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Abstract

:

Soil health is not explicitly included in current stream and floodplain restorations. This may be one of the many reasons that stream restorations are not achieving their full restoration and ecological benefits. The lack of design and implementation procedures for providing healthy soils and the absence of specific soil metrics for evaluation are some of the reasons for the non-inclusion of soil health in floodplain restorations. Here, we have brought together a team of researchers and practitioners to provide a blueprint for the inclusion of soil health in floodplain restorations, with a specific emphasis on approaches that may be easily accessible for practitioners. We describe the challenges posed by current restoration procedures for physical, chemical, and biological soil conditions. The top ten soil metrics that could be easily measured and could be leveraged by practitioners to assess floodplain soil conditions before and after restorations were identified and selected. The best design and construction practices for improving soil health on floodplains are presented. We also recommend that the current crediting approaches and regulatory mechanisms for stream restorations be updated to incentivize soil health. The inclusion of soil health will help us attain the ecological services and functional uplift goals that are being targeted by environmental agencies and the restoration community.






Keywords:


soil health; floodplain restoration; soil chemistry; microbial ecology; nutrients












1. Introduction


Stream and floodplain restoration has become a growing billion-dollar environmental industry in the United States and globally [1,2,3,4]. The intent of these restorations is to mitigate the degraded status of streams and floodplains, improve water quality and ecological conditions, and return them to a more natural state [5,6,7]. In the Chesapeake Bay watershed alone, at least USD 400 million has been spent on stream restoration projects since 1990 [8]. Similarly, the Chesapeake and Atlantic Coastal Bays Trust Fund has funded over 200 stream restoration projects, and in the 2019–2020 fiscal year they allocated almost USD 20 million for stream restoration projects [9]. During 2015–2020, both the number of permits and the length of stream restoration increased, with a tripling of the average restoration length from 233 to 670 m [9]. The cost of stream restoration is also significant, at USD 1600–4000 per meter of restored stream length [10]. However, despite gaining popularity and acceptance, many challenges remain, particularly regarding long-term effectiveness, sustainability, and the resiliency of these practices [1,10,11,12]. Here, we discuss one of the key challenges and knowledge gaps—the importance and lack of consideration of soil health in stream and floodplain restorations. We focused primarily on the Mid-Atlantic US and Chesapeake Bay region as a case study based on our previous work and experience, but our conceptual framework for including soil health has implications for other regions. We brought together a team of stream and floodplain restoration researchers and practitioners to highlight that the current focus on the stream channel form alone, at the expense of floodplain soil health, may preclude restorations from achieving their full ecological potential and may also be undercutting their long-term effectiveness, sustainability, and resiliency.



In the Mid-Atlantic US, the primary motivation of stream restorations is to mitigate sediment and nutrient nonpoint pollution and improve the ecological conditions of stream and river corridors [11,13,14]. Stream and floodplain restoration projects include the reconfiguration of the stream channels; legacy sediment removal (LSR) and floodplain reconnection; and riparian tree planting or revegetation [15,16,17]. Many of the streams targeted for restoration are highly impaired in terms of water quality and listed on their state’s total maximum daily load (TMDL) [18]. Thus, sediment and nutrient improvements and gains from restoration efforts are being leveraged as credits to meet water quality regulatory targets under state and county TMDLs in the Chesapeake Bay watershed [18]. In many cases, the water quality and “functional uplift” or ecological uplift credits play a key role in determining the design of stream restoration and its implementation at a particular site. Functional uplift refers to the potential for the restoration to enhance broader ecological services such as the provision of riparian and aquatic insects and other aquatic biota [19].



For decades, the Natural Channel Design (NCD; [20]) has been the most widely used and popular approach for guiding stream and floodplain restorations, especially in the Chesapeake Bay watershed [16]. This approach has focused on fluvial geomorphic concepts for creating a single-threaded, defined, and stabilized channel set within a hydrologically connected but separated floodplain. The channel design includes the creation of meander bends, pools, and riffles. It also includes changes in the longitudinal stream gradient by raising or lowering the stream bed through logs and cross vanes. Root wads and coarse substrate are also added for bank stability. Collectively, these modifications are designed to decrease stream flow velocities; enhance surface water infiltration; decrease bank erosion and sediment loads; enhance nitrogen (N) removal via denitrification; and foster aquatic habitat [7,11,21].



In addition to the NCD, other approaches such as legacy sediment removal (LSR) and regenerative storm conveyance (RSC) are increasingly being implemented [22,23]. The stream–floodplain connection for all restoration approaches is accomplished by grading the banks so that overbank flooding occurs with storms of a specific return period (1–2 years) [16]. This hydrologic reconnection is assumed to increase the hydrologic residence times of stream and ground water traveling through floodplains, and provide ample opportunities for denitrification, N retention, and transformation on the restored floodplains and fringing wetlands [24]. In addition, there can also be sediment deposition of particulate N and phosphorus (P), which helps to retain nutrients [25,26,27,28]. Each of the restoration techniques is applied to achieve channel stability and ecological goals by quantifying aquatic habitat features, the reduction in erosion, and nutrient removal in the stream. However, beyond the addition of some organic matter, very little additional attention is paid to managing and measuring the effects of restoration on the floodplain soil profile [29].



Floodplain soil health, in particular, is given very little consideration in stream restoration projects, especially those following the NCD approach. As defined here, soil health refers to physical, chemical, and biological soil attributes that enhance soil ecosystem functions and services such as infiltration, water retention, reduced surface runoff, erosion control, and nutrient cycling and sequestration [30]. There are multiple reasons for the lack of consideration for soil health in floodplain restoration design: a lack of information about potential “desirable” ecological or soil health endpoints or reference conditions; the unavailability of design and construction protocols or “best practices” for soil health; the absence of specific soil health metrics to evaluate the change in soil conditions pre and post restoration; and a lack of regulatory incentives or credits for enhancing soil health.



We propose that the lack of consideration for soil health in stream restorations is a significant missed opportunity to leverage floodplain hydrologic and biogeochemical processes to meet ecosystem services and objectives. Healthy floodplains provide valuable nutrient removal services such as denitrification [11,31,32] and nutrient retention through sediment trapping [26,27,28], and they also support broader riparian and ecological health [33]. While stream restoration designers may implicitly include floodplain nutrient removal services due to hydrologic reconnection (e.g., the use of the specific denitrification rates in design protocols; [16]) the non-inclusion of soil health may be undercutting the full potential of such floodplain ecosystem services. Healthy soils rich in organic carbon (C) and microbial communities could potentially sustain higher denitrification rates than those currently assumed for design protocols. Not surprisingly, then, this could be one of the many reasons why stream restorations could be falling short in meeting their pollution and ecological uplift goals [15,19,34].



If we truly want our restorations to succeed and the motivating “Field of Dreams” paradigm—“if you build it, they will come” [35]—driving the restorations to come true, greater attention needs to be paid to enhancing soil health and ecology in stream and floodplain restorations. A similar sentiment in support of soil ecology in restorations was previously voiced by [36,37], and more recently by [38]. Farrell [38] also called for increased collaborations between restoration researchers and practitioners to develop specific protocols that could enhance the inclusion of soil health and ecology in restoration practice.



Below, we discuss the key soil health challenges that current stream restoration design and implementation approaches pose, and propose how these could be reversed. We discuss this from the perspectives of both stream and floodplain restoration researchers and practitioners. We also identify specific soil indices that can be used to characterize soil health, and recommend methods or best practices that can be adopted for improving soil health on restored floodplains. Ecosystem services that healthy floodplain soils provide are also highlighted.




2. Current Restoration Approaches and Challenges for Floodplain Soil Health


The focus on stream channel form in restorations has resulted in a number of challenges for the physical, chemical, and biological components of floodplain soil health (Figure 1). We elaborate on some of the challenges below. We recognize that soil health challenges differ with the types of restoration approaches used (i.e., NCD versus RSC versus LSR), but highlight the common problems reported.



2.1. Challenges for Physical Soil Conditions in Floodplain Restorations


The challenges for physical soil conditions include suboptimal floodplain soil thickness, compacted floodplain soils with low soil porosities and high bulk densities, poor soil aggregation, reduced hydraulic conductivities, low infiltration, and high surface runoff rates (Figure 1; [15,29,39,40]).



