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Abstract

:

Globally, the health of coastal water bodies continues to be threatened by climate change and mounting anthropogenic pressures related to population increase and associated development. Land use changes have increased the direct runoff of freshwater, nutrients, and other contaminants from watersheds into coastal systems. Exacerbated by increased temperatures, these changes have contributed to a worldwide decline in seagrass coverage and losses of critical habitat and ecosystem functions. For restricted estuaries and lagoons, the influx of nutrients is particularly damaging due to high water residence times and impaired flushing. The result is eutrophication and associated declines in water quality and ecosystem function. To mitigate degraded water quality, engineered ocean–estuary exchanges have been carried out and studied with examples in Australia, New Zealand, India, Denmark, the Netherlands, Portugal, and the United States of America. Based on successes including decreased nutrient concentrations, turbidity, and chlorophyll and increased faunal abundance in some past studies, this option is considered as a management tool for combatting worsening water quality in other estuaries including the Indian River Lagoon, a subtropical, lagoon-type estuary on the central east coast of Florida, USA. Decreased residence times, lower nutrients, higher dissolved oxygen (DO), higher salinity, lower temperature, and lower turbidity all combine for improved ecosystem health. In this review, the successes and failures of past projects intended to increase ocean–estuary exchanges, including biological and geochemical processes that contributed to observed outcomes, are evaluated. The primary indicators of water quality considered in this review include nutrient contents (e.g., nitrogen and phosphorus) and dissolved oxygen levels. Secondary indicators include changes in temperature and salinity pre- and post- engineering as well as turbidity, which can also impact seagrass growth and overall ecosystem health. Each of the sites investigated recorded improvements in water quality, though some were more pronounced and occurred over shorter time scales. Overall, enhanced ocean exchange in restricted, impaired water bodies resulted in system-specific response trajectories, with many experiencing a net positive outcome with respect to water quality and ecosystem health.
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1. Introduction


Coastal communities worldwide face serious and ongoing problems related to the water quality of their marine waterways [1]. As new development continues to take place, (e.g., residential, commercial, industrial, and agricultural) and human factors continue to amplify climate change, coastal landscapes are undergoing extreme changes in hydrologic cycles, including alterations to water runoff rates and local residence times [2]. With responses varying from new migration patterns to reduced reproduction to mass mortality events (MME’s), aquatic species demonstrate extreme sensitivity to environmental changes [3]. Declining water quality, resulting in a loss of biodiversity, ultimately affects the ecological function of coastal systems. Not only are the effects of poor water quality felt by species living in the environment, but they are also felt by the human population. Water quality degradation is a major threat to human health; it hinders food production, reduces ecosystem functions, and restricts economic growth [4].



Caused by both point and nonpoint source pollution, eutrophication (i.e., high nutrient loading) is one of the most prevalent water quality impairments [2,5]. Point source pollution, PSP, is pollution that is discharged into a waterway at a particular location or point through a pipe or channel; it typically originates from factories, commercial facilities, stormwater drainage systems, and sewage treatment plants [6]. Nonpoint source pollution, NSP, is pollution that is introduced into waterways via runoff, groundwater, and atmospheric deposition; pollutants contained within NSP can include excess fertilizers and insecticides from residential or agricultural lands, oil and grease from roadways, toxic chemicals from energy production plants, the release of combustion by-products into the atmosphere, and even sediment particles from construction sites [6,7]. Restricted estuaries and lagoons are especially susceptible to the negative impacts of eutrophication due to the lack of water circulation resulting in high residence times. Decreasing and mitigating these existing and future external inputs is an essential part of any multifaceted management strategy; however, engineering strategies can rapidly address chronic water quality issues by serving as a catalyst that helps to promote beneficial feedback loops that can restore ecosystem services and internal nutrient cycling.



A second major contributor to water quality impairment are the alterations to the natural patterns of water circulation including freshwater inflows being supplemented to coastal systems [5]. Human activities have significantly altered surface water flow patterns and pollutant loading. As human populations continue to increase, the urbanization of coastal environments and associated manmade hydrologic changes permanently alter the hydrodynamics of coastal water systems [8]. Engineered changes to hydrologic systems can include reservoirs, hydroelectric dams, dewatering canals, and irrigation systems; all of which have a purpose of controlling human access to water but often result in impairment to the ecosystem and a decrease in biodiversity [9]. The increase in freshwater inflows into coastal waters can be attributed to two primary causes: (1) Climate change-driven intensification of the hydrological cycle [10] and (2) anthropogenic alterations to coastal hydraulic systems [8,11].



The Indian River Lagoon, IRL, on Florida’s central east coast, is an example of an impaired, restricted estuary. Over the last 50 years, the biological and ecological integrity of the IRL has shown evidence of decline due to a significant decrease in water quality, marked by an unprecedented algal bloom in 2011 with recurring blooms and impaired water quality since then [12]. Like many other coastal lagoons and estuaries, the water quality has deteriorated as a result of anthropogenic causes, such as eutrophication and alterations to natural water circulation and flows. The IRL receives two and a half times more freshwater than it originally and naturally was receiving, largely due to the construction of a network of drainage and agricultural canals [8]. The substantial increase in freshwater inputs ultimately impacts the salinity of the IRL. The increased freshwater supply also contributes phosphorus, nitrogen, and other contaminants [11]. These factors, combined with sufficient light and warm water temperatures, create the ideal environment for harmful algal blooms in the IRL system [11]. In 2011, a “super bloom” occurred in the northern IRL, and the excessive growth of phytoplankton led to the loss of seagrasses, simultaneously resulting in an MME that saw the large-scale deaths of a variety of animals, including manatees, dolphins, seabirds, and fish [13,14,15].



