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In lowland coastal regions of the southeastern United States, stormwater ponds are being built as the “green infrastructure” best management practice of choice for addressing the hydrologic changes associated with rapid urban and suburban development. In addition to dampening storm flows, stormwater ponds may provide pollution control and other ecosystem services. However, ponds are not native to this landscape. This review summarizes what is known about the effectiveness of these engineered ponds, which take many shapes and forms, in the context of hydrology, contaminant fate, and management. Research needs are identified and include evaluating pond performance and redesign options more comprehensively and applying a social-ecological framework for the future of stormwater pond management.
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INTRODUCTION

The southeastern coastal plain areas of the United States, comprising North Carolina (NC), South Carolina (SC), Georgia (GA), and Florida (FL) (Figure 1), have experienced population growth in recent decades that exceeds the national average (Table 1). This growth is expected to continue, and within a coastal area that is already more densely populated than inland counties (NOAA, 2013). According to the National Oceanographic and Atmospheric Association (NOAA) Coastal Change Analysis Program, between 1996 and 2010 the Southeast had the fastest rate of change in developed land of any coastal region in the country, and experienced development at a pace of 1 football field (~5,350 m2, or ¾ of a standard soccer field) every 13 min (https://coast.noaa.gov/digitalcoast/training/regional-land-cover-change.html). This region also supports many industries, including recreation, tourism, and fisheries, which are closely linked to numerous ecosystem services and depend on well-managed water resources. In 2015, each state in the region attributed 9.5–14.5% of total jobs on average in coastal counties to “ocean jobs,” primarily tourism and recreation, but also including shipping activities and living resources (although not counting self-employment) (https://coast.noaa.gov/snapshots/). Altogether, coastal counties contributed 25% of the 2014 total gross domestic product of the states in the Southeast region (NOEP, 2016).


[image: image]

FIGURE 1. Coastal regions of the Southeastern United States defined using the U.S. Department of Agriculture-classified Land Resource Regions of the outer coastal plain (Atlantic and Gulf Coast Lowland) and peninsular Florida (Map data source: https://www.nrcs.usda.gov/wps/portal/nrcs/detail/national/technical/nra/nri/?cid=nrcs143_013721).




Table 1. Population change in the southeastern U.S. coastal plain states.
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Impacts of increasing population, economy, and the resultant land cover and land use change expected for this region into the future (Terando et al., 2014) include changes to the social and political fabrics of the region as well as alteration in coastal geomorphology, increased pollution and eutrophication, and biodiversity loss (National Research Council (NRC), 2008). Stormwater runoff from impervious surfaces, specifically in urban and urbanizing land uses, is widely considered the primary stressor to aquatic ecosystems around the world and there is, therefore, a need to mitigate these impacts using stormwater control measures (National Research Council (NRC), 2008). Urban development along coastlines worldwide is leading to increased reliance on various types of best management practices (BMPs) to mitigate water flow and water quality concerns, and guidance is increasingly available to planners and builders (e.g., Ellis et al., 2014; Chang et al., 2018).

Over the same period from 1970 to today when U.S. coastal populations have risen dramatically, there have been shifts in structural controls used for stormwater management reflecting various regulatory, technological, and economic drivers (Anderson et al., 2002; National Research Council (NRC), 2008; McPhillips and Matsler, 2018). In many cases, conventional stormwater pipes and conveyances discharging directly to receiving water bodies, often termed “gray” stormwater infrastructure, have fallen out of favor due to unintended consequences associated with the drastic alteration of stream-flows and water quality (e.g., Walsh et al., 2005). Where space was available, and where encouraged by stormwater control regulations passed primarily since the 1980s, preference shifted to softer engineering controls, or “green” infrastructure that aims to alleviate changes in water flows and quality post-development, while simultaneously providing other potential societal benefits. While there are a number of emerging green structural stormwater BMPs, such as constructed wetlands, bioswales, and infiltration basins, stormwater ponds are currently the most widely used for peak flow reduction and runoff treatment (National Research Council (NRC), 2008).

In the coastal plain regions, which are characterized by relatively shallow water tables and low hydraulic gradients, stormwater ponds with a permanent pool, typically referred to as wet detention ponds, dominate and are widely visible landscape features. For example, demonstrating the proliferation of stormwater ponds during development, an estimated 10,000 wet detention ponds have been surveyed in urban areas in southwest Florida, most being constructed since 1980 (Thomas and Lucius, 2016). In the 20 coastal counties of North Carolina, stormwater ponds are the most commonly selected stormwater control measure on post-construction stormwater permits, although the number of ponds is yet unknown (Gona, 2016; NC DEQ personal communication, 2021). In a study of 511 ponds in SC, wet detention was the most frequently used type (Drescher et al., 2007). Further, analysis of aerial imagery-based inventories of wet detention ponds has found about 100 ponds were created per year on average in both the Myrtle Beach and Charleston metropolitan areas of SC between 1994 and 2013, with annual rates of change in pond area roughly tracking the rate of change of total developed land area (Smith et al., 2018). Ponds are often a highlighted feature of residential developments that have been designed over the past few decades (Figure 2).
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FIGURE 2. Land use transitions to residential development highlight the use of wet detention ponds for stormwater management in the coastal zone. Upper panel: outside Charleston, South Carolina, 33°3'33.01“N, 80°8'48.85”W in the Sawmill Branch Creek watershed (HUC12: 030502010601); lower panel: outside Boca Raton, FL, 26°30'35.22“N, 80°11'29.72”W, in the Hillsborough Canal watershed (HUC12: 030902061101). Stormwater ponds in the two developed panels to the right side are visible in the form of dark areas surrounded by homes/buildings. In the upper-right panel, two large ponds are visible near the center, while many ponds (round or elongated) are visible in the lower-right panel. Upper-right panel, through partial cloud cover, also shows expansion of new developments with clear cutting and re-grading of the pre-existing managed-forested landscapes, and a borrow pit is found in the top-left corner. The lower-left panel also shows (at bottom-center) prior agricultural use of ponds.



