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As we approach the Decade of Ecosystem Restoration (2021–2030), there is renewed focus on improving wetland restoration practices to reestablish the habitat and climate mitigation functions and services that wetlands provide. A first step in restoring these functions and services is to reestablish the native vegetation structure and composition through strategic seed-based approaches. These approaches should be driven by ecological, genetic, and evolutionary principles, along with consideration for economics, logistics, and other social constraints. Effective seed-based approaches must consider the chosen species, seed sourcing, dormancy break and germination requirements, seed enhancement technologies, potential invaders, seeding densities, and long-term monitoring. Choice of species should reflect historical plant communities and future environmental conditions, species that support functional goals including invasion resistance, and seed availability constraints. Furthermore, seeds should be sourced to ensure ample genetic diversity to support multifunctionality and evolutionary capacity while also considering the broad natural dispersal of many wetland species. The decision to collect wild seeds or purchase seeds will also impact species choice and genetic diversity, which can have cascading effects for functional goals. To ensure seedling establishment, seed dormancy should be addressed through dormancy breaking treatments and the potentially narrow germination requirements of some species will require targeted sowing timing and location to align with safe sites. Other seed enhancements such as priming and coatings are poorly developed for wetland restoration and their potential for improving establishment is unknown. Because wetlands are highly invasion prone, potential invaders and their legacies should be addressed. Seeding densities should strike a balance between outcompeting invaders and preserving valuable seed resources. Invader control and long-term monitoring is key to improving revegetation and restoration. Here, we review scientific advances to improve revegetation outcomes, and provide methods and recommendations to help achieve the desired goals. Gaps in knowledge about seed-based wetland restoration currently exist, however, and untested practices will certainly increase risks in future efforts. These efforts can be used to better understand the ecological, genetic, and evolutionary processes related to wetland seeds, which will bring us one step closer to seed-based restoration of functions and services needed for human and ecological communities.
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INTRODUCTION

The United Nations declared 2021–2030 as the Decade on Ecosystem Restoration (Eisele and Hwang, 2019). Priorities of this initiative include mitigating biodiversity and land degradation, protecting food chains in mangroves, sustainably managing nitrogen to improve water quality, sustainably managing peatlands to mitigate climate change, and supporting a blue economy. To address these priorities wetland restoration must be an integral part of their efforts.

Wetlands provide essential ecosystem functions and services such as supporting biodiversity for conservation, providing habitat to support hunting and fisheries, improving water quality for downstream waters, combatting sea level rise, protecting coastlines, and mitigating the effects of flooding, drought, and climate change (Zedler and Kercher, 2005; Brander et al., 2013; Duarte et al., 2013; Bouma et al., 2014; Espeland and Kettenring, 2018; Benson et al., 2019; Qu et al., 2019). But historically wetlands were viewed as wastelands and have been heavily impacted by humans, resulting in a loss of more than half of wetlands globally with significant impacts and risks to wildlife, humans, and economies (Zedler and Kercher, 2005; Endter-Wada et al., 2018, 2020). While there is an urgent need to restore wetlands, fully recovering the functions and services of target reference wetlands has been an elusive restoration outcome (Benayas et al., 2009; Moreno-Mateos et al., 2012; Meli et al., 2014).

Employing strategic seed-based approaches in wetland restoration is a first step to more quickly and completely recover the underlying vegetation structure and composition that supports these vital functions and services. Seed-based approaches are less expensive and more logistically feasible in treating larger areas than other wetland revegetation techniques (e.g., planting plugs, transplanting rhizomes, and installing sod mats) despite the high cost of native seed (Godefroid et al., 2011; Merritt and Dixon, 2011; Broadhurst et al., 2016; Nevill et al., 2018). However, seeding results can be unpredictable and mortality high (Drayton and Primack, 2000, 2012; Tilley and Hoag, 2006; Godefroid et al., 2011; Peralta et al., 2017; Matthews et al., 2019; Sloey and Hester, 2019; Greet et al., 2020). The seed and seedling stages of plants are a demographic bottleneck and often few seeds survive to become seedlings (Figure 1; Leck et al., 2008; Palma and Laurance, 2015).
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FIGURE 1. The early seed and seedling life stages of plants. Germination is defined as the radicle emerging from the seed (first panel) whereas seedling emergence occurs when the cotyledon(s) of the seedling penetrates the soil surface (second panel). Establishment occurs when a seedling has transitioned from relying on the seed reserves to being a photosynthetic autotroph (third panel) (Larson et al., 2015). Survival occurs if the plant is still alive by the end of the growing season (fourth panel). Watercolor by Corey Labrie.