Under the NCD criteria, the floodplain soil thickness is typically determined by the depth needed for floodplain hydrologic reconnection. This reconnection is assumed to occur when the streamflow spills over and overtops the floodplains for storms corresponding to specific magnitude and return periods (e.g., 1–2 years; [16]). The floodplain depth can be found by grading the banks (including legacy sediment removal) and/or raising the stream bed. In many instances, however, streams are highly incised with steep banks [12]. The regrading of such banks can result in the exposure of previously buried, highly compacted, coarse-grained and nutrient-poor soils (occasionally containing gravel) at the base of the streambanks. The construction process does not typically control for the compaction of subgrade soils. The removal of trees/forests along the restored floodplains can also contribute to a loss of porous, organic-matter-rich, top soils [17]. While limited “topsoil” or “soil conditioners” or organic matter dressing is provided on the restored floodplain surfaces, the thickness of these layers is constrained by the allowable floodplain design thickness. The end result is suboptimal floodplain thickness with compacted soils with coarse/poor texture.



In addition to the constraints enforced by site conditions and design features, much of the floodplain regrading and legacy sediment removal is accomplished through the use of heavy excavators and earth moving equipment, with the floodplain surface serving as the primary “work area” and the travel route [39,40]. This results in the further compaction of floodplain soils that were already compacted and of poor quality. This soil compaction decreases the soil porosity, increases bulk density, and subsequently reduces runoff infiltration and increases surface runoff. Laub [39] found that bulk density was 19% and 11% higher in the top 10–20 and 20–30 cm of restored soil layers. Newly restored floodplains with shallow depths and compacted soils result in poor water retention, decreased hydraulic conductivity, and the inability of floodplains to absorb overbank flows, and are especially vulnerable to intense storms that generate large surface runoff that results in bank erosion, including the stripping of the newly installed erosion fabric in some instances (e.g., Figure 2). The erosion of such soils is also expedited by the poor soil aggregation of compacted and organic-poor soils.




2.2. Chemical Components of Soil Health


Poor physical conditions of the soil can have direct negative consequences for chemical/nutrient soil processes and functions (Figure 1). In addition to direct impacts through compaction, restoration practices result in a decrease in the amount of soil organic matter and its reduced spatial variability on floodplains [15,39,40]. Laub [39] found a 16% and 49% decrease in soil organic matter and root biomass, respectively, for surficial (10–20 cm) soils following restoration. Unghire [40] not only reported a significant decrease in soil organic matter from a mean of 9.6% pre-restoration to 6.9% three years post-restoration, but also found that the restoration resulted in a spatial homogenization of soil organic matter across the floodplain surface and a loss of “hot spots” or pockets of elevated organic matter concentrations. Spatial variability in soil organic matter is important for soil nutrient functions, with locations of elevated organic matter typically serving as hot spots for biogeochemical processes such as denitrification [41]. The loss of spatial variability in soil organic matter was attributed to the mixing and redistribution of soils on the restored floodplains as well as the oxidation of organic matter during the mixing and overturning of the soils [40]. This oxidation of the organic matter can also release inorganic nutrients (e.g., N and P) and other carbon-bound contaminants and enhance their leaching to stream waters, particularly in the initial period (1–5 years) following restoration [42].



In addition to the surficial loss of organic matter, the regrading of floodplains could result in the removal and loss of buried, relict organic soil horizons [12]. In the Mid-Atlantic US, many of the precolonial marsh and wetland organic soil horizons were buried by legacy sediments as a result of widespread agricultural erosion and sedimentation in the 17th–19th centuries [43,44,45,46,47,48,49]. The removal or retention of these relict organic horizons during floodplain restorations depends on their depth vis à vis the new floodplain surface and the restoration approach used (NCD or LSR). Where the stream has incised considerably and the new NCD designed floodplain surface is below the relict horizon, these layers are typically not incorporated in the restored floodplain [12]. In contrast to NCD, LSR restoration approaches will typically retain such relict horizons [23,50]. A loss of native soil horizons is not beneficial for the new nutrient regime of the restored floodplains.



Even where such relict hydric horizons are retained and leveraged into the restored floodplains, soil nutrient cycling services may take time to recover. Clague [51] found that the denitrification rates were lower for buried subsoils than the surficial A horizon. Similarly, Mattern [12] reported very low denitrification rates for buried organic horizons despite the presence of associated microbes. Some of the reasons could be that the buried C is more recalcitrant than that for the surficial soil, or that the metabolic capacity of the buried microbial community is lower than the surficial soils [51,52]. While the organic C and N content of these relict organic layers may be lower than the surficial organic horizons, they likely still represent a valuable reservoir of native soil microbiome and seeds [50,53] that could potentially play an important role in enhancing nutrient cycling and biodiversity.



Where the excavated stream bank material is not enough and/or of appropriate quality, commercially available organic material and soils, soil amendments, or soils from offsite locations are imported and used for grading and topdressing the floodplain surfaces. Typically, none of these foreign materials and soils are tested for nutrients or contaminants before use. The use of these foreign soils, especially if they contain construction material and/or nutrient-rich amendments (e.g., compost or manure), could increase the pH and leaching of nutrients and other contaminants from the newly restored floodplain surfaces [15,22,42,54]. We also need to recognize that the hydrologic, redox and biogeochemical conditions of the newly restored floodplains are likely very different from pre-restoration bank conditions, and would likely have a different effect (from pre-restoration conditions) on the release and leaching of soils whether they come from an external source or are sourced from the original streambank itself. In addition, the removal of mature trees and vegetation during the construction process can disrupt soils and significantly enhance C and nutrient mineralization and transport to groundwater and streams during the early phases of stream and floodplain restoration [17].



An emerging issue, especially in urban landscapes, which could affect floodplain restorations, is the salinization of urban streams and rivers from road salts, the weathering of impervious surfaces, sewage, and other sources [55,56,57]. This salinization could reduce the effectiveness of riparian zones and floodplain restoration BMPs in retaining nutrients, metals, and other contaminants [57,58]. For example, Na+ in road salts has been shown to displace ammonium-N ions from soil sorption surfaces, depress nitrification and denitrification processes, and enhance N mineralization [59,60,61,62]. In addition, soil aggregation and the quality of organic matter can be altered from salinization due to the dispersive and cation bridging effects of Na+ [61]. Thus, restored floodplain soils that are in greater contact with salty stream waters could potentially switch from a sink to a source of nutrients and contaminants.




2.3. Biological Soil Health and Diversity


Compared to physical and chemical soil conditions, biological health and biodiversity in soils have received even less attention in stream and floodplain restorations [38,63]. Much of the biological focus with regard to riparian plants and biodiversity in stream restorations to date has primarily been on native versus invasive/exotic plant species and the evolution of plant diversity post restoration [15]. These studies yield mixed results, with some indicating increasing invasive and exotic plant encroachment on newly restored floodplains and others reporting no significant change [15]. Though a variety of factors such as post-restoration planting, local climate and hydrology, and watershed-wide land use are likely come into play, floodplain soil health is likely an important contributor to vegetation survival and succession on restored riparian/floodplain sites. The compacted and disturbed soils could, however, provide a favorable environment for the establishment and proliferation of pioneer non-native and invasive plants [15]. In addition, a shallow floodplain soil thickness with compacted soils limits root growth [64] and do not provide a robust substrate for plants and trees to anchor into and survive the erosive forces of large storms. Toppled and displaced tree saplings and plants, along with “root-ball potholes”, are a common sight in such conditions (e.g., Figure 2). This sight is especially common when the floodplains are subjected to large rainfall and storm events immediately after restoration. Indeed, climate change is likely going to increase the frequency and intensity of such storms, with the possibility of increased incidences of such erosive events [65].



Floodplain construction practices probably have the greatest impacts on surface and subsurface soil microbiomes and their functions. Low porosity and high bulk density soils will provide a poor environment for microbes involved in nutrient cycling and removal [37,66], which can be further aggravated by a lack of organic matter in the soils [67]. Buried soils, including the relict hydric soils (Figure 3), have typically been reported to have lower metabolic microbial activity compared to organic horizons at the surface [52]. Thus, when these buried streambank soils are exposed at the floodplain surface, a new soil microbiome regime is likely established. This change could be even more dramatic and likely detrimental for nutrient processing, if foreign soils with a completely different microbiome community are introduced at the site.



Some studies suggest that microbial processes such as denitrification may be virtually nonexistent for long buried soils since the microbial communities responsible are either dead or in hibernation [68,69]. Others, however, have reported that denitrification does occur, but the process rates may initially be very slow and significant recovery could take 1–2 years or more [70,71]. Beyond denitrification, we also know very little about the response of other microbial N processes such as mineralization and nitrification when buried soils are exposed on the floodplains. Surprisingly, our understanding of how buried, relict, hydric soils respond to floodplain restoration and how microbes “wake up” [72] following deep hibernation is extremely poor and limited and needs more attention.