As the health of coastal water bodies continues to be threatened due to anthropogenic activities, solutions can be implemented to minimize and reverse these cumulative effects. Most management strategies focus on decreasing external nutrient loading; however, beyond some threshold, management strategies must address impacts to changing ecosystem functions and internal nutrient cycling. One solution for improving water quality in restricted estuaries involves hydrologically engineering the system to increase ocean exchange [16]. Ocean water exchange projects, if designed properly, can not only improve circulation within estuaries and decrease the residence times for water in these systems, but the shift water quality can also increase the ability for the ecosystem to manage nutrients. Bringing ocean water into these systems can help stabilize temperature, salinity, and dissolved oxygen concentrations that have been destabilized by changing land use and human infrastructure. Enhanced exchanges between these systems and adjacent seawater can mitigate thermal and halo stresses, thereby creating habitats more suitable for benthic fauna while also increasing the resilience of these systems to hypoxia that results from eutrophication. Improved habitat quality can help to restore natural ecosystem functions responsible for assimilating external nutrient loading that can help to mitigate HABs. Historically, human development and land use changes have increased the direct runoff of freshwater, bringing nutrients and other pollutants to these systems. In an effort to mitigate declining water quality due to a combination of external and internal processes, hydraulically engineered inflow or enhancing ocean exchanges have been used to improve water quality with varying levels of success. Exchange can be achieved by designing, constructing, and managing any number of engineering solutions, including either one-way or two-way flow structures. Examples of one-way flow structures include



	
the construction of a low-crested dam or weir structure, e.g., Ringkobing Fjord, Denmark [17,18];



	
the implementation of a pipe and pump system (either tidally driven or mechanical), e.g., Destin Harbor [19,20,21,22];



	
a managed lock system to allow for flow only during incoming tide, e.g., Lake Veere [23,24,25,26,27]; and



	
a culvert with a flap gate.



	
Examples of two-way flow structures are



	
the creation of a new inlet e.g., Fire Island [28,29,30,31,32,33,34,35];



	
altering the existing ocean connection to improve the exchange coefficient, e.g., ICOLLs [36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51];



	
opening a lock system to allow for continuous flow, e.g., Ringkobing Fjord Denmark [17,18,52].






Each engineered solution has pros and cons. Any open connection (two-way flow) will have a limited geographical influence since the extent of penetration of the tidal prism into an estuary is a function of the physical properties of that estuary (e.g., depth, length, width, restriction, friction). A drawback of creating a new inlet is the lifetime operation and maintenance costs associated with keeping the inlet open and mitigating the downcoast erosion as the natural flow of sand along the coast is interrupted [53,54,55].



One-way inflow methods can potentially have a greater geographic region of influence than two-way flow structures by generating a hydraulic head at the point of inflow which would induce flow down-gradient toward the pre-existing inlets and back into the ocean. This added flow will enhance circulation, bringing in a new supply of salt water from the ocean which would also alter the chemistry and the bio-geochemical processes that sequester and remove nutrients from the system.



With the goal of improving water quality, these management and engineering projects have taken two approaches: (1) improve water quality directly through mixing, bringing in water from the coastal ocean, and (2) relying on decreased concentrations of dissolved nutrients in the exchanged water to decrease the growth and proliferation of harmful algal blooms helping to restore ecosystem services. Decreased algae, fewer instances of hypoxia, and increased biodiversity resulting from seawater exchanges contribute to sustaining and further improving water quality by promoting and restoring natural biogeochemical removal processes. In addition to enhancing nutrient removal, hydrological engineering has also promoted the development and growth of mangroves, seagrasses and associated benthic communities [16,17,18,32,44,56]. These habitats are vital to the coastal environment, helping to maintain water quality through the filtration and removal of nutrients through burial or removal to the atmosphere [16]. The restoration of these ecosystem services is fundamental to remedying the underlying causes of water quality issues and leads to the removal of nutrients from the ecosystem without simply exporting them to adjacent areas.



In shallow coastal systems, including the IRL, seagrass abundance is often cited as a long-term indicator of water quality; with a decline in water quality throughout the system, the loss of seagrasses has become more apparent, indicating a loss of biological integrity in the lagoon [14].



As with any engineering project, it is important to clearly define the end goals so that each step of the process can be evaluated. Existing projects in India [57], Netherlands [24], New Zealand [58], China [59], Australia [39,60], Denmark [17], Portugal [61], and in the United States of America in Florida [22], New York [31,32,33], and California [62] can provide guidance as coastal communities seek effective and beneficial methods for combatting eutrophication. The goal of each project was to improve water quality as defined by meeting specific objectives, which vary by study and location. Most projects were focused on improving a combination of parameters, e.g., increasing water clarity/decreasing turbidity, decreasing/stabilizing temperature, increasing/stabilizing salinity, increasing/stabilizing dissolved oxygen, and decreasing nutrients and chlorophyll concentrations. Success has been measured in terms of changes in the listed environmental variables [24,25,29,39]. In this review, we evaluate system-specific changes to water quality in an effort to identify the characteristics of each system that led to the successful implementation of enhanced seawater exchanges towards improved water quality. In the IRL, one of the main objectives of a potential seawater inflow project would be to decrease nutrient concentrations by promoting natural biogeochemical processes, thereby helping to mitigate algal blooms and hypoxia. To that end, this study focuses on five location examples from systems with similarities to IRL.



The inflow projects reviewed here have experienced varying degrees of improvement in water quality over varied spatial scales. Each of these examples has observed improvements related to a combination of the mixing and restoration of ecosystem health and ecosystem functioning. For example, healthy estuary systems remove large fractions of external nitrogen and phosphorus loading before water is discharged to the coastal ocean [63]. As ecosystem health declines, the ability of coastal systems to assimilate these nutrients can be degraded, leading to adverse ecosystem-level impacts, even with no appreciable change in external nutrient loading [64]. These changes reflect the non-linear trajectory of ecosystem functioning, where feedback loops accelerate ecosystem decline or recovery. For example, biogeochemical processes responsible for the assimilation of nitrogen and phosphorus are promoted by seagrasses and other benthic fauna and flora. With respect to restoration, these non-linear responses create opportunities where projects such as inflow or enhanced circulation can have improvements in water quality that exceed those based on mixing alone.