An effective seed-based approach should be driven by ecological, genetic, and evolutionary principles, along with consideration for economics, logistics, and other social constraints (Figure 2). Best practices for seed-based restoration that address limiting environmental factors and inform strategic management interventions are imperative for improving revegetation outcomes (James and Carrick, 2016). Recent reviews have highlighted approaches for seeding dryland and forest ecosystems (e.g., Kildisheva et al., 2016; Grossnickle and Ivetić, 2017), but there are few synthetic comprehensive reviews for seed-based restoration of wetlands (but see Marion and Orth, 2010 on seagrasses), and much of the guidance is broadly scattered throughout the peer-reviewed and gray literature.
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FIGURE 2. For each step of seed-based wetland restoration, significant revegetation challenges persist and there are numerous opportunities for future research directions. 1(Broadhurst et al., 2008); 2(Merritt and Dixon, 2011); 3(Basey et al., 2015); 4(Perry and Galatowitsch, 2004); 5(Suding, 2011); 6(Butterfield et al., 2017); 7(Havens et al., 2015); 8(Hufford and Mazer, 2003); 9(Broadhurst et al., 2016); 10(James et al., 2011); 11(Hess et al., 2019); 12(Holl and Aide, 2011); 13(Byun et al., 2013); 14(Doherty et al., 2011); 15(Oliver et al., 2015); 16(Kettenring et al., 2019b); 17(McKay et al., 2005); 18(White et al., 2018); 19(Walck et al., 2011); 20(Peralta et al., 2017); 21(Tilley and Hoag, 2006); 22(Unsworth et al., 2019); 23(Larson and Funk, 2016); 24(Zirbel and Brudvig, 2020); 25(Daniel et al., 2019); 26(Cleland et al., 2015); 27(Reinhardt Adams and Galatowitsch, 2008); 28(van Katwijk et al., 2016); 29(Smith-Cartwright and Chow-Fraser, 2011); 30(Taddeo and Dronova, 2020).


Here we synthesize the latest knowledge in seed-based wetland restoration and explore common challenges and potential solutions. Our review broadly spans the various types of wetlands, including seagrass meadows, coastal marshes (salt, brackish, and freshwater tidal), forested wetlands (riparian, floodplain, bottomland hardwood, mangroves), and inland freshwater and saline wetlands (emergent wetlands, sedge meadows, wet prairies, fens, vascular plants in bogs, and temporary or seasonal wetlands like vernal pools and mudflats). We highlight how seed-based wetland restoration can be improved by better incorporating ecological, genetic, and evolutionary principles. We focus on issues related to seed acquisition (section “Seed Acquisition”) and preparation (section “Seed Preparation”) including choice of species and seed sources, seed collections, and seed treatments. We also address critical aspects of site preparation (section “Site Preparation”) and seeding (section “Seeding”) including constraints to seedling survival, seeding densities and approaches, germination safe sites as well as invasive species issues and the essential role of monitoring (section “Maintenance and Monitoring”). But first, when is seeding appropriate?



FACTORS INFLUENCING THE NEED TO SEED

When considering a seed-based approach to wetland restoration, it is important to first decide if seeding is needed. If aspects of the site or landscape context indicate that native plant communities naturally reestablishing will be species-poor or genetically depauperate, or slow to recover (section “Site and Landscape Context”), then choose to seed. If invasive species are likely to rapidly invade a restoration and preempt recolonizing native plants (section “Nutrient Enrichment and Invasive Species Impacts”), then choose to seed. If restoration goals require genetically diverse and species-diverse plant communities (section “Ecological, Genetic, and Evolutionary Benefits of Seeding”), and that diversity might not recover naturally, then choose to seed.


Site and Landscape Context

Aspects of site and landscape conditions (potentially unknown or unquantified) drive how readily native plant communities will recolonize (Figure 2). Existing native vegetation on-site (i.e., remnant patches) or in adjacent wetlands can rapidly expand into restorations (Galatowitsch and van der Valk, 1996; Wolters et al., 2008). Also, many wetlands have diverse seed banks, and these can be sources for plant recovery depending on the length of wetland drainage, intervening land-use history, extent of excavation, and on-going effects of climate change (Wienhold and van der Valk, 1989; Middleton, 2003; Walck et al., 2011; McLane et al., 2012; Dawson et al., 2017, 2020; Winikoff et al., 2020). A cursory site assessment for remnant vegetation and a straightforward seed bank assay can indicate whether these seed sources are sufficient to make seeding unnecessary (Grewell et al., 2019; Sloey and Hester, 2019). However, seed bank composition and density can be spatially and temporally variable so a well-designed sampling approach is needed to ensure the seed bank assay is sufficiently informative (Leck and Brock, 2000; Orth et al., 2000; Leck and Schütz, 2005).