Green stormwater infrastructure provides a host of potential ecosystem services, although these have been mostly unquantified (Prudencio and Null, 2018). Traditionally engineered with the objective to control flooding, stormwater ponds act as reservoirs to collect water and soil erosion from the surrounding landscape and to dampen the storm pulse to receiving water bodies. This function is important for integrity of downstream structures, and ecosystems therein (Persson and Wittgren, 2003). Over time, it has been shown that ponds can serve many functions; they provide ecological habitat for birds and aquatic life (Hassall and Anderson, 2015; Greenfield et al., 2018), either trap or act as a gateway for the transport of various environmental pollutants to receiving bodies (Van Metre et al., 2000; Hathaway et al., 2009; Thapalia et al., 2010; Koch et al., 2014; Gold et al., 2017b; McCabe et al., 2021), sequester carbon (Schroer et al., 2018), provide cultural and ecosystem services (Moore and Hunt, 2012), and can serve as a valued, aesthetic feature of a community (Ghermandi and Fichtman, 2015). By averting and storing runoff on-site, ponds open up the possibility for rainwater use, such as for landscape irrigation, saltwater intrusion barriers, drinking water aquifer recharge, augmentation of potable water reservoirs, non-potable water use in buildings, and baseflow augmentation to improve freshwater habitat and recreational use depending on water quality and need (Grebel et al., 2013). Stormwater ponds therefore serve as a public good, although they are often privately owned and managed. How ponds perform hydrologically and biogeochemically influence how they are viewed as either environmental assets or liabilities.

In this review, we aim to illustrate that the water quality and quantity functions of stormwater ponds, as an environmental engineered landscape feature, have important implications for the social and ecological systems of the southeastern United States, and vice-versa, that require further multidisciplinary study. The case for recognizing stormwater infrastructure as a social-ecological system has been made recently (e.g., Flynn and Davidson, 2016), and the southeastern U.S. coastal plain region offers a unique hydrogeologic, ecologic, and socio-political setting to study the functioning of stormwater ponds and their impact on coastal ecosystem services. Here, discussion of “stormwater ponds” is in specific reference to “wet detention basins.” We recognize that other designs such as dry detention basins also provide similar services, but dry basins are ephemeral in their water-holding characteristics, usually due to higher soil permeability and/or deeper water table conditions. Thus, dry basins operate differently to affect the routing of stormwater and fate of contaminants in the landscape (Ellis et al., 2014). We focus on the southeastern Atlantic coastal plain within NC, SC, GA, and FL, as well as the FL peninsula because of cohesiveness in landscape topography, ecology and land management (Figure 1). Namely, the region spans the U.S. Environmental Protection Agency Level III Ecoregions of the Middle Atlantic Coastal Plain (NC, SC), Southern Coastal Plain (GA, FL), and Southern FL Coastal Plain. The region is also identified as the Southeast region for the U.S. EPA/NOAA Coastal Change Analysis Program and comprises the Outer Coastal Plain and Florida Peninsula Land Resource Areas defined by the U.S. Department of Agriculture Natural Resources Conservation Service.

DISCUSSION

Geologic and Hydrologic Context

There are generally few natural lakes and ponds in the southeastern coastal plain. Water resources in this region include large reservoirs on dammed rivers as well as deep, confined aquifers in carbonate formations of Eocene Epoch (34 million years) or older age. This region is characterized by a generally flat topography, with beach ridges or terraces (modern and ancient, dating back to past high stands of sea level through the Cenozoic Era) separated by lagoonal back-barrier areas between the terraces. One example of natural “ponds” includes Carolina Bay wetlands (Pyzoha et al., 2008); however, these coastal plain features are uncommon because of well-drained soils in the former beach ridge systems and the tendency for concentrated flow on poorly-drained clay-sized sediments to form streams. Another example are karstic depressions in peninsular Florida (Galloway et al., 1999), which are more common, as are coastal lagoons (Lapointe et al., 2015; Barile, 2018), and both are important water resources in a region of near-surface carbonate lithology. The better connections of surface water and groundwater in peninsular FL result in important differences of water resources, both natural and engineered, compared to that of the rest of the southeastern coastal plain.