2. Existing Projects


Five locations are selected for a closer examination of water quality metrics, Table 1



	1.

	
Barrier island breech at Fire Island, New York, USA;




	2.

	
Intermittently Closed and Opened Lakes and Lagoons (ICOLLs) in New South Wales Australia;




	3.

	
Hydraulic pumping of ocean water into Destin Harbor, Florida, USA;




	4.

	
Restoring tidal exchange in a coastal lake at Lake Veere, the Netherlands;




	5.

	
Establishing ocean exchange at Ringkobing Fjord, Denmark.







Though there are many more examples of ocean exchange that could have been highlighted, these five locations represent the range of types of projects that exist globally.



2.1. Fire Island, New York, USA


2.1.1. Introduction to the Location


Great South Bay (GSB) is the largest shallow saltwater lagoon in the state of New York situated between Long Island to the Northwest and Fire Island to the Southeast [28], Figure 1. The lagoon, like all barrier island systems, developed naturally from the dynamic actions of wind, waves, and tides; these dynamic changes include breaches and island migration as sediment is moved [29]. Despite remaining a productive ecosystem, the waterbody has experienced negative impacts due to anthropogenic activities beginning in the late 1800s. A decline in water quality became more apparent following the 1950s as increased nutrient concentrations caused recurring harmful algal blooms, threatening the system’s habitats, specifically the shellfish populations [30]. Despite these threats, the estuary supports significant populations of fishes and migratory birds, including a large portion of the North Atlantic’s population of striped bass [28]. Additionally, many species utilize the lower portion of GSB as a nursery, spending early larval stages in the protected and food-rich waters behind Fire Island [28].



Prior to 2012, the only direct connection from Great South Bay to the Atlantic Ocean was through Fire Island Inlet at the southernmost point of Fire Island [28]. However, the landfall of Hurricane Sandy in late October of 2012 led to the opening of three breaches in the barrier islands on the southern side of Long Island, forming connections between the high saline Atlantic Ocean and the tidally bound GSB [29,34]. The Fire Island Wilderness Breach remained open [32], Figure 2.




2.1.2. Results of the Natural Opening


Agency researchers and scientists decided that no action was to be taken to address the breach unless established criteria were exceeded; for this alternative action, human intervention would only occur to prevent the loss of life or to prevent major economic/physical damage to Great South Bay [70]. To evaluate the impacts of the Fire Island Wilderness Breach, the National Park Service has continuously monitored and modeled how the breach has changed the geomorphology, hydrology, and ecology of the Great South Bay lagoon system [32].



Post-opening monitoring showed that after the initial establishment of flood and ebb shoals, the new inlet continued to migrate in a primarily westward direction, as indicated by the yearly survey lines in Figure 3. [29]. A submerged clay layer on either side of the inlet should reduce further migration and naturally stabilize the inlet; ongoing monitoring has shown that the new inlet is dynamic yet relatively stable [29], Figure 3.



Beyond the physical changes, monitoring indicates ecosystem health improvement in GSB, directly related to the inflow of water from the Fire Island Wilderness Breach [35]. The ocean water flowing through the inlet at high tide is cooler and saltier than the water in GSB. This input of new ocean water into the system correlates to a 1.5 °C (5 °F) decrease in summer water temperatures and a 2–5 increase in salinity [35]. Following the breach, nitrogen levels decreased throughout the lagoon by 0.02 mg/L, and notably, in close proximity to the opening, the levels decreased by 0.2 mg/L [71,72]. The dissolved oxygen level changes were variable based on the proximity to the opening yet demonstrate an overall increase of 1 to 1.2 mg/L when compared to pre-breach levels [73]. These changes in physical water quality indicate that the breach has influenced the hydrodynamic properties of GSB. As a result, the tidal phase is nearly 30 min earlier than before and the residence time of water parcels in GSB decreased by over 58% [35]. Additionally, residence times have reduced from between 50 and 100 days to 40 days, which means cleaner, cooler, and more oxygenated water is being cycled through the breach, contributing to the restoration of ecosystem services including nitrogen cycling and removal [71,72]. With increased ocean exchange, nitrogen, chlorophyll-a, and turbidity levels decreased while the number of brown algal blooms decreased significantly in eastern GSB [29]. These trends demonstrate significant strides in mitigating the eutrophic conditions influenced by local anthropogenic impacts.



An increase in the abundance of seagrass clusters in GSB was observed in connection with the improved water quality of the system. Populations of hard clams, finfish, crabs, and shrimp saw improved growth rates and an increase in abundance in areas of the lagoon near the breach [32]. For example, lady crab populations have increased by 500% in areas adjacent to the breach location [73]. These changes were certainly sparked by improved water quality, but the breach also increased the physical exchange and movement of organisms between the Atlantic Ocean and GSB [29].



The Fire Island Wilderness Breach improved the water quality of GSB, allowing the system to diversify [32]. The new Fire Island Inlet has led to increased salinity, stabilized water temperature, reduced turbidity, decreased nitrogen, and a diversification in species composition [71]. The results from this case study show improved water quality, increased abundances of marine flora and fauna, and the improved health of the coastal lagoon ecosystem. Collectively, these observations and improvements reflect the interactions among variables that contribute to water quality; disrupting the feedback loops that contribute to sustained impaired coastal waters [74]. Nevertheless, spatial variability in the improvements at GSB reflects the limited spatial impact of two-way exchanges.