Nearby wetlands in relatively intact landscapes can also serve as propagule sources, and seemingly isolated wetlands may be highly connected via bird seed dispersers, non-channelized surface flow, and channelized streamflow (Santamaría, 2002; Nilsson et al., 2010; Soons et al., 2016; Alexander et al., 2018; Leibowitz et al., 2018). However, with landscape fragmentation, historical (often hydrologic) connectivity among wetlands can be severed, and the number of arriving seeds is often too limited and lacking native diversity to support rapid plant community recovery (Galatowitsch and Richardson, 2005; Galatowitsch, 2006; Mazerolle et al., 2006; Kettenring and Galatowitsch, 2011b; Donnelly et al., 2020).



Nutrient Enrichment and Invasive Species Impacts

Nutrient enrichment and invasive species are two other important considerations for deciding to seed. Wetlands, as landscape sinks, are highly prone to invasion and simultaneously also accumulate nutrients that fuel further invasions (Davis et al., 2000; Zedler and Kercher, 2004). Therefore, the species that often recolonize new wetland restorations are disturbance specialists that thrive on these conditions (Galatowitsch et al., 1999). A key advantage of taking an aggressive seed-based approach to wetland restoration is to preempt the (re)invasion of undesirable species (section “Priority Effects”; Hess et al., 2019).



Ecological, Genetic, and Evolutionary Benefits of Seeding

Seeding also has the advantage of mimicking natural ecological and evolutionary processes for many wetland species. A common misconception is that the perennial dominants of many wetlands rely mostly on clonal reproduction (e.g., tillers, rhizomes, and turions). However, genetic assessments have determined that many wetland plants actually have high levels of genetic diversity within sites such as Potamogeton pectinatus [now Stuckenia pectinata (L.) Börner; Hangelbroek et al., 2002; Triest and Fenart, 2014], Nymphoides fallax Ornduff (Lobato de Magalhães et al., 2020), N. peltata (Gmel.) O. Kuntza (Liao et al., 2013), and Bolboschoenus (Asch.) Palla and Schoenoplectus (Rchb.) Palla species (Sweetman et al., 2013; Kettenring et al., 2019b). Such findings indicate that sexual reproduction is naturally quite common. In addition, little genetic differentiation among populations has been found for many wetland species, which is an indicator of high gene flow among wetlands via seeds (Santamaría, 2002; Pollux et al., 2009; Nilsson et al., 2010; Sweetman et al., 2013; Ngeve et al., 2017; Orsenigo et al., 2017; Kettenring et al., 2019b; Lobato de Magalhães et al., 2020).

Seeding also allows for the inclusion of higher numbers of species and genotypes relative to the more logistically intensive planting process (Godefroid et al., 2011; Reynolds et al., 2012). Higher genetic diversity is critical for the ability of plants to evolve in response to future changes, and both genetic and species diversity are essential to support ecosystem multifunctionality (section “Seed Source Diversity”), i.e., the simultaneous support of multiple ecosystem functions (Bischoff et al., 2010; Reynolds et al., 2012; Kettenring et al., 2014; Palma and Laurance, 2015; Espeland et al., 2017; Zeldin et al., 2020).



SEED ACQUISITION

Achieving restoration goals requires careful consideration of the species composition of seed mixes (section “Species Composition of the Seed Mix”) and seed source diversity (section “Seed Source Diversity”). Control over the species and genetic diversity of seed mixes depends, in part, on whether seeds are wild-collected or purchased (section “Wild-Collecting vs. Purchasing Seeds”). With wild-collecting, practitioners must carefully consider where and how much seed to collect (section “Seed Collection Locations and Amounts”) as well as when and how to collect seeds (sections “Seed Collection Timing” and “Seed Collection Approaches”).


Species Composition of the Seed Mix


Species Choices Based on Historical Plant Communities and Future Environmental Conditions