Another factor for sparse natural littoral surface water systems in the region is the relatively balanced water budget. Average annual rainfall in the southeastern U.S. is about 110 cm in the upper (inner) coastal plain to about 130 cm in the lower coastal plain of South Carolina (Amatya et al., 2018) to 150 cm in northern Florida (NOAA, 2019). This water input has been, on average, approximately balanced by evapotranspiration (ET) of coastal plain forests (Harder et al., 2007; Callahan et al., 2017; Amatya et al., 2018). Freshwater runoff from any undeveloped uplands of the coastal plain is relatively small in volume because of the relative ease of water infiltration into the sandy upland soils, however, with land development in and around metropolitan areas, increased impervious surface coverage has led to larger volumes of stormwater runoff to receiving water bodies, including streams and rivers, tidal creeks and marshes, and the coastal ocean (Sanger et al., 2015).

To handle the increase in stormwater flow, stormwater wet detention ponds have been built across the southeastern U.S. coastal plain, as described above. Stormwater ponds of varying size now exist across the region where previously only a small collective area of impounded streams and creeks existed, which was typically for the purpose of freshwater resources for rural needs (livestock, waterfowl, irrigation and recreation purposes; see for example Figure 2). Stormwater ponds are classified generally according to the way they store and route runoff. In the broadest terms, ponds are either wet or dry—having a permanent pool of water or not. Whether a pool is permanently wet or dries up between rain events is a function of connectivity with surface and ground waters, soil properties, and design of outlet structures. For instance, under similar geologic settings a permanent pool of water can be retained by setting outlet structures at higher elevations than for a dry detention basin and/or by lining the bottom of ponds with a low-permeability material (Persson and Wittgren, 2003; Weiss et al., 2007).

Stormwater routing patterns have received some study in the lower coastal plain of South Carolina (Harder et al., 2007; Epps et al., 2012), with some attention placed on calibrating runoff models like TR-55 or Curve Number Approach to the low-gradient topography (Blair et al., 2014a,b; Blair and Sanger, 2016). The variable soil drainage characteristics of this region may explain the wide range of runoff fraction of precipitation for individual storm events. For example, Epps et al. (2012) found for a natural forested watershed with sandy soils and shallow water table condition, total storm runoff was as little as 0%, and up to 93% of precipitation for different storm events, with a median value of 18% (see Table 3 in Epps et al., 2012). Such variability in this area with little disturbance of forest systems (albeit with past drainage structures such as ditches, constructed decades ago) leads to uncertainty in the stormwater dynamics of developed lands and the engineering of stormwater retention structures. Site details such as topography, development soil fill material, ditching, and pond design details, together with runoff predictive models that include soil data (e.g., Fennessey et al., 2001), should inform stormwater managers to plan for and mitigate stormwater inputs.

Nuisance flooding (Fennessey et al., 2001; Underwood, 2018) and major storm event flooding are hazards to property near ponds that may be exacerbated by a lack of understanding of the hydrology of ponds in the coastal zone. Property can experience nuisance flooding following the construction of large adjacent impervious areas when a pond is constructed directly upslope, as is done for in-fill residential or commercial development. This may instigate a local increase in the water table if the pond is not lined with low permeability clay or geotextile to minimize groundwater seepage, or if an extreme event causes pond overflow or bank failure. These hazards can occur when the site plan mispredicts the predevelopment runoff of a watershed and/or uses property boundaries to define the catchment area for the ponds, as is commonly done (Fennessey et al., 2001). This can additionally impair a pond's ability to operate to design standards. This region is also uniquely prone to hurricanes/tropical storm precipitation events and bears the most risk from hurricanes compared to other coastal U.S. populations (Wilson and Fischetti, 2010). The hydrologic cycle is expected to intensify under scenarios of future climate change. Changing patterns of precipitation in the Southeast U.S. includes an expected increase in heavy downpours (Carter et al., 2018). Although stormwater ponds are not designed to alleviate flooding from major storm events, one can conclude from this that climate non-stationarity may ultimately affect the size of a “design storm”: the event return period and amount of rainfall that policy dictates ponds should be able to hold and slowly release. The ultimate result of improperly located or sized stormwater basins may be additional financial burden on community residents impacted by flooding or increased maintenance, as well as broader watershed-scale impacts.

Many stormwater ponds could be conceptualized as engineered “headwaters” connecting landscapes and larger water bodies– and in the coastal zone, these water bodies can be tidally influenced. For instance, 57% of the development-related ponds surveyed in coastal SC are found within 3 km of a significant receiving water body (i.e., “river, tidal creek, or other coastal water body >66 feet in width, as defined by the National Wetland Inventory”) (Smith et al., 2018). The water budget of ponds in proximity to tidal creeks will dictate whether or not pond salinity may be brackish, which may be the case if there is significant surface water exchange (via “outlet” structures) or groundwater connectivity, or especially during drier seasons coinciding with periods of higher evapotranspiration. Ponds in coastal SC that are tidally influenced, especially with direct surface water connections, have been observed to range from low brackish to marine salinities (DeLorenzo and Fulton, 2009). Salinity dynamics in freshwater ponds in proximity to tidal bodies have also been observed due to groundwater connections (Wisniewski, 2014). The incidence of high tide flooding is increasing in the southeastern Atlantic coast region (Carter et al., 2018; NOAA, 2018), which has implications for stormwater management. For three coastal counties in SC where location of stormwater ponds was mapped, it was estimated that up to 20% of ponds were at or below the elevation of mean higher high water, indicating likelihood of tidal groundwater exchange (Smith et al., 2018). Contributing to complicated dynamics of storm water flows, the southeastern U.S. coastline has a geographically variable tidal range, with two high tides and two low tides occurring over a 25-h cycle. The tidal amplitude ranges from about 1.2 m in both the northern coast of SC and along the Atlantic coast of Florida, 2 m in the central coast of SC, and 2.8 m in the southern coast of SC. While not conducting a complete water budget, Thomas and Lucius (2016) estimated a significant groundwater contribution (up to ~15%) to a stormwater pond in southwest Florida. Pond construction details (depth and whether the pond bottom is lined or unlined) will control this subsurface flux.