2.2. Various ICOLLs in New South Wales (NSW), AU


2.2.1. Introduction to the Locations


Intermittently Closed and Opened Lakes and Lagoons (ICOLLs) represent an alternative case study on the topic of ocean water inflow projects. Utilizing two different mechanisms of inflow, natural and artificial openings, ICOLLs with proximity to each other present an opportunity to compare and contrast water quality changes with respect to the inflow mechanism.



Two morphologically unique ICOLLs in NSW Australia are examined. These locations are Belongil Creek [37] and Woolgoolga Lake [36], Figure 4. ICOLLs in northern NSW are typically small and undergo management to some extent, although opening strategies are fluid and can depend on rainfall levels [39]. Each of the locations were selected specifically to highlight the same water quality standards under changing variables, including the adjacent land use type, total catchment size, current management plans, and opening/closing mechanisms [39].



Belongil Creek is located at −28.63° N, 153.59° E [39,41,42], Figure 5. The creek is an ecologically diverse body of water and a social gathering spot for people living in NSW [37]. Belongil Creek has a catchment area of agricultural, industrial, and residential land but is also a watershed of high ecological value, with many threatened and endangered flora and fauna using the creek as a habitat [37].



Belongil Creek is managed according to the Belongil Creek Entrance Opening Strategy, which was implemented in February of 2020 [41]. The Byron Shire Council decided to utilize a method of adaptive management dependent on many factors, including the water level in the creek, wind speed and direction, swell size and direction, and expected rainfall [42]. The creek openings are facilitated through the mechanical removal of sand separating the higher-salinity ocean water from the brackish water in the creek. The lack of a structure means that the opening location can be changed based on the conditions, mimicking where a natural opening would be expected to occur [42].



Lake Woolgoolga is located at –30.10° N, 153.20° E with a catchment covered by urban development, grazing land, and managed forests [38,41], Figure 6. Lake Woolgoolga is monitored by Coffs Harbour City Council and the University of New England’s EcoHealth program. As a natural ICOLL, Lake Woolgoolga does not have an opening plan and instead relies on natural processes and water levels both within the estuary and on the ocean side of the berm. With a large catchment area, Lake Woolgoolga water levels often rise rapidly and overtop the naturally formed berm, leaving hydrodynamic forces to scour a channel to the higher saline water [38]. The water quality in Lake Woolgoolga is tied to recreation and tourism, with improved water health increasing tourist attraction to the area [38]. Both lakes are home to historic and highly degraded leaf oyster reefs. The leaf oyster and associated bacterial communities form a holobiont which serves to remove large amounts of dissolved nitrogen from the water, which can mitigate the effects of nutrient-rich runoff [44].




2.2.2. Results of Artificial Openings at Belongil Creek


The artificially opened ICOLL experienced heavy rainfall prior to the artificial opening and subsequent sampling event. The openings were triggered by rising water levels, with limits set by the Byron Shire Council, which manages these two bodies of water [39]. Each sampling procedure involved, but was not limited to, measuring temperature, salinity, DO, total phosphorus, and total nitrogen. The Belongil Creek sampling regime clearly demonstrated that during the open period, the DO concentration levels were 110–162% higher than when compared to the closed period in each section of the lake [39]. The salinity levels increased significantly in the lake during the opening periods, increasing by as much as 20 ppt [39]. Looking closely at the May artificial opening, the temperature along the entire lake dropped between 3 and 5 °C during the open period [39]. It should be noted that the artificial opening resulted in an initial decrease in the measured DO levels [39], likely caused by the draw-off of more highly oxygenated surface waters and the resuspension of particles and subsequent bacterial metabolism. The low DO event was followed by a recovery of and increase in the measured DO levels as the opened system reached a new equilibrium [39].




2.2.3. Results of the Natural Opening at Lake Woolgoolga


The natural openings of Lake Woolgoolga were triggered by various rain events, causing the water level to rise substantially overtop the shoal. The Lake Woolgoolga sampling regime clearly demonstrated that during the open period, the DO concentration levels were 17–71% higher than when compared to the closed period in the upper, middle, and lower reaches of the slender, winding lake [39]. Additionally, the temperature levels along the entire lake dropped by approximately 5 °C during the open period [39]. It should be noted that in Lake Woolgoolga, opening events happen more often due to a lower berm stopping flow. This means that the opening and subsequent flow out to open water has less of a draw-off effect (e.g., surface oxygenated water discharging and leaving bottom anoxic water), the largest cause of the fish kill events in the artificially opened locations. The salinity levels also increased, although increases were only observed near the mouth of the opening as a natural opening event is a slower process influenced by an upstream increase in freshwater levels from a rain event [39].




2.2.4. Results of Natural Openings (Other)


Though the focus of this review was on the ICOLLs in NSW Australia, there are other examples in the Americas [45,46,47], Africa [48,49], and other regions of Australia [40,50]. In these cases, similar results were seen as those in NSW, where a more frequent natural opening led to immediate and sustained water quality improvements while the artificial opening had an initial decline in water health followed by overall improvement. However, regardless of the opening mechanism for the ICOLL, increased flushing and exchange rates with ocean water led to more favorable ecological conditions with respect to DO, temperature, salinity, phosphorus and nitrogen levels, and turbidity. The temporary adverse impacts associated with artificial openings were attributed to increased turbidity during the mechanical opening process and a draw-off effect of higher oxygenated surface water. The increased turbidity and resuspension of sediments contributed to microbial respiration and decreased dissolved oxygen and hypoxia. These hypoxic events were short-lived. Once the water equilibrated, increasing ocean exchange yielded improvements in water quality.