Excavation of the stream banks, overturning and mixing of surficial soils, and regrading of the floodplains also substantially alters, if not destroys, the valuable network of mycorrhizal fungi in the soils. Mycorrhizal fungi produce glomalin, the glycoprotein that has been shown to help with soil aggregation and stability [73]. While bacteria contribute to the formation of micro-aggregates, fungi are the builders of macro-aggregates. Mycorrhizal fungi are also the heavy movers and miners of the subterranean surface [74]. They mine nutrients such as N and P from distal locations on soils and rock surfaces, and transport or move them to the plants in exchange for sugars [75]. Beyond supplying nutrients, healthy mycorrhizal populations also enhance the capacity and resiliency of plants to fight off infections and survive environmental stresses such as those associated with droughts [76]. In the absence of such a support network, it is difficult for newly planted shrubs and tree saplings, particularly native species, to survive on restored floodplain surfaces or in alien/foreign floodplain soils [76].





3. Recommendations for Improving Floodplain Soil Health


The lack of consideration and implementation of soil health in contemporary stream and floodplain restorations is likely a consequence of multiple factors, including (a) an absence of information on specific soil metrics or indices that can be used to monitor the physical, chemical, and biological health of soils and their evolution over time; (b) the unavailability of specific construction and design protocols for providing and maintaining healthy soils on floodplains; (c) the absence of “reference soil conditions” or desired soil health endpoints for restoration and realistic timeframes over which they can be accomplished; and (d) a lack of credits or regulatory benefits that restoration agencies can receive for considering soil health. These knowledge gaps and methods to incentivize soil health need to be addressed to allow for the greater inclusion of healthy soils in floodplain restoration practice. Below, we provide our recommendations for indices evaluating soil health during the stream and floodplain restoration process.



3.1. Soil Indices/Metrics to Characterize Physical, Chemical, and Biological Soil Health


In the absence of specific metrics or indices to characterize soil physical, chemical, and biological health, it is very difficult to assess soil conditions pre- and post-restoration and if and how they evolve with time. Fortunately, this lack of information on soil health metrics has been acknowledged by many researchers and there are increasing efforts to identify and develop robust and reliable soil health metrics. New initiatives have been launched in the agricultural science community to identify soil health parameters for cropland soils [77], with similar efforts, past and present, in the restoration community [63,78,79,80]. These studies provide valuable initial guidance for the selection of such metrics for floodplain restorations. Important criteria that should be considered in selecting soil quality metrics for floodplain restorations are: (a) indices should be able to characterize and quantify the key functions or ecosystem services that the floodplains are providing (e.g., water retention, N removal, etc.); (b) they should be sensitive to various restoration and management treatments and should have low variability; (c) indices should be easy to implement and interpret by practitioners; (d) they should be easily analyzed and be cost effective; and (e) metrics should be applicable to crediting protocols or regulatory requirements to provide incentives for implementation. The last three criteria are particularly critical if we are to encourage practitioners to routinely implement these metrics as a part of their restoration projects. Furthermore, Lozano-Baez [63] also recommended that these assessments should not just be limited to surficial soils (<20 cm), but should extend to the full soil profile being disturbed and restored.



An initial shortlist of potential soil health indices that could be considered for floodplain restorations is provided in Table 1, along with the motivations for use and the analytical methods and citations. This list is derived from some of the recommendations provided by [77] for agricultural soils, but modified for natural floodplains, and is in no measure complete or exhaustive. It may be preferable to start with a smaller set of metrics and standard methods that practitioners can easily adopt (e.g., the “top 10” list of metrics highlighted in Table 1), and subsequently expand the metrics as the technology and availability of the methods improves and becomes more cost effective. Some suggestions for more “advanced” metrics are also included. Establishing links between easily measured soil metrics with complex and beneficial soil biome functions will allow for economical monitoring to determine effectiveness. If these functions can be associated with established environmental regulations or with a crediting protocol, there will be an incentive for practitioners to implement these soil conditions in future stream designs.




3.2. A Top 10 List of Soil Metrics (See Table 1)


Soil bulk density: bulk density is a standard and routine soil metric that has been used widely and can be easily adopted for assessing the compaction of floodplains using heavy equipment (Table 1). Hale [79] recommended bulk density as a promising metric which had low variability and direct relevance to restoration effects on soils. Soil bulk density can also be used to compute the total soil porosity, which is a valuable soil physical characteristic which affects a suite of soil chemical and biological functions [81]. More recently, commercially available soil penetrometers (e.g., Gemplers Spot-On digital compaction meter) have also become available that could provide a quick estimate of soil compaction and bulk density [82].



Soil Texture: Similar to bulk density, soil texture (% sand, silt and clay contents) is a basic soil physical property that has important implications for numerous other soil processes and functions. Soil removal or the introduction of foreign soils to floodplains could directly alter the soil texture and associated soil properties.



Soil Aggregate Stability: Soil aggregate stability would likely decrease considerably following restoration because of the disturbance and overturning of floodplain soils, but could increase/improve with time with an increase in soil organic matter and biological communities [83]. Both bulk density and aggregate stability would be expected to be fairly sensitive to restoration disturbance and treatments. A direct measure of water retention and surface runoff production for restored floodplain soils could be gained from an in situ water infiltration test. This infiltration rate is a function of bulk density and aggregate stability and will directly address one of the key functions of floodplain restorations.



Soil pH and organic matter (SOM): Soil pH and SOM are key first-order chemical properties that influence a host of other soil properties as well as functions and processes. These metrics are expected to change considerably following restoration [40]. It is likely that SOM values may be spatially uniform immediately following restoration, but could vary spatially with time—a desirable result. Assessing such changes would require a spatially distributed sampling pattern across the restored floodplain with multiple sampling locations.



Soil electric conductivity: Soil electric conductivity is a good proxy for the concentrations of various ions in floodplain soils and a good indicator of salinization effects on floodplains. This metric could be used to assess how floodplain soils evolve following restoration, and could be easily assessed via hand-held conductivity meters such as a Hanna Soil test meter (Table 1). Other, more advanced soil metrics could include the cation exchange capacity or the sodium adsorption ratio to assess the effects of sodium on other cations [83].



Soil C and N contents: The total C and N contents of soils were the other two promising metrics recommended by [79] for their functional relevance and low variability. The determination of these metrics will directly address the C and N sequestration and removal (via denitrification for N) functions of restored floodplains. Similarly, soil nitrate-N and ammonium-N are also key measures for N removal in floodplain soils. These can be highly variable, both spatially and temporally [79], and thus may require a greater extent of sampling (sample numbers).



Soil ions/metals: Additional insights into key nutrients (e.g., P) and ions/metals (e.g., sodium and iron) could be provided by Mehlich-3 extractable tests [94,95]; however, the cost and labor associated with these tests could be a factor in their use by practitioners.



Soil N processes: While there are potential denitrification enzyme assays [96] for the characterization of soil denitrification rates, they are not easily available (primarily conducted by researchers) and are labor intensive and expensive, and thus may not be practical for practitioners to deploy on a routine basis.



Soil microbial characterization: In comparison with soil physical and chemical analysis, biological and, particularly, microbial characterizations for soils would be more expensive and labor-intensive but could provide important integrated insights into soil ecological recovery post restoration. Given that the microbial components may be responsible for 90% of the soil ecosystem functions [97], they could be more sensitive compared to the physical and chemical characteristics [63,98].



Soil microbial/PLFA test: One of the quickest and most inexpensive ways to assess total active microbial biomass would be through soil phospholipid fatty acid analyses (PLFA) [99]. PLFA methods may not provide the level of phylogenetic microbial resolution that genomic methods (e.g., rRNA) do, but they may be more sensitive in determining the changes in microbial biomass as a result of restoration treatments [100]. Importantly, PLFA methods characterize the metabolically active part of the microbial community [101], which may be very useful in determining how buried, relict organic soils with inactive microbial communities evolve when subjected to labile C input [52]. A similar change/input of labile C would be expected when buried organic soils are exposed to the surface of restored floodplains.



The PLFA analysis also provides the fungi/bacteria ratio, which may be a valuable metric for assessing the recovery of fungi and bacteria post restoration [80]. PLFA analysis is also typically provided by commercial environmental analytical labs, which may make it more accessible and attractive for restoration practitioners. Where a greater level of microbial community resolution is required, genomic 16S rRNA techniques could be assessed, but these would require a greater level of knowledge and expertise for the interpretation of the results.