Stormwater Flow and Pollution Control

Wet detention ponds hold a permanent pool of water, have additional capacity to temporarily store water above the permanent pool to a design depth during storm events, and trap contaminants predominately through settling and biogeochemical transformation within the water column and sediment bed (see conceptual diagram, Figure 3). Hydrological, physical, and biogeochemical processes operate in concert to drive the function of stormwater pond systems. Stormwater runoff and groundwater interflow entering ponds carries with it an array of contaminants of concern, including inorganic (e.g., nutrients and metals) and organic chemicals (e.g., pesticides, herbicides, flame retardants, phthalates), particulate matter (e.g., sediments, oxygen-consuming substances, and anthropogenic litter including microplastics), and pathogens (e.g., bacteria and viruses), all of which are removed with various efficiencies depending on pond- and contaminant-specific attributes (Vulava et al., 2018). For example, concentrations of pesticides in stormwater ponds in coastal South Carolina have been correlated with temperature and rainfall, and to concentrations in adjacent tidal creeks (e.g., pyrethroids and imidacloprid), which demonstrates connections between runoff, stormwater ponds, and receiving waters (DeLorenzo et al., 2012). Significant groundwater fluxes of nutrients (ammonium and nitrate) to and from stormwater ponds have also been observed (Bunker, 2004).
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FIGURE 3. Conceptual model outlines hydrological and physical (upper), and biogeochemical processes (lower) that occur in stormwater ponds. The hydrological and physical processes reflect a typical hydrologic cycle as well as stormwater runoff and associated sediment and contaminant transport. The biogeochemical processes reflect various consumption, sequestration, and transformation pathways of contaminants in stormwater ponds. (Acknowledgment: some elements of this conceptual model are courtesy of the Integration and Application Network, University of Maryland Center for Environmental Science, ian.umces.edu/symbols/).



Broad ranges in pollutant removal efficiencies from stormwater runoff by wet detention ponds are reported in published literature. Wet detention basin performance cited by BMP guidebooks for South Carolina and Florida, as examples, are presented in Table 2. These ranges reflect “typical” behavior but may not capture the range of removal efficiencies across storm events of different magnitudes, and are not specifically taken from studies of wet ponds in the coastal plain. For example, negative removals indicating ponds as sources of pollutants to receiving water bodies are also reported in coastal case studies (e.g., Messersmith, 2007; Gold et al., 2017b). Also, the ranges in total nitrogen removal in Table 2 for SC and FL case studies agree with the average of 40 ± 31% for wet ponds in a recent comprehensive data synthesis (Koch et al., 2014), but it's important to note that efficiency depends on nutrient form (e.g., nitrate or ammonium vs. organic-N) and this applies to other contaminants of concern as well (e.g., metals). It is also worth cautioning that comparing storm-by-storm pollutant removal efficiencies is complicated by variation in study design, data analysis and site hydrology, and it has been recommended that alternative measures for evaluating effectiveness, such as statistical comparisons of longer-term influent and effluent data and evaluation of effluent water quality, be more routinely applied (Strecker et al., 2001).


Table 2. Average pollutant removal capabilities summarized in Best Management Practice manuals for wet detention ponds based on studies conducted in South Carolina and Florida.
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While serving to alleviate flooding and downstream water quality concerns when operating effectively, stormwater ponds may also present localized human and ecological health risks. Because ponds capture pollutants from stormwater runoff, removal and disposal of these sediments represents an opportunity to reduce contaminant loads to receiving water bodies; however, pond sediments may contain concentrations of trace metals or organic contaminants of concern above sediment quality guidelines (Weinstein et al., 2010; Baalousha et al., 2018). In addition to receiving pathogenic organisms in non-point source runoff, stormwater ponds may also provide the ideal conditions for their proliferation or attract wildlife leading to in-pond sources (Hathaway et al., 2009; Greenfield et al., 2018). Emergence of harmful algal blooms in ponds can impact immediate or downstream human and ecological communities (Lewitus et al., 2003, 2008; Serrano and DeLorenzo, 2008; Greenfield et al., 2017). Developing a framework for human and ecological health risk assessment for engineered stormwater ponds is complicated by having to define endpoints of impairment and appropriate indicators (Tixier et al., 2011).

The factors that are critical to influencing pond function, specifically hydraulic detention and contaminant sequestration, are based on mechanistic and empirical knowledge from the fields of engineering and natural sciences (see for review, Blecken et al., 2017 and Vulava et al., 2018). Stormwater pond design and maintenance manuals outline and regulate critical features (such as dimension, slopes, hydraulic head, depths, pipe structures and ways to maintain them; e.g., U.S. EPA, 2009). Pollutant removal processes occur through a variety of mechanisms, including physical (e.g., sedimentation), chemical (e.g., sorption, photodegradation), and biological (e.g., uptake and transformation of nutrients, or particulate trapping by vegetation) (Figure 3).