2.3. Destin Harbor, Florida, USA


2.3.1. Introduction to the Location


Destin is a popular city in the Florida Panhandle that has a coastline along the Gulf of Mexico. The Destin Harbor, a lagoon located within the city limits of Destin, originally served as a connection between the Gulf of Mexico and the Choctawhatchee Bay [22]. The original East Pass, or Old Pass, which was initially opened by locals during a flooding event in 1929, was closed by a hurricane and storm activity in 1930, and in 1931, a channel, East Pass, was mechanically opened to the west of Destin Harbor, Figure 7. For the next 30 years, the US Army Corps of Engineers maintained and strengthened this channel with jetties, widening, and dredging [22]. A channel was later dredged to allow for boat access from Destin Harbor into the East Pass channel [22]. Although the Destin Harbor is connected to the Gulf of Mexico via East Pass, natural circulation is restricted and the inside of the harbor was poorly flushed, with high residence times, especially in the eastern portions of the harbor and in the residential canals, Figure 7.



Residential construction booms and infrastructure expansion in the 1960s, 1970s, and 1980s put strain on the stormwater facilities and led to discharges of untreated water into portions of the harbor that already experienced poor circulation. Combined with increased boating activity, water quality within the harbor degraded rapidly, marked by an extended fish kill event in the harbor in the fall of 1982 [22]. In 1984, the Northwest Florida Coast Resource Planning and Management Committee was created and charged with creating policies to address development and its effects on the environment, with a subcommittee designated to address water quality issues within Destin Harbor. The Destin Harbor Management Plan, written in 1987 by Landers-Atkins Planners, Inc., provided a comprehensive plan recommending the best methods for alleviating the water quality deterioration occurring in the waterbody, and one of the major recommendations was the implementation of the Northwest Florida Water Management District’s flushing pipe and pump system [22,75], Figure 8.



The Destin Harbor Pump Project was constructed in two phases and completed in 1992 for a total of USD 3.3 million; phase one included the construction of the pump station and phase two included the construction of the Gulf intake structure and the piping [20]. During the warmer months from April to November, the pump system is operated daily during the hours of 11 p.m. to 7 a.m., bringing in close to 22 million gallons of low-nutrient water from the Gulf of Mexico every night [19]. When the pump is not running, Gulf water is still able to flow into the Harbor, forced by the tides since the gates on the discharge weir remain open year-round.




2.3.2. Results of the Intervention


The implementation of the Destin Harbor Pump Project was seen as a success in its ability to contribute to the improvement of the Harbor’s water quality; the regular flow of Gulf water allows for greater water circulation inside of the restricted lagoon [20]. The water inside of the Harbor is tested in eight different locations annually for its dissolved oxygen, salinity, water clarity, fecal and total coliform, and nutrient content. Since the implementation of the pump system, the Destin Harbor has maintained the Class III Surface Water Quality Standard, meaning the basin is safe for fish consumption and is able to support the recreation and sustain a healthy population of fish and wildlife [20,21,76]. It has also maintained acceptable levels of dissolved oxygen, salinity, and water clarity, and there have been no additional fish kills [19].





2.4. Lake Veere, the Netherlands


2.4.1. Introduction to the Location


Lake Veere is an artificially managed lagoon, located at 51.55° N, 3.89° E in the Netherlands [23] Figure 9. Prior to 1961, Lake Veere in Southwestern Netherlands was a tidally connected estuary that experienced a daily exchange of saline water with the North Sea through the Dutch Delta [24]. However, as a response to heavy flooding in 1953, Lake Veere’s inlet was closed and the area was turned into a brackish lake with no water exchange [24]. The lake was used as a catchment area for nutrient-rich runoff from surrounding crop fields. Upon this closing, water salinity dropped from 29 to 18, which marked a transition from a thriving ecological basin to a eutrophic brackish lake [25]. From the 1960s to the 1980s, the lake experienced a rise in eutrophic conditions including an increase in turbidity and the occurrence of anoxic conditions due to strong stratification [23]. Additionally, there was a shift in the dominant flora from Zostera marina seagrass to macroalgae, primarily Ulva lactura [26]. The lake was described as having poor water transparency, high nutrient levels, and frequently occurring anoxic areas.



It was these changes in water quality that led to the Dutch government’s decision to reconnect Lake Veere to the North Sea, which would reintroduce tidal dynamics to the water basin [24]. In 2004 the Katse Heule, a water gate installed in the dam on the eastern side of the lake, was constructed, which formed the connection from Lake Veere to the Eastern Scheldt, Figure 10.




2.4.2. Results of the Intervention


In the period after the closure of the Veerse Gatdam but prior to the opening of the Katse Huele, the salinity of Lake Veere had a net drop from 29 to 18 [25]. This decreasing saline water resulted in large die-offs of M. edulis and Zostera marina [27]. Combined with restricted flushing rates, eliminated tidal influence, and continued population growth in surrounding areas, excess nutrients in Lake Veere’s water led to massive green and blue-green algal blooms.



The opening of the Katse Heule led to immediate changes in water quality, including an increase in salinity but also an increase in the vertical mixing of the water column [27]. Measured changes in nutrient levels—specifically, dissolved phosphorus—and water clarity were visible in the first year after the opening, Figure 11. Salinity also experienced immediate changes after the opening, directly related to the inflow of cleaner and higher-salt-concentration water from the North Sea [24]. Another large improvement included the increase in dissolved oxygen levels, with anoxic and hypoxic conditions nearly eliminated [24]. Reflecting improved oxygen conditions, seasonal variations in dissolved phosphate were diminished after the opening, most likely related to decreased instances of seasonal hypoxia and the release of exchangeable phosphorus [77]. The shift from previously poorly oxygenated water is likely due to the increased mixing rates and smaller differences in salinity inside and outside the lake; this variation will continue to decrease as Lake Veere’s water experiences more flushing.