Fine Root Biomass: Beyond microbes, other larger scale and higher-level biological assessments could involve determining the fine root biomass in floodplain soils. Fine root biomass (Table 1) would likely be a relatively easy test for practitioners to implement, with some guidance. While microbial responses would likely be apparent within weeks to months post restoration, the higher-level fine root responses may require months to years to yield significant change but may be a strong, integrated indicator of improving soil health for plant growth. Other higher-level metrics such as soil insects or earthworm populations could also provide a similar integrated response, but would require additional guidance and expertise for their interpretation (which may not be an issue for restoration companies with biologists and ecologists).




3.3. Best Practices for Healthy Soils on Restored Floodplains


Best practices will have to be developed by the restoration community to allow for the provision of healthy soils on restored floodplains. These could include design, construction, and regulatory approaches that incentivize soil health. Here, we briefly describe some best practices that can be easily adopted.



The provision of appropriate floodplain soil thicknesses and the avoidance of soil compaction during construction are likely the most important practices that practitioners can immediately and most easily implement. For restoration designs following the NCD approach, floodplain soil thickness could be reached by raising the stream bed to the level that allows for the designed overbank flooding and floodplain reconnection. A depth of 40–50 cm or more of uncompacted, organic rich soil would likely be needed to provide an adequate substrate for plant roots and growth and a healthy microbial environment. Floodplain soil compaction could be avoided by using the stream channel as the “work area” during restoration. This would likely increase the level of compaction for the stream bed and its hyporheic environment, but given the typically gravelly and coarser texture of this substratum it could be the lesser of the two evils.



The provision of topsoil that is organic-rich and microbially active is another key challenge for floodplain restorations. An evaluation of studies using organic amendments including topsoil and “allochthonous organic matter” (e.g., compost and manure) by [54] indicated that topsoil, overall, was more favorable for the restoration sites. Another study [102] in a marsh community indicated that topsoil favored the growth of the desired plant species over the more undesirable ones. One option, as recommended by [38], would be to excavate and save the native, pre-restoration topsoil from the restoration site and reuse it on the newly created floodplain surface. Such an approach would be ideal if the topsoil was not contaminated with chemicals and/or exotic species and their microbiome and seeds were intact. While spreading this topsoil on the new floodplain surface, care should be taken to avoid a homogenous distribution of organic matter spatially and with soil depth. Pockets or locations of elevated concentrations of organic matter or C may be preferred so as to create hot spots of biogeochemical activity [40] on the floodplain. If commercial soil conditioners or offsite organic soils are imported, they should be tested for nutrients or contaminants that could leach following their application to the restored floodplain surface. Where floodplain soil compaction is unavoidable or where the subsurface soil layer (following legacy sediment excavation) is compacted, contractors could implement spike, core, or plug aeration methods similar to those used by turf or lawn professionals [103] to increase soil porosity.



If buried, relict, organic soil horizons are exposed to the surface of the restored floodplain, care should be taken (using the erosion fabric as protection) to avoid their erosion and loss/removal with erosive flows associated with intense storm events. In addition, as indicated earlier, the microbial community of such buried soils could be inactive or dormant. Buried organic horizons at the Gramies Run restoration [12] indicated an active PLFA-derived microbial biomass of only 15 nmol/g and a fungi/bacteria ratio of zero compared to values of 117 nmol/g and 0.59, respectively, for the surficial soil of a contemporary wetland located less than 100 m away. This suggests that the microbial communities in the buried organic soil profile would likely not be able to participate in floodplain biogeochemical (e.g., denitrification) and plant support processes right away, and could take some time for recovery. One potential option to enhance the soil microbiome of the relict soils in such cases would be to inoculate the soil with the native soil microbiome from adjoining wetlands or “reference” sites in the vicinity—like the adjacent wetland complex at Gramies Run. It is expected that such inoculation could stimulate the recovery of bacteria and fungi and associated biogeochemical processes and other microbial services in the relict soils [37]. Such approaches have been tried elsewhere, and have yielded both positive [76] as well as negative [104] outcomes. The recovery of relict, historic soil microbiomes would also be valuable in terms of enhancing floodplain microbiome diversity and contribute to the “rewilding” of the landscape [105]. Following the “Old Friends” hypothesis (that humans/mammals have coevolved with an array of organisms that help to train and regulate our immune systems), the diversification of soil microbiomes, particularly in urban and ecologically degraded green spaces, can provide important biodiversity gains that could extend to providing human health benefits [105,106].



Changes in the soil microbiome also raise other key challenges that are faced by the restoration community—i.e., what are the desired soil health end points or targets for floodplain restorations, and what is the time frame over which restored floodplains can be expected to recover to meet the endpoints? Desired soil health endpoints can likely be set using some of the soil indices and metrics (identified in the previous section) for reference or using undisturbed sites in the vicinity of the restoration location. For example, the PLFA value of 117 nmol/g for the undisturbed wetland soils can be considered a target endpoint for surficial microbial biomass for the restored floodplain at Gramies Run. Similar comparisons against reference sites could be established for other soil indices listed in Table 1, and would enable a more useful evaluation of restoration sites [107]. However, identifying the time frame over which these targets could be achieved is much more challenging.



Very little research exists that has evaluated how floodplain soil characteristics evolve over time post-restoration, and if and when they attain the desired conditions reported for reference or undisturbed sites. The studies that exist, including those for wetland restorations, suggest that soil health recovery post-restoration could be slow and take many years to reach the desirable conditions [80]. More research and information, however, is needed on this issue to provide robust and reliable guidance for restoration practitioners. One approach would be to conduct a thorough assessment of soil health indices (e.g., in Table 1) for selected reference sites and restored floodplain soils spanning a range of time periods (e.g., 0 to 30 years) since restoration. If the assessment has a sufficient spatial and temporal sampling resolution, it could help to identify which soil metrics are most sensitive to change, how and at what rate they evolve with time, and whether the restored site soil health metrics approach the reference or target values.



Finally, one of the best ways to ensure that good soil health practices are implemented for floodplain restorations is to incentivize their inclusion through restoration credits or similar regulatory mechanisms. For example, in the Chesapeake Bay region, water quality managers, municipalities/counties, and restoration designers receive pollution reduction credits for implementing stream restorations that mitigate sediment and nutrient (N and P) pollution. This is accomplished through specific design protocols (#s 1–5) developed by an Urban Stormwater Workgroup made up of regulators, restoration practitioners and researchers [16]. The current Chesapeake Bay protocols are, however, focused primarily on the hydraulics and hydrology of the stream–floodplain connection and do not explicitly consider soil health attributes for nutrient reduction. We propose that these protocols could be revised, or preferably a new protocol (e.g., #6) could be developed that explicitly accounts for soil health through the inclusion of the best practices and soil metrics described above. For example, environmental credits could be provided for implementing a specific soil depth on floodplains; achieving a healthy soil bulk density or organic matter content for restored soils; leveraging buried historic soil horizons in the restoration; and having a vigorous microbial biomass (determined by PLFA, Table 1) post restoration. By including soil health, restoration practitioners and environmental agencies will not only enhance sediment and nutrient reductions, but achieve broader habitat and ecosystem services (see Figure 4) and thus receive additional credits for the attainment of such services.





4. Conclusions


Due to the lack of specific design and construction guidelines, soil metrics for evaluation, and regulatory incentives, soil health is not currently included or addressed in stream and floodplain restorations. Given the critical role of soils in facilitating a variety of ecosystem services, the widespread implementation of stream restorations, and the large amounts of money being invested in these restorations, the non-inclusion of soil health is a missed opportunity. Here, we present a blueprint of how we can enhance floodplain restorations through best practices for soil health and the use of specific soil metrics to design and evaluate soil health over time. The implementation of these guidelines will help to truly attain the ecological and functional uplift that is elusive in current restoration approaches.







Author Contributions


Conceptualization, S.P.I.; writing, S.P.I.; writing—review and editing, S.P.I., S.S.K., R.B.T., L.T., R.R., D.G. and H.B.; funding acquisition, S.P.I. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by a USDA AFRI Award 2020-67019-31164.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


No new data were used in this perspective article.