Sedimentation in particular is an important process that protects downstream water quality, and is influenced by pond design (e.g., geometry, forebay or other installation), hydrology (e.g., retention time, potential for short-circuiting), the nature of suspended solids (e.g., allochthonous, autochthonous, and carbon or mineral composition), management activities that impact particle capture (e.g., vegetation planting/control or dredging maintenance), and even storm event-specific characteristics (e.g., hydrograph, wind speed and direction) (Greb and Bannerman, 1997; Anderson et al., 2002; Scholes et al., 2008; Vezzaro et al., 2011; Gold et al., 2017a; Moore et al., 2017). In a study of 14 stormwater wet detention ponds in coastal SC in residential urban and suburban communities, Schroer et al. (2018) measured sedimentation rates spanning 0.06–0.5 cm y−1 and detected sequestration of carbon and nitrogen through burial. However, in another case study in SC, Messersmith (2007) observed a single stormwater pond lost 36% volume and the last pond in a series of 5 linked ponds lost 15% volume in 5–7 years post-construction. Sedimentation in stormwater ponds is beneficial for improving water quality in downstream receiving water bodies; however, over time the reduction in effective settling depth, water storage volume and residence time of stormwater in ponds can lead to ineffectiveness at removing pollutants or buffering storm pulses.

Residence time (RT) is a parameter that controls sedimentation and biogeochemical transformation and has been cited as the factor that is most limiting to water quality improvement in stormwater ponds (although other factors, such as light penetration, redox environment, and plants are notable for certain constituents) (Mallin et al., 2002; Weiss et al., 2007, 2008). Residence time is determined by pond volume and water discharge rates. Longer residence times over 7 days tend to result in more improved water quality through greater reduction in nutrients (N, P) and biochemical oxygen demand (Harper and Baker, 2007). However, residence time alone does not necessarily allow prediction of pollutant removal efficiencies (AMEC, 2012). Size, depth, and shape are important design criteria that have been observed to affect pollutant removal in stormwater ponds (e.g., Chiandet and Xenopoulos, 2016) and are a part of wet detention pond design criteria in states across the study region (SC DHEC, 2005; Harper and Baker, 2007; GA EPD, 2009; NC DEQ, 2017).

There are also seasonal variables that can affect wet detention pond performance. For instance, stratification or eutrophication are phenomenon that are often observed in stormwater ponds and lakes in the southeastern U.S., especially in summer, as affected by pond depth, nutrient loads and the sub-tropical climate at the coasts (Lewitus et al., 2003, 2008; Harper and Baker, 2007; DeLorenzo and Fulton, 2009; Gold et al., 2017a). These conditions can impact the availability of oxygen in pond sediment pore waters and subsequently the redox conditions, which control processing of nutrients, speciation of metals, and degradation of organic compounds, or may lead to proliferation of pathogenic microbes and harmful algae. Harmful algal blooms and low dissolved oxygen can result in fish kills in ponds (Kirkwood, 2009), and may augment occurrences of pathogenic Vibrio bacteria (Greenfield et al., 2017). The extent of tidal influence on ponds, which may vary seasonally, can also affect pond ecology and pollutant removal, such as by shifting bacterial assemblages responsible for nutrient transformation (Lewitus et al., 2008; DeLorenzo and Fulton, 2009).

As a wet detention pond (and infrastructure, generally) ages, continued performance is contingent upon maintenance and local stewardship. “Lifetime” represents the duration that the stormwater control structure demonstrates acceptable functionality, after which replacement or significant maintenance would be required. The lifetime of wet detention ponds may be most impacted by rates of sedimentation and infill by organic matter and debris (e.g., Anderson et al., 2002; Gold et al., 2017a; Thomas 2014). These rates are dependent upon many factors, and importantly in the Southeast U.S. could be controlled by relatively low landscape erosional potentials, relatively high year-round primary production (i.e., resulting in high levels of organic debris) and continuing development pressures. For instance, rapid urbanization or development “in-fill” occurring in the region, and the resulting increase in impervious cover within a stormwater pond watershed, can result in increased sedimentation in ponds (Schroer et al., 2018) that could produce accelerated maintenance demands. Maintenance to dredge accumulated sediment is recommended when the pond pool volume has been significantly diminished. For example, in South Carolina a loss of 25% of permanent pool volume is the benchmark recommended for dredging (SC DHEC, 2005). State of Florida requires that dredging be conducted when the specific “water quality volume” designed for sediment capture has been lost (FDOT, 2015). Decisions associated with maintenance activities, such as dredging, are generally borne by individuals, communities, or municipalities in accordance with responsibilities outlined by local systems of stormwater governance and are affected by the costs and perceived benefits of actions (Burnett and Mothorpe, 2018).