It is important to note that the construction of the Katse Huele did nothing to change the nutrient input for the system but rather the increased flushing rates and more stable dissolved oxygen concentrations allowed the system to more efficiently assimilate external nutrient loading without triggering algal blooms. A direct two-way connection with the North Sea means the nutrient concentrations are lower and the salinity levels are higher, resulting in higher water clarity and fewer and less severe algal blooms. Although the Katse Huele connection did not immediately lead to an increase in macrozoobenthos density and biomass, the improved and higher-saline water quality did spark a species transition [27]. Typical confined lagoon species that mark polluted environments have started to be replaced and outcompeted by species that indicate a healthy ecosystem [24]. This transition demonstrates how increased exchange rates with cleaner, high-saline water improve water quality and support an environment for a productive ecosystem.





2.5. Ringkobing Fjord, Denmark


2.5.1. Introduction to the Location


Ringkobing Fjord, located on the west coast of the Jutland peninsula in Denmark, is a shallow coastal lagoon with an average depth of 1.9 m, Figure 12 [78]. The lagoon is situated adjacent to the North Sea yet no longer has a natural connection, as a sluice constructed in 1931 governs the water exchange, Figure 13 [18]. Heavy urbanization and fertilizer use from the 1950s to the 1970s combined with restricted flow through the sluice, located in Hvide Sande, led to the heavy deterioration and eutrophication of the water [17]. In the 1960s, the Skjern River was channeled to further increase drainage from surrounding agricultural land, which increased both freshwater and nutrient input, two large sources of water quality deterioration [18]. To counteract this degradation, it was decided in 1995 that the sluice management plan would be altered to allow the sluice to be opened more often for longer durations [17]. The intent of the increased exchange was to reduce the amount of phytoplankton growth through salinity manipulation, which would open the habitat for seagrasses and other benthic fauna to grow [18].




2.5.2. Results of the Intervention


There was an increase in salinity after the change in sluice management, with the greatest increase occurring in 1996 (the year after the change in sluice management took place) and stabilizing by 1999 [17]. The two years following the new opening regime were marked by an increase in the soft-shell clam population and a subsequent 95% reduction in phytoplankton biomass [18]. The mean salinity increased from approximately 5 to a more varying annual mean, ranging from approximately 8 to 11, depending on tidal and wind-driven water levels in the adjacent North Sea [17].



An increase in benthic fauna was recorded following 1996 as well. The annual mean dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphate (DIP) concentrations did not decrease in the years immediately following the new management. There were increasing trends in both DIN and DIP concentrations initially, with DIN decreasing by 1999 and DIP decreasing by 2003. The DIP response lagged the DIN response. Despite the initial increase in DIN and later DIP, a significant decrease in the annual mean chlorophyll a concentration occurred immediately following the change in sluice management. Similarly, a decrease in the annual mean phytoplankton was immediate, and downward-trending zooplankton biomass prior to management continued. Though Secchi depth and water clarity increased after the new management, the coverage of submerged aquatic vegetation (SAV) was already in decline in the years leading up the change due to years of poor water [17]. The recovery of SAV started in 2001, and by 2006, coverage had reached 1991 levels. The number of bird-days, which is calculated as the average number of birds per month multiplied by days in the month, declined following the year 1996. It is hypothesized that this decrease in bird-days was most likely related to the decrease in the total coverage of SAV [17]. Another noteworthy result of the change in sluice management was an increase in the mean abundance of clams following 1996 [17]. By changing sluice management, saltwater inflow from the North Sea was doubled following 1996, increasing the mean annual salinity; this increase in salinity facilitated abiotic and biotic shifts in the lagoon [17].



An analysis of the data collected from 1989 to 2006 indicates that the change in sluice management in Ringkobing Fjord was seen as a successful intervention for improving water quality and ecosystem health. Based on the results from data collected between 1989 and 2006, the ecosystem changed from eutrophic and turbid to a clear-water condition. This shift was shown to be a direct result of increased inflow from the North Sea [17]. Not only did the added inflow enhance the dilution of excessive nutrients in the water, it also facilitated the re-establishment of organisms that were previously declining in abundance, including soft-shelled clams and other benthic fauna [17]. Following the change in sluice management, the change in many abiotic parameters of the Ringkobing Fjord, such as salinity, DIN, and DIP, ultimately contributed to a beneficial regime shift from a bottom-up to a top-down controlled state of the coastal lagoon [17].






3. Synthesis of Location Data


To return to the basis of this study, we must look at the criteria on the basis of which each of these locations has been evaluated: nutrient contents (e.g., nitrogen and phosphorus), dissolved oxygen levels, temperature, salinity, turbidity, and flora and fauna changes. Each location discussed has exhibited positive changes in some if not all of the evaluation criteria, Table 2.



The responses to natural and engineered inflow systems varied, demonstrating the complex and system-specific nature of successfully altering ocean inflow. Although each system showed improvements in water quality, these improvements were dependent on proximity to the exchange site and varied over time. While some changes, such as salinity and dissolved oxygen, happen relatively quickly in response to increased inflow, other changes, such as the altered abundance and diversity of flora and fauna, can take longer to develop and show changes in response to altered water quality. This synthesis is limited to the observations and data collected and available at each of these locations. Water quality improvement is complex and exists on a spectrum, with interactions between criteria influencing the perceived changes.



Overall, changes in water quality and ecosystem health can be categorized into short-term and long-term responses. For the purposes of this synthesis, the focus was placed on the long-term (month to years) responses, recognizing that disturbance from the physical manipulation of waterways sometimes had undesirable short-term effects. For example, disturbed sediments when naturally or artificially opening or manipulating waterways have in some cases led to temporarily increased turbidity and respiration and low oxygen [40]. Following these sometimes-reported short-term disturbances, the long-term impacts provided beneficial outcomes.