Acknowledgments


We thank the many students and colleagues who have contributed to our understanding of stream restorations.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bernhardt, E.S.; Palmer, M.A.; Allan, J.D.; Alexander, G.; Barnas, K.; Brooks, S.; Carr, J.; Clayton, S.; Dahm, C.; Follstad-Shah, J.; et al. Synthesizing U.S. River Restoration Efforts. Science 2005, 308, 636–637. [Google Scholar] [CrossRef]

	



Brown, A.G.; Lespez, L.; Sear, D.A.; Macaire, J.; Houben, P.; Klimek, K.; Brazier, R.E.; Van Oost, K.; Pears, B. Natural vs anthropogenic streams in Europe: History, ecology and implications for restoration, river-rewilding and riverine ecosystem services. Earth-Sci. Rev. 2018, 180, 185–205. [Google Scholar] [CrossRef]

	



Palmer, M.A.; Bernhardt, E.S.; Allan, J.D.; Lake, P.S.; Alexander, G.; Brooks, S.; Carr, J.; Clayton, S.; Dahm, C.N.; Follstad Shah, J.; et al. Standards for ecologically successful river restoration. J. Appl. Ecol. 2005, 42, 208–217. [Google Scholar] [CrossRef]

	



Smith, B.; Clifford, N.J.; Mant, J. The changing nature of river restoration. WIREs Water 2014, 1, 249–261. [Google Scholar] [CrossRef]

	



Lammers, R.W.; Bledsoe, B.P. What role does stream restoration play in nutrient management? Crit. Rev. Environ. Sci. Technol. 2017, 47, 335–371. [Google Scholar] [CrossRef]

	



Pasternack, G.B. River Restoration: Disappointing, Nascent, Yet Desperately Needed. In Reference Module in Earth Systems and Environmental Sciences; Elsevier Inc.: Amsterdam, The Netherlands, 2020. [Google Scholar]

	



Wohl, E.; Lane, S.N.; Wilcox, A.C. The science and practice of river restoration. Water Resour. Res. 2015, 51, 5974–5997. [Google Scholar] [CrossRef]

	



Hassett, B.; Palmer, M.; Bernhardt, E.; Smith, S.; Carr, J.; Hart, D. Hart Restoring Watersheds Project by Project: Trends in Chesapeake Bay Tributary Restoration. Front. Ecol. Environ. 2005, 3, 259–267. [Google Scholar] [CrossRef]

	



As Maryland Pours Millions of Dollars into Ailing Streams, Research Shows Some Projects Don’t Help Clean the Bay. Available online: https://www.baltimoresun.com/news/environment/bs-md-stream-restoration-20200102-hqwyeoa4m5bgfhtxybgdalrhby-story.html (accessed on 9 June 2020).

	



Kenney, M.A.; Wilcock, P.R.; Hobbs, B.F.; Flores, N.E.; Martínez, D.C. Is Urban Stream Restoration Worth It? JAWRA J. Am. Water Resour. Assoc. 2012, 48, 603–615. [Google Scholar] [CrossRef]

	



Kaushal, S.S.; Groffman, P.M.; Mayer, P.M.; Striz, E.; Gold, A.J. Effects of Stream Restoration on Denitrification in an Urbanizing Watershed. Ecol. Appl. 2008, 18, 789–804. Available online: https://www.jstor.org/stable/40062186 (accessed on 11 April 2023). [CrossRef]

	



Mattern, K.; Lutgen, A.; Sienkiewicz, N.; Jiang, G.; Kan, J.; Peipoch, M.; Inamdar, S. Stream Restoration for Legacy Sediments at Gramies Run, Maryland: Early Lessons from Implementation, Water Quality Monitoring, and Soil Health. Water 2020, 12, 2164. [Google Scholar] [CrossRef]

	



Filoso, S.; Palmer, M. Stream Restoration Can Improve Water Quality But is Far from Being the Silver Bullet Solution. Water Resour. Impact 2009, 11, 17–18. Available online: https://www.jstor.org/stable/wateresoimpa.11.5.0017 (accessed on 11 April 2023).

	



Palmer, M.A.; Filoso, S.; Fanelli, R.M. From ecosystems to ecosystem services: Stream restoration as ecological engineering. Ecol. Eng. 2014, 65, 62–70. [Google Scholar] [CrossRef]

	



Beauchamp, V.B.; Swan, C.M.; Szlavecz, K.; Hu, J. Riparian community structure and soil properties of restored urban streams. Ecohydrology 2015, 8, 880–895. Available online: https://api.istex.fr/ark:/67375/WNG-7M7HW7HC-V/fulltext.pdf (accessed on 11 April 2023). [CrossRef]

	



Wood, D.; Schueler, T. Consensus Recommendations to Improve Protocols 2 and 3 for Defining Stream Restoration Pollutant Removal Credits. Chesap. Stormwater Netw. 2020. Available online: https://chesapeakestormwater.net/resource/consensus-recommendations-for-improving-the-application-of-the-prevented-sediment-protocol-for-urban-stream-restoration-projects-built-for-pollutant-removal-credit/ (accessed on 11 April 2023).

	



Wood, K.L.; Kaushal, S.S.; Vidon, P.G.; Mayer, P.M.; Galella, J.G. Tree trade-offs in stream restoration: Impacts on riparian groundwater quality. Urban Ecosyst. 2022, 25, 773–795. [Google Scholar] [CrossRef] [PubMed]

	



Berg, J. Stream Restoration as a Means of Meeting Chesapeake Bay TMDL Goals. Water Resour. Impact 2014, 16, 16–18. [Google Scholar]

	



Hilderbrand, R.H.; Acord, J.; Nuttle, T.J.; Ewing, R. Quantifying the ecological uplift and effectiveness of differing stream restoration approaches in Maryland. Applachian Lab. Univ. Md. Cent. Environ. Sci. 2019. Available online: https://cbtrust.org/wp-content/uploads/Hilderbrand-et-al_Quantifying-the-Ecological-Uplift.pdf (accessed on 11 April 2023).

	



Lave, R. The Controversy Over Natural Channel Design: Substantive Explanations and Potential Avenues for Resolution. JAWRA J. Am. Water Resour. Assoc. 2009, 45, 1519–1532. [Google Scholar] [CrossRef]

	



Mayer, P.M.; Groffman, P.M.; Striz, E.A.; Kaushal, S.S. Nitrogen Dynamics at the Groundwater–Surface Water Interface of a Degraded Urban Stream. J. Environ. Qual. 2010, 39, 810–823. [Google Scholar] [CrossRef] [PubMed]

	



Duan, S.; Mayer, P.M.; Kaushal, S.S.; Wessel, B.M.; Johnson, T. Regenerative stormwater conveyance (RSC) for reducing nutrients in urban stormwater runoff depends upon carbon quantity and quality. Sci. Total Environ. 2019, 652, 134–146. [Google Scholar] [CrossRef]

	



Forshay, K.J.; Weitzman, J.N.; Wilhelm, J.F.; Hartranft, J.; Merritts, D.J.; Rahnis, M.A.; Walter, R.C.; Mayer, P.M. Unearthing a stream-wetland floodplain system: Increased denitrification and nitrate retention at a legacy sediment removal restoration site, Big Spring Run, PA, USA. Biogeochemistry 2022, 161, 171–191. [Google Scholar] [CrossRef]

	



Newcomer Johnson, T.; Kaushal, S.; Mayer, P.; Smith, R.; Sivirichi, G. Nutrient Retention in Restored Streams and Rivers: A Global Review and Synthesis. Water 2016, 8, 116. [Google Scholar] [CrossRef]

	



Noe, G.B.; Hupp, C.R.; Rybicki, N.B. Hydrogeomorphology Influences Soil Nitrogen and Phosphorus Mineralization in Floodplain Wetlands. Ecosystems 2013, 16, 75–94. [Google Scholar] [CrossRef]

	



Hopkins, K.G.; Noe, G.B.; Franco, F.; Pindilli, E.J.; Gordon, S.; Metes, M.J.; Claggett, P.R.; Gellis, A.C.; Hupp, C.R.; Hogan, D.M. A method to quantify and value floodplain sediment and nutrient retention ecosystem services. J. Environ. Manag. 2018, 220, 65–76. [Google Scholar] [CrossRef]

	



McMillan, S.K.; Noe, G.B. Increasing floodplain connectivity through urban stream restoration increases nutrient and sediment retention. Ecol. Eng. 2017, 108, 284–295. [Google Scholar] [CrossRef]

	



Noe, G.B.; Hupp, C.R. Carbon, Nitrogen, and Phosphorus Accumulation in Floodplains of Atlantic Coastal Plain Rivers, USA. Ecol. Appl. 2005, 15, 1178–1190. [Google Scholar] [CrossRef]

	