Stormwater Pond Stewardship

Environmental governance and stewardship are long-standing, constantly-evolving practices that tie policy with science through communication (Harrington and Hsu, 2018). Approaches are being developed by various “hard” and “soft” scientific communities for improving partnerships/cooperation/coordination among residents/private owners and state- and local-governments for stormwater pond stewardship, including understanding the costs and benefits of investment (Burnett and Mothorpe, 2018), as well as psychological preferences for how information is presented (Callahan et al., 2018), or who within a community is most receptive to messaging (Monaghan et al., 2016). Among insights gained, researchers have found that knowledge and valuation of stormwater pond function alone may not necessarily translate to acceptance of BMPs, especially if change is perceived as going against social norms (Monaghan et al., 2016). Further complicating sharing of knowledge about best practices across regions are barriers (actual or perceived) presented by political and institutional systems, such as governing patterns, legal codes, and funding mechanisms (Dolowitz, 2015).

There are various stakeholders that need to communicate with each other to exchange needs, desires and technical information, from individual homeowners, to homeowner associations, stormwater pond managers, scientists and engineers, and regulatory officials at multiple levels of governance. Multiple government agencies and non-profits may be involved with a municipality's stormwater management. Learning and exchange may stall when parties do not have a history of trust (Fennessey et al., 2001), are not open to fully discussing failures as openly as successes (Dolowitz, 2015), or when the political climate on an issue is contentious (Dow et al., 2013). There may be significant gaps in policy that affect the drive for evaluation, innovation, and transfer of best practices for stormwater pond management at the local level. Funding and staffing can also be an issue (Law et al., 2008). Stormwater professional organizations, watershed associations, and other organized meetings can help facilitate exchange. Web-based resources are also important; in a survey of Atlantic coastal plain communities, websites were identified as the preferred method for learning new information (Law et al., 2008). Interestingly, in a policy scan conducted of coastal South Carolina, information available pertaining to stormwater on county websites was variable, and 6 of 8 counties did not appear to have stormwater incorporated into their comprehensive plans or zoning (Dickes et al., 2016). Equivalent county-level policy scans in the rest of the southeastern coastal plain region do not appear to be available. Some communities, however, are incorporating stormwater into local watershed plans, such as Bluffton, SC, Valousa County, FL, Washington, NC, and Fort Steward, GA (Law et al., 2008). While, as stated by Drescher et al. (2011), “[i]n the past, stormwater practices and their associated regulations and design standards used in the coastal plain were borrowed from the Piedmont physiographic region and were seldom adapted for the coastal plain conditions,” that is changing and there are considerations to coastal conditions in some more recent design criteria and guidance (GA EPD, 2009; Perrin et al., 2009; Ellis et al., 2014; NC DEQ, 2017). Design manuals can be a critical link to the public sector (Harrington and Hsu, 2018). Still, decisions related to choosing a stormwater pond as the preferred BMP are often made “upstream” at the permitting agency and developer/homebuilder levels, and maintenance restrictions or requirements are often written into local codes and covenants (such as for a Home Owner's Association), so the “downstream” parties often have limited decision-making power over BMP selection, function, and maintenance plans.

While planning for the future is objectively important, flexibility in top-down policy implementation, such as is the case for stormwater in the U.S., may be beneficial for adaptive management of stormwater practices at the local level. Importantly, government and non-government actors tend to take on different roles for green infrastructure adoption and management; as reviewed by Harrington and Hsu (2018), government acts as “driver, coordinator and capacity-builder,” while non-governmental actors often lead in information-sharing. Ad-hoc collaborative networks can be key to adaptive capacity in such systems (Dow et al., 2013). Where consumers and other stakeholders are knowledgeable and empowered, there are cases of market forces driving innovation and implementation, such as due to cost savings or home-owner preference for low-impact development (e.g., US EPA, 2013). Further study is needed for how policy and organizational structures may be optimized to integrate water resource management science and practice involving communities.

CRITICAL RESEARCH NEEDS

Increased Monitoring to Understand Pond Function

Data availability is a major limitation on developing an improved understanding of stormwater pond function and their impact on human and ecological health. Persaud et al. (2016), in their study of stormwater non-point source pollutant management, indicate that routine water quality measurements are rarely performed in stormwater ponds, but that this data is desired by community members. Even fewer studies of stormwater ponds collect long-term (DeLorenzo et al., 2012) or high frequency water quality data (Harper and Baker, 2007; AMEC, 2012), and reviews of the existing literature indicate that controlling factors such as bathymetry and hydraulic retention time are not always reported (Harper and Baker, 2007), nor are other pertinent environmental variables (Koch et al., 2014). There is very little data available pertaining to the seasonality of wet detention pond performance, and to the role they may play in either capturing or transferring emerging contaminants of concern (e.g., pharmaceuticals, hormones, microplastics, or antibiotic resistant bacteria).

Community-based or citizen science programs may help increase data availability, but time and resources will need to be made available for these efforts and achieving positive outcomes is not straight-forward—either in the view of quality control and assurance or demonstrating that engagement leads to improved water quality (Betts and Alsharif, 2014; Scott and Frost, 2017). There are several examples of programs within the region that engage citizens in water quality monitoring through collaboration with non-profit or university groups that mostly monitor stream or river waters, but a few programs from Florida have a focus on lakes or ponds (Canfield et al., 2002; Betts and Alsharif, 2014; Hoyer et al., 2014). Establishing a broad, longer-term record of water quality provides citizens, managers and other stakeholders with data that is needed to improve the decision-making process, including changing management practices (Serrano and DeLorenzo, 2008) and formulating state and local codes or ordinances. Surveying the number, location and dimensions of stormwater ponds will also be necessary for understanding their overall impact on hydrology and pollutant fate and transport in the coastal region.