Ecosystem-level responses can be further categorized into impacts of (1) direct mixing with seawater and (2) geochemical and biological (biogeochemical) responses to the impacts of mixing. To empirically describe the relationship between the inflow, outflow, and nutrient loading of a system, literature that developed theoretical and empirical equations for the nutrient and mass balance of coastal estuaries was reviewed [63,76,79,80]. These prior models were summarized to develop a balance of mass inflow and mass outflow in terms of the flux rate and concentration,   Q C  , mass removal through biogeochemical processes,   K V C  , and mass loading into the system,  L :


    Q  e x i t   C + K V C =  Q    i n   o r i g i n a l      C    i n   o r i g i n a l      +  Q    i n   e n g i n e e r e d      C    i n   e n g i n e e r e d     + L    



(1)







Equation (1) represents the mass balance of nutrient inflow to nutrient outflow while accounting for loading and internal removal. External and internal nutrient loading are balanced by export and biogeochemical removal. Each of the locations examined in this summary varied greatly between the historic connection to the ocean, existing nutrient and freshwater inputs, and mechanism for ocean water inflow; a relationship that is applicable to all systems, both those in this paper and others around the world, was important to include. However, regardless of the inflow mechanism, shape, volume, etc., the mass balance of coastal water bodies can be simplified to the above terms.    Q  e x i t     is the flow rate of water leaving the estuary;    Q    i n   o r i g i n a l       is the flow rate of and    C    i n   o r i g i n a l       is the concentration of dissolved N and P in the water entering the system prior to any inflow intervention, including both fresh and saline water;    Q    i n   e n g i n e e r e d       is the flow rate of and    C    i n   e n g i n e e r e d         is the concentration of dissolved N and P in the saline water entering the system due to the engineered inflow system;  C  is the concentration of dissolved N and P in the estuary, and it is assumed that the estuary is well mixed;  L  is the mass loading rate of nutrients added to the system from point and nonpoint sources;  V  is the volume of water in the estuary; and  K  is the removal rate of N and P due to ecosystem services, e.g., bio-geochemical processes, in the estuary.



The application of these variables can change based on location-specific parameters. For example,    Q    i n   o r i g i n a l       may be limited to only the flow rate of the freshwater input for a system such as Lake Woolgoolga that is restricted from ocean connection during closed phases. However, the balance between new water entering the system (   Q    i n   e n g i n e e r e d      ), water exiting the system with nutrients (   Q  e x i t    ), and nutrients being removed internally due to ecosystem services ( K ) is accounted for in this equation. These engineered systems increase the flow of water into the system, so    Q  e x i t     can be expected to increase at a rate approximately equal to    Q    i n   e n g i n e e r e d      . As this higher saline, cooler, more oxygenated water enters the system, it is expected to promote the ecosystem services described in further detail below; this means that increased inflow can contribute to a higher  K  value with respect to time and in response a lower mean average   C     within the system. Generating a feedback loop to promote improved water quality based on the evaluation criteria in Table 2 is the ultimate goal. To keep the mass balance equation equal, a higher K value over time will mean that an estuary will be less reliant on inflow,    Q    i n   e n g i n e e r e d      , to reduce concentrations of N and P and that the restored ecosystem services can hopefully sustain the feedback mechanisms contributing to improved water quality.



Overall, the five locations demonstrated lower temperatures, higher salinities, and increased or stabilized DO quickly after openings, with reported lower concentrations of dissolved nutrients likely reflecting lower concentrations in the adjacent coastal ocean or larger body of water. These initial changes in conjunction with increased vertical and horizontal mixing contribute to geochemical and biological changes that respond more slowly. For example, each of the five studies summarized here reported an improvement in oxygen levels, with several reporting fewer instances of hypoxia or anoxia. Hypoxia is well established to influence the cycling of both nitrogen and phosphorus. Changes in nitrogen cycling are dynamic and likely to respond differently based on the initial condition within each system, which is not always reported. Phosphorus is readily sequestered onto oxygenated particles and sediments; phosphorus is released from anoxic particles and sediments into the water column during hypoxic events [77]. Increased oxygen levels contribute to lower dissolved phosphorus concentrations. When reported, phosphorus decreased following increased seawater exchange and improvements to hypoxic water and sediments.



Several studies reported increased coverage of SAV or increased abundance or diversity of benthic fauna [17,18,20,24,27,32,39,56,75]. These biological responses can result from impacts of mixing and the improved redox state of the water and sediments. These organisms contribute directly and indirectly to moving oxygen across the sediment water interface to promote processes of nutrient cycling, including coupled nitrification–denitrification and the sorption of phosphorus to oxidized particles and sediments. Collectively, the studies included in this review focused on quantifying direct improvements in water quality. However, the improved ecosystem contributes to a positive feedback loop, helping to sustain the improved water quality over time.




4. Conclusions


In coastal environments worldwide, the escalating impacts of climate change and anthropogenic activities pose significant threats to water quality, leading to the decline in marine ecosystems. Climate-induced alterations in hydrologic cycles contribute to increased freshwater runoff and the influx of nutrients, resulting in a global decline in estuarine water quality, impacting flora and fauna. Eutrophication, primarily caused by point and nonpoint source pollution, emerges as a widespread water quality impairment. Anthropogenic modifications to natural water circulation patterns, including freshwater inflows, further exacerbate the issue. The Indian River Lagoon (IRL) in Florida is one example of these disruptions, experiencing a notable decline in water quality, large-scale algal blooms, and ecosystem disruptions. To counteract these challenges, engineered ocean–estuary exchanges emerge as a potential solution, as evidenced by projects highlighted in this article. The core functions of engineered inflow projects include enhancing the circulation and tidal prism, decreasing residence times, and stabilizing environmental factors (Table 2) by decreasing nutrient concentrations, increasing gravitational circulation though the salinity-linked horizontal density gradient, balancing temperature levels with cooler ocean water, and increasing DO levels by introducing higher oxygenated ocean water; these functions combined offer a means to mitigate eutrophication and restore ecosystem functions. The intent of engineered inflow systems is to remedy water quality by restoring ecosystem services that remove nutrients through natural biogeochemical processes without simply exporting them to adjacent areas. The success of such initiatives is contingent on carefully designed engineering solutions tailored to specific estuarine conditions, highlighting the importance of understanding the environmental and ecological context for effective water quality management.