Gift, D.M.; Groffman, P.M.; Kaushal, S.S.; Mayer, P.M. Denitrification Potential, Root Biomass, and Organic Matter in Degraded and Restored Urban Riparian Zones. Restor. Ecol. 2010, 18, 113–120. [Google Scholar] [CrossRef]

	



Lehmann, J.; Bossio, D.; Kogel-Knober, I.; Rillig, M. The concept and future prospects of soil health. Nat. Rev. Earth Environ. 2020, 1, 544–553. [Google Scholar] [CrossRef] [PubMed]

	



Welsh, M.K.; McMillan, S.K.; Vidon, P.G. Impact of Riparian and Stream Restoration on Denitrification in Geomorphic Features of Agricultural Streams. Trans. ASABE 2020, 63, 1157–1167. [Google Scholar] [CrossRef]

	



Welsh, M.K.; McMillan, S.K.; Vidon, P.G. Denitrification along the Stream-Riparian Continuum in Restored and Unrestored Agricultural Streams. J. Environ. Qual. 2017, 46, 1010–1019. [Google Scholar] [CrossRef]

	



Naiman, R.J.; Décamps, H. The ecology of interfaces: Riparian Zones. Annu. Rev. Ecol. Syst. 1997, 28, 621–658. [Google Scholar] [CrossRef]

	



Mcmahon, P.; Beauchamp, V.B.; Casey, R.E.; Salice, C.J.; Bucher, K.; Marsh, M.; Moore, J. Effects of stream restoration by legacy sediment removal and floodplain reconnection on water quality. Environ. Res. Lett. 2021, 16, 035009. [Google Scholar] [CrossRef]

	



Sudduth, E.B.; Hassett, B.A.; Cada, P.; Bernhardt, E.S. Testing the Field of Dreams Hypothesis: Functional responses to urbanization and restoration in stream ecosystems. Ecol. Appl. 2011, 21, 1972–1988. [Google Scholar] [CrossRef] [PubMed]

	



Callaham, M.A.J.; Rhoades, C.C.; Heneghan, L. Striking Profile: Soil Ecological Knowledge in Restoration Management and Science. Restor. Ecol. 2008, 16, 604–607. [Google Scholar] [CrossRef]

	



Heneghan, L.; Miller, S.P.; Baer, S.; Callaham, M.A.J.; Montgomery, J.; Pavao-Zuckerman, M.; Rhoades, C.C.; Richardson, S. Integrating Soil Ecological Knowledge into Restoration Management. Restor. Ecol. 2008, 16, 608–617. [Google Scholar] [CrossRef]

	



Farrell, H.L.; Léger, A.; Breed, M.F.; Gornish, E.S. Restoration, soil organisms, and soil processes: Emerging approaches. Restor. Ecol. 2020, 28, S307–S310. [Google Scholar] [CrossRef]

	



Laub, B.G.; McDonough, O.T.; Needelman, B.A.; Palmer, M.A. Comparison of Designed Channel Restoration and Riparian Buffer Restoration Effects on Riparian Soils. Restor. Ecol. 2013, 21, 695–703. [Google Scholar] [CrossRef]

	



Unghire, J.M.; Sutton-Grier, A.E.; Flanagan, N.E.; Richardson, C.J. Spatial Impacts of Stream and Wetland Restoration on Riparian Soil Properties in the North Carolina Piedmont. Restor. Ecol. 2011, 19, 738–746. [Google Scholar] [CrossRef]

	



Vidon, P.; Allan, C.; Burns, D.; Duval, T.; Gurwick, N.; Inamdar, S.; Lowrance, R.; Okay, J.; Scott, D.; Sebestyen, S. Hot Spots and Hot Moments in Riparian Zones: Potential for Improved Water Quality Management. J. Am. Water Resour. Assoc. 2010, 46, 278–298. [Google Scholar] [CrossRef]

	



Malone, M. A Comparison of the Vegetation and Soils of Restored Streams and Their References in the NC Piedmont. Master’s Thesis, NC State University, Raliegh, NC, USA, 2011. [Google Scholar]

	



James, L.A. Legacy sediment: Definitions and processes of episodically produced anthropogenic sediment. Anthropocene 2013, 2, 16–26. [Google Scholar] [CrossRef]

	



Walter, R.C.; Merritts, D.J. Natural Streams and the Legacy of Water-Powered Mills. Science 2008, 319, 299–304. [Google Scholar] [CrossRef]

	



Jiang, G.; Lutgen, A.; Sienkiewicz, N.; Mattern, K.; Kan, J.; Inamdar, S. Streambank legacy sediment contributions to sediment-bound nutrient yields from a Mid-Atlantic, Piedmont Watershed. J. Am. Water Resour. Assoc. 2020, 56, 820–841. [Google Scholar] [CrossRef]

	



Lutgen, A.; Jiang, G.; Siekiewicz, N.; Mattern, K.; Kan, J.; Inamdar, S. Nutrients and Heavy Metals in Legacy Sediments: Concentrations, Comparisons with Upland Soils, and Implications for Water Quality. J. Am. Water Resour. Assoc. 2020, 56, 669–691. [Google Scholar] [CrossRef]

	



Wegmann, K.; Lewis, R.; Hunt, M. Historic mill ponds and piedmont stream water quality: Making the connection near Raleigh, North Carolina. In From the Blue Ridge to the Coastal Plain: Field Excursions in the Southeastern United States; Geological Society of America: Boulder, CO, USA, 2012; Volume 29. [Google Scholar]

	



Merritts, D.; Walter, R.; Rahnis, M.; Hartranft, J.; Cox, S.; Gellis, A.; Potter, N.; Hilgartner, W.; Langland, M.; Manion, L.; et al. Anthropocene streams and base-level controls from historic dams in the unglaciated mid-Atlantic region, USA. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2011, 369, 976–1009. [Google Scholar] [CrossRef]

	



Merritts, D.; Walter, R.; Rahnis, M.; Cox, S.; Hartranft, J.; Scheid, C.; Potter, N.; Jenschke, M.; Reed, A.; Matuszewski, D.; et al. The rise and fall of Mid-Atlantic streams: Millpond sedimentation, milldam breaching, channel incision, and stream bank erosion. Geol. Soc. Am. Rev. Eng. Geol. 2013, 21, 183–203. [Google Scholar]

	



Hartranft, J.; Merritts, D.; Walter, R.; Rahnis, M. The Big Spring Run Restoration Experiment: Policy, Geomorphology, and Aquatic Ecosystems in the Big Spring Run Watershed, Lancaster County, PA. Sustain 2011, 24, 24–30. [Google Scholar]

	



Clague, J.C.; Stenger, R.; Clough, T.J. The Impact of Relict Organic Materials on the Denitrification Capacity in the Unsaturated–Saturated Zone Continuum of Three Volcanic Profiles. J. Environ. Qual. 2013, 42, 145–154. [Google Scholar] [CrossRef] [PubMed]

	



Bernal, B.; Mckinley, D.C.; Hungate, B.A.; White, P.M.; Mozdzer, T.J.; Megonigal, J.P. Limits to soil carbon stability; Deep, ancient soil carbon decomposition stimulated by new labile organic inputs. Soil Biol. Biochem. 2016, 98, 85–94. [Google Scholar] [CrossRef]

	



Elliott, S.J.; Wilf, P.; Walter, R.C.; Merritts, D.J. Subfossil leaves reveal a new upland hardwood component of the pre-European Piedmont landscape, Lancaster County, Pennsylvania. PLoS ONE 2013, 8, e79317. [Google Scholar] [CrossRef]

	



Scott, B.; Baldwin, A.H.; Ballantine, K.; Palmer, M.; Yarwood, S. The role of organic amendments in wetland restorations. Restor. Ecol. 2020, 28, 776–784. [Google Scholar] [CrossRef]

	



Hintz, W.D.; Fay, L.; Relyea, R.A. Road salts, human safety, and the rising salinity of our fresh waters. Front. Ecol. Environ. 2021, 20, 22–30. [Google Scholar] [CrossRef]

	



Kaushal, S.S.; Likens, G.E.; Pace, M.L.; Utz, R.M.; Haq, S.; Gorman, J.; Grese, M. Freshwater salinization syndrome on a continental scale. Proc. Natl. Acad. Sci. USA 2018, 115, E574. [Google Scholar] [CrossRef]

	



Kaushal, S.S.; Mayer, P.M.; Likens, G.E.; Reimer, J.E.; Maas, C.M.; Rippy, M.A.; Grant, S.B.; Hart, I.; Utz, R.M.; Shatkay, R.R.; et al. Five state factors control progressive stages of freshwater salinization syndrome. Limnol. Oceanogr. Lett. 2022, 8, 190–211. [Google Scholar] [CrossRef]