Performance Evaluation and Criteria

Since the implementation of stormwater control regulations and guidelines, careful calculations of stormwater pond design have been enacted in the field, yet audits of design details to measured performance are lacking. Uncertainties in performance and cost of BMPs for different settings is a critical factor that impedes sustainable watershed-scale stormwater management (Roy et al., 2008). One needed area of continued investigation in the southeastern U.S. coastal region is in the design and “lifetime” of ponds with respect to water quantity and quality performance. Many states recommend maintenance activities to restore function that are benchmarked according to maintaining a certain water volume (e.g., SC DHEC, 2005; FDOT, 2015). But, are these recommendations optimal, i.e., suited for the coastal plain physical geography? To achieve a desired pollution removal, changing wet detention pond design criteria to be based on residence time rather than volume, such as recommended for policy updates in the State of Florida (Harper and Baker, 2007), may be more in line with the growing body of research on wet detention pond performance and allow for performance to be maintained under potential changes in environmental conditions. North Carolina recently updated design standards for sizing wet detention ponds to allow the use of hydraulic retention time (NC DEQ, 2017). Keeping ponds in compliance with these criteria is the next step. Looking into the future, analyses are also warranted of how ponds affect coastal community vulnerability during major storm events and how changing climate with alterations in precipitation patterns and tides may impact function under existing design. It is also important to ascertain how stormwater management policy specifically in relation to wet ponds may need to be updated to address undesirable down-stream effects that may occur even during storms that are less intense than “design” conditions (e.g., channel geomorphic change; Roesner et al., 2001; Bledsoe et al., 2012).

Correct placement of wet detention ponds but also evaluation of how they may work in combination with other stormwater management practices (both structural and non-structural) within a site and on a watershed-basis is needed. This is based on some observations that wet detention ponds with close connections to estuarine systems may pose unacceptable health risks to human and ecological receptors as presently designed and operated, such as by transmitting toxic pollutants, algae, and bacteria (Lewitus et al., 2008; Baalousha et al., 2018). Rather than single ponds, ponds of differing designs in series or a “treatment train” of several different BMP types may be required in places in order to achieve the various performance metrics expected for stormwater management. For instance, there are trade-offs in pond design (e.g., depth) that influence phosphorus and nitrogen removal differently (Koch et al., 2014; Gold et al., 2019). Given the complexity of environmental systems and the number of variables involved, site-specific models may help elucidate wet detention pond function. Knowledge of fate and transport mechanisms has been translated into models that aim to predict pollutant concentrations and loads through stormwater systems to inform engineering and management (Elliot and Trowsdale, 2007; Vezzaro et al., 2011, 2012; Fletcher et al., 2013; Bell et al., 2019). However, it has been reviewed that improvement of biophysical models will require more monitoring data for calibration and field testing, and improved understanding of fate processes and management outcomes for a wider selection of environmental contaminants (Bertrand-Krajewski, 2007; Elliot and Trowsdale, 2007; Gold et al., 2019). Convenient modeling tools are also being developed to enhance the ability of planners and construction engineers to determine the best site location for wet detention ponds in coastal regions (Johnson and Sample, 2017).

Yet, the question still remains whether some coastal plain areas may be better served by other stormwater management approaches. The approach to install wet detention basins throughout the coastal plain is a narrow technological solution to stormwater control and may be built on history of use and confidence in the absence of information in tandem with certain motivations, such as the benefit of using excavated soil for fill material elsewhere (Law et al., 2008) and the basin for sediment trapping during construction activities, the potential for stormwater ponds to be perceived as amenities by home-buyers, and the convenience and potentially lower cost relative to other approaches. One manner by which wet detention ponds may be failing on the landscape-level is in the way routing of stormwater directly to ponds via street drains and pipes results in limited soil infiltration and processing potential of nutrients and organic matter. Infiltration may remove pollutants found in urban stormwater by various mechanisms, including filtration, sorption, and biochemical transformation (Grebel et al., 2013). Lack of soil infiltration additionally may starve coastal waters of the dissolved minerals and organic matter profile that characterizes the pre-development blackwater streams of much of the southeastern U.S. coastal plain watersheds (Gold et al., 2017b). Cycles of vegetation blooms and control via herbicides represent a manmade ecological system severely out of equilibrium and can have down-stream effects through connections with groundwater and/or surface waters. One study which evaluated implementation of wet ponds in coastal North Carolina on a watershed scale found a failure to mitigate many negative water quality impacts of development (Gold et al., 2017b)—more such studies are needed. Among a sample of stormwater pond professionals in coastal SC there was mixed response as to whether stormwater ponds were the best tool for management (Dickes et al., 2016). Need for more research into alternative management methods, incentives for low impact development and improved design criteria were commonly cited among survey respondents (Dickes et al., 2016).

