataria basin account for 18% of the state harvest [91] and have specific salinity requirements for various stages of their life cycle. Diversion operations should be most concerned with minimizing affects to mating females in March to May and during the peak spawning period, August to September [92]. Any estuarine recovery in May could also facilitate larval recruitment into Barataria basin [93].



	
The Eastern oyster (Crassostrea virginica) is a sessile animal that relies on distinct salinity regimes. The ideal mean salinity from May to September for subtidal oysters is 10 to 20 ppt [94] although 5 to 15 ppt is commonly used for an annual range. High salinity limitations (>20 ppt) are not a physiological response, but a predator and disease response. Extended low salinity (<5 ppt) during hot summer months (>25 °C) significantly affect oyster recruitment, survival and growth [95,96,97]. Oyster reefs can survive fresh water inputs in the winter months as long as the diversion operations are reduced or ceased by March. Occasionally, episodic flood events (every 3 to 5 years) during the spring or summer can cause high mortality that could potentially benefit oyster populations and reef health by reducing predator pressure, reducing the occurrence of disease, and providing shell for reefs to rebuild [98].



	
Diversions will increase habitats for most wetland mammals, including important fur-bearing species and invasive animals, as well as waterfowl and other water birds. Diversions will lead to increased habitat quality, quantity, and diversity, including submerged aquatic vegetation (SAVs). Increased nutrients from diversion operations are likely to result in increased marsh damage from invasive species, such as nutria and feral hogs [99,100] and management programs may need to be expanded to address the increased herbivory. In addition, some species of birds nest on or just above the marsh surface in the spring and summer, which could be disrupted by a rapid rising of water level elevations from the opening of a diversion. Most species would re-nest if water levels recede within the nesting season (March to July), but even if they do not, other years without spring/summer flooding could offset losses during flood years.



	
White shrimp (Litopenaeus setiferus) seem to be more euryhaline than brown shrimp and able to tolerate lower salinities [101]. Diversion operations with minimal to no flow during summer to early fall should not affect offshore spawning of white shrimp, although spawning can occur in nearshore Gulf waters. Additionally, such minimal to no flow will likely have minimal effect on postlarvae recruitment, which occurs mostly in June and July, and juvenile development from July to December [102]. Over the past few decades, the relative abundance of brown to white shrimp has varied based on environmental conditions and fishing pressure. Potentially, diversion operations could shift the relative abundance and commercial influences to more white shrimp than brown shrimp.



	
Barataria basin accounts for 44% of the inshore brown shrimp (Farfantepenaeus aztecus) harvest in Louisiana [102]. Diversion operations are unlikely to affect brown shrimp spawning which occurs further offshore, however postlarvae shrimp migrate inshore from February to April and spend March to July in the estuary as juveniles. If opened in late winter to early spring, a sediment diversion could have an effect on postlarvae recruitment into the estuary unless the diversion closing and estuary salinity recovery was timed with recruitment stages.






Fish and wildlife will likely adapt quickly, whereas it is harder and takes longer for fishers and other natural resource users to adapt. Fishers, hunters, and people who use the wetlands for commercial and recreational activities have long held economic and cultural significance in Louisiana. Changes in the distribution and abundance of species could have socio-economic effects on their user groups. Operational strategies need to appropriately balance the urgency of addressing coastal land loss with the importance of minimizing and mitigating adverse socio-economic affects, to the extent economically and scientifically feasible within the primary objective of land-building.






4. Discussion


After developing optimized operations based on each specific parameter, the working group analyzed the similarities and discrepancies in each of the operational scenarios to develop a potential overall strategy that would maximize land-building while also taking into account the complex ecological and social landscape. By focusing on winter peaks, the duration of diversion operations can gradually decrease over the water year and become more targeted on shorter operational periods with the greatest sediment load. One potential operational strategy, depicted in Figure 7, is based on a three-peak hydrograph typology. In this instance, the diversion would be operated over the entire first winter peak of the water year. The diversion would then be operated over most of the second winter peak but would close by March 1, even though river flow is still flowing at nearly 20,000 m3/s, to facilitate estuarine recovery during a specifically sensitive period for vegetation, fish and wildlife species and some commercially important fishery. Operations on the third peak (typically in the spring) are focused on the rising limb of the event to capture the most sediment, while also limiting the duration of opening and quantity of fresh water entering the basin. A measure that combines flow and sediment load, plus ecosystem and community needs, should be used to determine if and for how long the diversion should be operated during spring and summer flood peaks. Additional recommendations were developed that examined the social, economic, governance and legal issues surrounding diversion operations. These recommendations can be viewed at http://mississippiriverdelta.org/diversion-ops-report.


Figure 7. Potential operational strategy depicted on a three-peak hydrograph typology. Note: Although the diversion is depicted as 100% open or completely closed, each opening and closing could happen gradually over days or weeks.
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5. Conclusions


The future of coastal Louisiana will include complex and dynamic changes to the environmental, social and economic components, with or without any human intervention. Management actions, such as sediment diversions, will change the system from how it functions today, however a future without human intervention will be even more drastic to the natural and human landscape of coastal Louisiana. Developing operational strategies for implementation of a sediment diversion that maximizes land-building while also balancing the needs of the ecosystem and communities is a complex and challenging task. No matter what operational strategies are selected and implemented, changes to the Barataria Basin are inevitable. These changes will affect the vegetation, fish and wildlife species, and the natural resource users that rely on those species for sustenance or income. It is important to develop operational strategies that achieve the primary objective of a sediment diversion—to build and sustain land—while also taking into account the complex and often uncertain interactions of the ecological and social landscape. A general optimization strategy has been outlined in which diversion operations are guided by sediment monitoring and are focused on the non-growing season with shorter duration operations during the high sediment rising limb of the hydrographs in the growing season. Potential operational strategies need to be further tested and modeled to determine the best approach for successfully implementing a sediment diversion. Ultimately, the inherent adaptability of the diversion operations ensures that with the proper monitoring and assessment, we can test, learn, and modify operational strategies based on the outcomes observed on the landscape. A strong adaptive management program that includes robust baseline data before the diversion is implemented will help provide a level of confidence as we tackle this large-scale restoration project given the underlying current and future uncertainties and changes of the landscape and society’s response compounded by future climate change impacts.
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