	



Inamdar, S.P.; Peck, E.K.; Peipoch, M.; Gold, A.J.; Sherman, M.; Hripto, J.; Groffman, P.M.; Trammell, T.L.E.; Merritts, D.J.; Addy, K.; et al. Saturated, Suffocated, and Salty: Human Legacies Produce Hot Spots of Nitrogen in Riparian Zones. J. Geophys. Res. Biogeosciences 2022, 127, e2022JG007138. [Google Scholar] [CrossRef]

	



Ardón, M.; Morse, J.L.; Colman, B.P.; Bernhardt, E.S. Drought-induced saltwater incursion leads to increased wetland nitrogen export. Glob. Chang. Biol. 2013, 19, 2976–2985. [Google Scholar] [CrossRef] [PubMed]

	



Weissman, D.; Ouyang, T.; Tully, K.L. Saltwater intrusion affects nitrogen, phosphorus and iron transformations under oxic and anoxic conditions: An incubation experiment. Biogeochemistry 2021, 154, 451–469. [Google Scholar] [CrossRef]

	



Herbert, E.R.; Boon, P.; Burgin, A.J.; Neubauer, S.C.; Franklin, R.B.; Ardón, M.; Hopfensperger, K.N.; Lamers, L.P.M.; Gell, P. A global perspective on wetland salinization: Ecological consequences of a growing threat to freshwater wetlands. Ecosphere 2015, 6, art206. [Google Scholar] [CrossRef]

	



Noe, G.B.; Krauss, K.W.; Lockaby, B.G.; Conner, W.H.; Hupp, C.R. Effect of increasing salinity and forest mortality on soil nitrogen and phosphorus mineralization in tidal freshwater forested wetlands. Biogeochemistry 2013, 114, 225–244. [Google Scholar] [CrossRef]

	



Lozano-Baez, S.E.; Domínguez-Haydar, Y.; Meli, P.; Meerveld, I.; Vásquez Vásquez, K.; Castellini, M. Key gaps in soil monitoring during forest restoration in Colombia. Restor. Ecol. 2021, 29, e13391. [Google Scholar] [CrossRef]

	



Wolf, E.C.; Rejmánková, E.; Cooper, D.J. Wood chip soil amendments in restored wetlands affect plant growth by reducing compaction and increasing dissolved phenolics. Restor. Ecol. 2019, 27, 1128–1136. [Google Scholar] [CrossRef]

	



Williams, M.; Bhatt, G.; Filoso, S.; Yactayo, G. Stream Restoration Performance and Its Contribution to the Chesapeake Bay TMDL: Challenges Posed by Climate Change in Urban Areas. Estuaries Coasts 2017, 40, 1227–1246. [Google Scholar] [CrossRef]

	



Baer, S.G.; Heneghan, L.; Eviner, V.T. Applying Soil Ecological Knowledge to Restore Ecosystem Services. In Soil Ecology and Ecosystem Services; Oxford University Press: Oxford, UK, 2012; p. 377. [Google Scholar]

	



Paul, E.A. Soil Microbiology, Ecology, and Biochemistry; Academic Press: Cambridge, MA, USA, 2015. [Google Scholar]

	



Orr, C.H.; Stanley, E.H.; Wilson, K.A.; Finlay, J.C. Effects of restoration and reflooding on soil denitrification in a leveed Midwestern floodplain. Ecol. Appl. 2007, 17, 2365–2376. [Google Scholar] [CrossRef]

	



Peralta, A.L.; Matthews, J.W.; Kent, A.D. Microbial community structure and denitrification in a wetland mitigation bank. Appl. Environ. Microbiol. 2010, 76, 4207–4215. [Google Scholar] [CrossRef]

	



Song, K.; Lee, S.; Kang, H. Denitrification rates and community structure of denitrifying bacteria in a newly constructed wetland. Eur. J. Soil Biol. 2010, 47, 24–29. [Google Scholar] [CrossRef]

	



Dandie, C.E.; Wertz, S.; Leclair, C.L.; Goyer, C.; Burton, D.L.; Patten, C.L.; Zebarth, B.J.; Trevors, J.T. Abundance, diversity and functional gene expression of denitrifier communities in adjacent riparian and agricultural zones. FEMS Microbiol. Ecol. 2011, 77, 69–82. [Google Scholar] [CrossRef]

	



Epstein, S.S. Microbial awakenings. Nature 2009, 457, 1083. [Google Scholar] [CrossRef] [PubMed]

	



Wright, S.F.; Upadhyaya, A. A survey of soils for aggregate stability and glomalin, a glycoprotein produced by hyphae of arbuscular mycorrhizal fungi. Plant Soil 1998, 198, 97–107. [Google Scholar] [CrossRef]

	



Evans, M. Soil: The Incredible Story of What Keeps the Earth, and Us, Healthy; Murdoch Books: London, UK, 2021. [Google Scholar]

	



The Rhizosphere—Roots, Soil and Everything in Between. Nature Education Knowledge. Available online: https://www.nature.com/scitable/knowledge/library/the-rhizosphere-roots-soil-and-67500617/ (accessed on 11 April 2023).

	



Grman, E.; Allen, J.; Galloway, E.; Mcbride, J.; Bauer, J.T.; Price, P.A. Inoculation with remnant prairie soils increased the growth of three native prairie legumes but not necessarily their associations with beneficial soil microbes. Restor. Ecol. 2020, 28, S393–S399. [Google Scholar] [CrossRef]

	



Norris, C.E.; Bean, G.M.; Cappellazzi, S.B.; Cope, M.; Greub, K.L.H.; Liptzin, D.; Rieke, E.L.; Tracy, P.W.; Morgan, C.L.S.; Honeycutt, C.W. Introducing the North American project to evaluate soil health measurements. Agron. J. 2020, 112, 3195–3215. [Google Scholar] [CrossRef]

	



Doran, J.W.; Zeiss, M.R. Soil health and sustainability: Managing the biotic component of soil quality. Appl. Soil Ecol. 2000, 15, 3–11. [Google Scholar] [CrossRef]

	



Hale, R.; Reich, P.; Daniel, T.; Lake, P.S.; Cavagnaro, T.R. Scales that matter: Guiding effective monitoring of soil properties in restored riparian zones. Geoderma 2014, 228–229, 173–181. [Google Scholar] [CrossRef]

	



Muñoz-Rojas, M.; Erickson, T.E.; Dixon, K.W.; Merritt, D.J. Soil quality indicators to assess functionality of restored soils in degraded semiarid ecosystems. Restor. Ecol. 2016, 24, S43–S52. [Google Scholar] [CrossRef]

	



Blake, G.R.; Hartge, K.H. Bulk density. In Methods of Soil Analysis: Part Physical and Mineralogical Methods; Klute, A., Ed.; ASA and SSSA: Madison, WI, USA, 1986; pp. 363–382. [Google Scholar]

	



Vazquez, L.; Myhre, D.L.; Hanlon, E.A.; Gallaher, R.N. Soil penetrometer resistance and bulk density relationships after long-term no tillage. Commun. Soil Sci. Plant Anal. 1991, 22, 2101–2117. [Google Scholar] [CrossRef]

	



Weil, R.R.; Brady, N.C. Nature and Properties of Soils, 15th ed.; Pearson: London, UK, 2016; p. 1104. [Google Scholar]

	



Gee, G.W.; Bauder, J.W. Particle-size Analysis. In Methods of Soil Analysis; SSSA Book Series; American Society of Agronomy: Madison, WI, USA, 1986; pp. 383–411. [Google Scholar]

	



Kemper, W.D.; Rosenau, R.C. Aggregate Stability and Size Distribution. In Methods of Soil Analysis; American Society of Agronom: Madison, WI, USA, 1986; pp. 425–442. [Google Scholar]

	



Reynolds, W.D.; Elrick, D.E. Ponded Infiltration from a Single Ring: I. Analysis of Steady Flow. Soil Sci. Soc. Am. J. 1990, 54, 1233–1241. [Google Scholar] [CrossRef]

	



Thomas, G.W. Soil pH and Soil Acidity. In Methods of Soil Analysis; SSSA Book Series; American Society of Agronomy: Madison, WI, USA, 1996; pp. 475–490. [Google Scholar]

	