Mechanically enhancing or restoring ocean inflow is one approach to improving water quality in coastal estuaries, especially where anthropogenic changes have increased freshwater inflow. This approach has the potential to alter the chemistry of the system in a short period of time compared to other interventions (e.g., dredging, stormwater projects, chemical filtering, etc.). The response and the response time vary depending on the flow rate induced by the intervention. Overall, mechanical inflow intervention has demonstrated a net positive impact on the water quality and the ecosystem. In some cases, short durations of decreased water quality can occur during the transition. Regardless of the initial response, systems experiencing improved clarity, stabilized temperatures, stabilized salinities closer to ocean salinity, increased DO, and increased abundance and diversity of the flora and fauna post-intervention is likely and has been reported in the long term.
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Figure 1. Location of Fire Island National Seashore and Great South Bay [69]. 
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Figure 2. Fire Island Wilderness breach on 2 November 2012. Reproduced from [34]. 
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Figure 3. November 2012 base photo with subsequent shoreline surveys of the Fire Island Wilderness Beach conducted by the National Park Service in June of each year. Survey results indicate an approximate 280 m westward migration of the channel between 2013 and 2019 [29]. Reproduced or adapted from [29], with permission from Belicki, 2024. 
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Figure 4. Location of ICOLLs on the northeast coast of NSW Australia. Lake Woolgoolga is shown in the upper image and Belongil Creek is shown in the lower image [69]. 






Figure 4. Location of ICOLLs on the northeast coast of NSW Australia. Lake Woolgoolga is shown in the upper image and Belongil Creek is shown in the lower image [69].



[image: Jmse 12 02047 g004]







[image: Jmse 12 02047 g005] 





Figure 5. Belongil Creek during the Opened Stage [37]. Reproduced from [37] with permission from NSW Department of Planning and Environment, 2023. 
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Figure 6. Woolgoolga Lake during the closed stage [51]. Reproduced from [51] with permission from NSW Government, 2023. 
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Figure 7. Destin Harbor Aerial Map [69]. 
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Figure 8. Northwest Florida Water Management District Pipe and Pump Site Plan for ocean inflow into Destin Harbor [75]. 
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Figure 9. Location of Lake Veere, Eastern Scheldt, and Katse Heule [69]. 
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Figure 10. Lake Veere vicinity map and monitoring station depths/locations [24]. 
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Figure 11. Water quality conditions between 1988 and 2008, with the opening of Katse Heule marked with a dashed line [24]. (a) Salinity; (b) Secchi; (c) Nitrogen; (d) Phosphate. 
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Figure 12. Location of Ringkobing Fjord [69]. 
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Figure 13. Map of Jutland Peninsula, Ringkobing Fjord, and Hvide Sande Harbour [18]: Shaded area indicates land. Location of Ringkobing Fjord along the Denmark West Coast is provided in the upper right portion of the figure. In the bottom right, an insert illustrating the canal and sluice is provided. Reproduced from [18] with permission from Elsevier, 2024. 
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Table 1. Study Locations Summary.
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	Name
	Location
	Type of Water Body
	Surface Area
	Average Depth
	Opening Mechanism
	Catchment Area





	Great South Bay
	NY, USA
	Shallow Saltwater Lagoon [28]
	390 km2 [28]
	1.3 m [65]
	Naturally breached inlet [29]
	844 km2 [66]



	Belongil Creek
	NSW, AUS
	ICOLL [41]
	0.3 km2 [37]
	0.5 m [40]
	Mechanically opened temporary inlet [41]
	30 km2 [37]



	Lake Woolgoolga
	NSW, AUS
	ICOLL [38]
	0.2 km2 [40]
	0.4 m [38]
	Naturally opened temporary inlet [40]
	21 km2 [38]



	Destin Harbor
	Destin, FL, USA
	Saltwater Lagoon [22]
	0.85 km2 [67]
	5.3 m [67]
	Restricted opening with mechanical pumping [19]
	4 km2 [19]



	Lake Veere
	South-western NLD
	Artificially Managed Lagoon
	24.4 km2 [23]
	10 m [24]
	Managed tidal gate [25]
	Varies based on the pumping schedule from surrounding polders [68]



	Ringkobing Fjord
	Western DNK
	Shallow Coastal Lagoon
	300 km2 [18]
	2–3 m [17]
	Managed Tidal Sluice [17]
	3500 km2 [52]










 





Table 2. Synthesis of locations demonstrating an improvement in evaluation criteria.
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	Evaluation Criteria
	Fire Island, NY, USA
	NSW, AU
	Lake Veere, NL
	Destin Harbor, FL, USA
	Ringkobing Fjord, DK





	Decreased Nutrient (N, P) Concentrations
	x
	-
	x
	-
	x



	Increased Dissolved Oxygen
	x
	x
	x
	x
	x



	Reduction/stabilization of temperature
	x
	x
	-
	-
	-



	Increase/stabilization of salinity
	x
	-
	-
	-
	-



	Reduction in turbidity/increase in water clarity
	x
	-
	-
	x
	x



	Increase in flora/fauna diversity and abundance
	x
	-
	x
	x
	x







No data reported in various review papers. x Location demonstrates identified change.
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