Arguably the largest opportunities for redesigning stormwater management systems lie in currently developing areas (e.g., National Research Council (NRC), 2008). Although infrastructure “lock-in” (Markolf et al., 2018) presents barriers to change, retrofits are also possible, especially considering that many older stormwater detention ponds may be approaching major maintenance milestones. Stormwater ponds and other green infrastructure designs may be adapted for coastal plain hydrogeologic conditions (e.g., Gregory et al., 2011). Non-structural controls, such as through upland management and community engagement around stormwater issues (e.g., pollution reduction, disconnecting downspouts, vegetative buffer management, etc.), are also important elements that could be advanced in many areas of the southeastern U.S. (DeLorenzo et al., 2012; Persaud et al., 2016). It is important for watershed management to be an inclusive process, and to not have “debates around [development] strategies… materially and discursively reinforce forms of inequality on the landscape” (Finewood, 2012). Evaluating practices and encouraging a multi-pathway approach to management is not a novel recommendation (e.g., Roy et al., 2008), but we emphasize that prioritization of resources and policy mechanisms are needed toward this goal.

Science and Practice: Multidisciplinary Frameworks

As researchers and stormwater professionals move from documenting water quality and quantity performance and engineering design and into the realm of scientific outreach, restoration, or advocating for structural and non-structural changes to urban development, success will depend on how well place-based social, political, and economic factors are interwoven (Thornton and Laurin, 2005; Barbosa et al., 2012; Betts and Alsharif, 2014; Young et al., 2014; Monaghan et al., 2016; Persaud et al., 2016; Dhakal and Chevalier, 2017; Markolf et al., 2018). Thornton and Laurin (2005) aptly refer to the prerequisite for social sciences and marketing in environmental sustainability as “soft sciences and the hard reality of lake management.” Improving stormwater management in general, and wet pond implementation in particular, will undoubtedly require collaboration between a variety of professional fields. Venn diagrams have been used by other researchers to conceptualize the interdisciplinary nature of integrated stormwater management, for instance by illustrating overlapping economy/regulatory, ecology, and society/institutions (Thornton and Laurin, 2005), or with engineering/technological, environmental, and social components (Markolf et al., 2018; Prudencio and Null, 2018). Markolf et al. (2018) describe bidirectional interactions between these infrastructure system components. Going further, Flynn and Davidson (2016) describe urban stormwater social-ecological systems by defining key attributes in 9 tiered categories relating to: social, economic, and political settings, ecosystems, resources, governance systems, actors, interactions between components and outcomes. Examples of attributes modified specifically for green infrastructure in this framework (and category) include: stormwater ordinances, funding scheme and management plans (governance systems); local ecological knowledge, technical expertise, operation and maintenance, and perceptions/attitudes (actors); and soil characteristics, imperviousness and functionality (resource systems) (for expanded list and definitions, see Flynn and Davidson, 2016).

Given the multiple dimensions involved, social-ecological (e.g., Flynn and Davidson, 2016) or social-ecological-technological systems (e.g., Markolf et al., 2018) frameworks are the next step toward recognizing interactions between system components in order to realize pathways for communicating and attaining shared development goals in concert with environmental protection. These system frameworks may help identify system vulnerabilities and advance sound management by elucidating interconnections among stakeholders and influential factors in the decision-making process, since feedback mechanisms operate between technological, social, and ecological domains. Coupled socio-biophysical models are computationally and methodologically challenging but represent a critical opportunity for understanding vulnerability in stormwater management systems (Eakin et al., 2017). As a precautionary example, within current practices, stormwater ponds morphed in design to accommodate mostly economic goals of increasing lake-front property, in Florida for instance, have been termed “ticking time bombs” for coastal water quality (Thomas, 2014). Failure to thoroughly evaluate stormwater pond performance (technological and social) reflects the barriers to full green infrastructure implementation that have been outlined by others, including social acceptance, availability of expertise, and leadership (e.g., Dhakal and Chevalier, 2017), the inherent complexity of environmental systems (Drescher et al., 2011) and the growing complexity of infrastructure systems (Markolf et al., 2018), and the methodological challenges in interdisciplinary systems research (Eakin et al., 2017; Partelow, 2018). Avenues are needed for supporting this type of collaborative work around stormwater management, such as in the southeastern U.S.

CONCLUSIONS

In summary, the ability of wet detention ponds to attenuate peak flows and remove pollutants to protect downstream water bodies are affected by stormwater pond position in the landscape, how this impacts hydrological and biogeochemical processes, policies on design, and management practices. Where the existing knowledge base needs to be expanded to suit the needs in the southeastern U.S. coastal plain is to recognize how the unique hydrogeologic and climatic setting, in addition to socio-political factors, may differ regionally, and perhaps in contrast to other climatic and topographic zones where stormwater pond research and management case studies have been conducted.

A large number of ponds, and various engineered designs, uses, and management approaches, together make the overall impact of stormwater ponds on water flow and quality in the southeastern coastal plain difficult to ascertain. Due to practicality and scaling issues, and the need for even the most fundamental of performance data, studies have typically focused on individual or parcel-level pond observations. There is a need to integrate engineering, chemical and biological sciences with hydrology to better understand pollution removal capability and to forecast functionality, from the unit-scale to the watershed-scale, under changing hydrologic conditions. However, the socio-political aspects of stormwater pond design preference, use, maintenance and stewardship cannot be overlooked. In the dynamic and rapidly-developing coastal zone of the southeastern U.S., combining knowledge areas with a systems perspective is needed.
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