Nelson, D.W.; Sommers, L.E. Total Carbon, Organic Carbon, and Organic Matter. In Methods of Soil Analysis; SSSA Book Series; American Society of Agronomy: Madison, WI, USA, 1996; pp. 961–1010. [Google Scholar]

	



Saha, U.K.; Sonon, L.; Biswas, B.K. A Comparison of Diffusion-Conductimetric and Distillation-Titration Methods in Analyzing Ammonium- and Nitrate-Nitrogen in the KCl-Extracts of Georgia Soils. Commun. Soil Sci. Plant Anal. 2018, 49, 63–75. [Google Scholar] [CrossRef]

	



Sikora, F.S.; Moore, K. Soil test methods from the southeastern United States. South. Coop. Ser. Bull. 2014, 419, 54–58. [Google Scholar]

	



Buyer, J.S.; Sasser, M. High throughput phospholipid fatty acid analysis of soils. Appl. Soil Ecol. Microorg. Sustain. Manag. Soil 2012, 61, 127–130. [Google Scholar] [CrossRef]

	



Thompson, L.R.; Sanders, J.G.; McDonald, D.; Amir, A.; Ladau, J.; Locey, K.J.; Prill, R.J.; Tripathi, A.; Gibbons, S.M.; Ackermann, G.; et al. A communal catalogue reveals Earth’s multiscale microbial diversity. Nature 2017, 551, 457–463. [Google Scholar] [CrossRef] [PubMed]

	



Frasier, I.; Noellemeyer, E.; Fernández, R.; Quiroga, A. Direct field method for root biomass quantification in agroecosystems. MethodsX 2016, 3, 513–519. [Google Scholar] [CrossRef]

	



Mozaffari, M.; Sims, J.T. Phosphorus availability and sorption in an Atlantic coastal plain watershed dominated by animal-based agriculture. Soil Sci. 1994, 157, 97–107. [Google Scholar] [CrossRef]

	



Sims, J.T.; Maguire, R.O.; Leytem, A.B.; Gartley, K.L.; Pautler, M.C. Evaluation of Mehlich 3 as an Agri-Environmental Soil Phosphorus Test for the Mid-Atlantic United States of America. Soil Sci. Soc. Am. J. 2002, 66, 2016–2032. [Google Scholar] [CrossRef]

	



Groffman, P.M.; Altabet, M.A.; Böhlke, H.; Butterbach-Bahl, K.; David, M.B.; Firestone, M.K.; Giblin, A.E.; Kana, T.M.; Nielsen, L.P.; Voytek, M.A. Voytek Methods for Measuring Denitrification: Diverse Approaches to a Difficult Problem. Ecol. Appl. 2006, 16, 2091–2122. [Google Scholar] [CrossRef]

	



Adhikari, K.; Hartemink, A.E. Linking soils to ecosystem services—A global review. Geoderma 2016, 262, 101–111. [Google Scholar] [CrossRef]

	



Cardoso, E.J.B.N.; Vasconcellos, R.L.F.; Bini, D.; Miyauchi, M.Y.H.; Santos, C.A.; Alves, P.R.L. Soil health: Looking for suitable indicators. What should be considered to assess the effects of use and management on soil health? Sci. Agric. 2013, 70, 274–289. [Google Scholar] [CrossRef]

	



Frostegård, Å.; Tunlid, A.; Bååth, E. Use and misuse of PLFA measurements in soils. Soil Biol. Biochem. 2011, 43, 1621–1625. [Google Scholar] [CrossRef]

	



Ramsey, P.W.; Rillig, M.C.; Feris, K.P.; Holben, W.E.; Gannon, J.E. Choice of methods for soil microbial community analysis: PLFA maximizes power compared to CLPP and PCR-based approaches. Pedobiologia 2006, 50, 275–280. [Google Scholar] [CrossRef]

	



Ruess, L.; Chamberlain, P.M. The fat that matters: Soil food web analysis using fatty acids and their carbon stable isotope signature. Soil Biol. Biochem. 2010, 42, 1898–1910. [Google Scholar] [CrossRef]

	



Erwin, K.L.; Ronnie Best, G. Marsh community development in a central Florida phosphate surface-mined reclaimed wetland. Wetlands 1985, 5, 155–166. [Google Scholar] [CrossRef]

	



Aveni, M. Aerating Your Lawn; Publication# 430-002; Virginia Cooperative Extension Publication: Leesburg, VA, USA, 2013. [Google Scholar]

	



Lance, A.C.; Burke, D.J.; Hausman, C.E.; Burns, J.H. High-throughput sequencing provides insight into manipulated soil fungal community structure and diversity during temperate forest restoration. Restor. Ecol. 2020, 28, S365–S372. [Google Scholar] [CrossRef]

	



Mills, J.G.; Weinstein, P.; Gellie, N.J.C.; Weyrich, L.S.; Lowe, A.J.; Breed, M.F. Urban habitat restoration provides a human health benefit through microbiome rewilding: The Microbiome Rewilding Hypothesis. Restor. Ecol. 2017, 25, 866–872. [Google Scholar] [CrossRef]

	



Mills, J.G.; Bissett, A.; Gellie, N.J.C.; Lowe, A.J.; Selway, C.A.; Thomas, T.; Weinstein, P.; Weyrich, L.S.; Breed, M.F. Revegetation of urban green space rewilds soil microbiotas with implications for human health and urban design. Restor. Ecol. 2020, 28, S322–S334. [Google Scholar] [CrossRef]

	



Bünemann, E.K.; Bongiorno, G.; Bai, Z.; Creamer, R.E.; De Deyn, G.; de Goede, R.; Fleskens, L.; Geissen, V.; Kuyper, T.W.; Mäder, P.; et al. Soil quality—A critical review. Soil Biol. Biochem. 2018, 120, 105–125. [Google Scholar] [CrossRef]








[image: Soilsystems 07 00036 g001 550] 





Figure 1. Potential impacts of stream restoration practices on floodplain soils. Lack of consideration for floodplain soil health results in loss of ecosystem services. The photo shows a stream in Cecil County, Maryland immediately after restoration (based on NCD). 
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Figure 2. Floodplain erosion and fabric tear (arrow) and “potholes” (encircled) created by uprooted plant saplings following a large storm on a recently restored site. Toppled wire meshes used for planted saplings can also be seen in the background on the opposite floodplain. The photo is facing downstream, and the direction of the overbank flows is indicated by the toppled grass in the downstream direction. 
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Figure 3. Buried organic horizon along Gramies Run in Cecil County, Maryland, that was carbon-dated to 950 ± 30 BP [12]. These precolonial organic horizons buried under light-colored legacy sediments are especially common in the Mid-Atlantic United States. Currently, there are no specific guidelines on how these historic hydric soils should be preserved and retained in stream and floodplain restorations, and this void typically results in a loss of these horizons during restorations. 
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Figure 4. Ecosystem benefits and services expected from improved floodplain soil health and management. 
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Table 1. Potential list of top 10 indices (in bold) or metrics that could be used to assess the physical, chemical, and biological health of soils on restored floodplains (modified from [77] for floodplains). Indices indicated with an asterisk are advanced tests that could be implemented if these are accessible and cost effective for the practitioners.
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Soil Metric

	
Motivation/Used For

	
Method/Citation






	
Physical soil properties




	
Bulk density

	
Compaction

	
[81]




	
Penetration test

	
Compaction

	
Using a penetrometer; [82]




	
Porosity

	
Compaction, water retention, nutrient conditions, microbial habitat

	
Derived from bulk density measurements; [83]




	
Texture

	
Basic soil metric used for numerous other soil properties

	
[84]




	
Aggregate stability

	
Potential for erosion resistance

	
[85]




	
In situ infiltration rate

	
Water retention; potential for surface runoff and erosion

	
[86]




	
Chemical soil properties




	
pH and organic matter

	
Basic chemical condition

	
[87]; loss on ignition




	
Electric conductivity

	
Presence of ions and metals, salinization

	
Hand-held electric conductivity sensor—e.g., Hanna Soil Test meter.




	
Total C and N

	
C and N sequestration

	
[88]




	
Nitrate-N and ammonium-N by KCl extraction

	
Inorganic N removal and retention in soils

	
[89]




	
* Mehlich-3 extraction for select cations and metals

	
Phosphorus and metal content and removal

	
[90]




	
Biological soil properties




	
Phospholipid fatty acids (PLFAs)

	
Broader test for active microbial biomass; fungi to bacteria ratio

	
[91]




	
* Genomics—16S rRNA

	
More specific microbial composition

	
[92]




	
Fine root biomass

	
Potential for plant growth and recovery

	
[93]
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