Many practitioners have the goal of returning wetlands to their previous pre-disturbance state, which is often centered on reintroducing native species that historically existed on a site or what is present in nearby reference ecosystems with similar environmental conditions (Allen et al., 2001; Sullivan, 2001; Thampanya et al., 2002). Recreating historical plant communities requires that the site provides suitable environmental conditions (e.g., flooding, anoxia, drought, salinity, and physical disturbance) that align with tolerances of target species. However, a subset of what is sown may be filtered out if there is a mismatch between species’ environmental tolerances and site conditions (Figure 3A; Rieger et al., 2014).
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FIGURE 3. (A) Choosing species from a species pool (A through G) to introduce to a wetland restoration site involves sequentially considering each species’ ability to exist at the site in current and future climate conditions and the functional goals of the restoration project. A subset of species A–G pass through the first filter in seed mix design based on their ability to tolerate current and future environmental conditions at the site. Next the species pool is whittled down based on different species’ ability to provide desired functional goals; (B) future conditions at the site might shift to a drier state, thus excluding species A entirely (adapted from Walck et al., 2011, with permission from John Wiley and Sons); (C) the relative proportion of different species (A–D) should reflect functional goals of the restoration (adapted from Laughlin, 2014, with permission from John Wiley and Sons). Such goals might include provisioning of wildlife habitat (i.e., choosing species that provide high-quality food sources or nesting habitat); resilience to future climate shifts (e.g., choosing species that can best survive with predicted shifts in precipitation or temperature); and invasion resistance by fostering niche complementarity with a combination of native species that maximize resource use and limit resources like light for the invader. Alternatively, if a single native species is known to be a strong competitor against an invader (e.g., based on the limiting similarity hypothesis; Funk et al., 2008), then that species should be reintroduced at a much higher rate and the relative proportions might look more like what is depicted in the climate resiliency scenario. At the sub-species level, different seed sources (again, A–D) may fulfill different functional roles due to different evolutionary histories and local adaptation and thus their relative proportions in seed mixes can be intentionally manipulated to optimize desired phenotypic traits and related functional goals.


Environmental filtering of species is likely to become more extreme with climate change and many target species may not survive under future environmental conditions. Therefore, “prestoration” of species that will do well in a restoration under current and future conditions may be necessary to establish a self-sustaining plant community (Figure 3B; Jump and Peñuelas, 2005; Butterfield et al., 2017).



Choosing Native Plants for Functional Goals Including Invasion Resistance

Society demands that wetland restorations are often linked to valued ecosystem services (section “Introduction”). Thus, seed mixes should include a diversity of species that support ecosystem functioning (i.e., multifunctionality) and ecosystem services valued by society (Kettenring et al., 2014; Laughlin, 2014).

Given the far-reaching impacts of wetland invasions, limiting future invaders (i.e., the ecosystem function of biotic or invasion resistance; Levine et al., 2004) should be considered when designing seed mixes. Reintroducing a diversity of species, particularly those that can best “fill the space” and limit light, nutrients, and even water for future invaders, is ideal (Figure 3C; Shipley et al., 1989; Shipley and Parent, 1991; Iannone and Galatowitsch, 2008; Byun et al., 2013, 2018; Hess et al., 2019; Matthews et al., 2019).

A suite of fast-growing plants (usually annuals) can be effective at resource pre-emption (e.g., Byun et al., 2013, 2015). However, in some wetland systems the use of annuals as “cover crops” had undesired effects. The cover crops did not suppress species selectively and inhibited the establishment of desired native, habitat-forming, perennial species (Perry and Galatowitsch, 2003; Perry et al., 2004; Iannone and Galatowitsch, 2008; Borkenhagen and Cooper, 2019). More research is warranted to identify species that offer selective suppression of wetland invaders (Figure 2). Furthermore, other techniques to increase establishment of habitat-forming perennial species – such as completely breaking seed dormancy and improving germination and establishment conditions – may be as conducive to supporting biotic resistance as introducing fast growing annuals (Iannone and Galatowitsch, 2008; Lishawa et al., 2019; Rosbakh et al., 2019).



Constraints of Seed Availability

A diverse seed mix will ultimately be constrained by budgets and seed availability (i.e., the “restoration species pool” sensu Ladouceur et al., 2018). “Workhorse” species may be readily available while species that are rare, expensive, difficult to propagate, or simply poorly researched (e.g., dormancy-breaking or germination requirements) will be harder to obtain and reestablish (Figure 2; Kettenring and Galatowitsch, 2007a; Broadhurst et al., 2016; White et al., 2018; Hancock et al., 2020; Hugron et al., 2020). However, acquiring these species is important to avoid the homogenization of restored communities and loss of multifunctionality linked to those species (Palma and Laurance, 2015; Broadhurst et al., 2016; Ladouceur et al., 2018; White et al., 2018).



Seed Source Diversity

In addition to choosing which species to sow at a site, the decision of where to source seeds has ecological, genetic, and evolutionary implications for wetland restoration. Specifically, developing a seed mix with high levels of genetic diversity is essential to increase plant establishment, survival, and fitness (Godefroid et al., 2011; Aavik et al., 2012; Jordan et al., 2019). Furthermore, high genetic diversity can increase the ability of plants to adapt to local conditions and result in a plant community and native seed bank with high evolutionary potential under a changing climate (Rice and Emery, 2003; Broadhurst et al., 2008; Leimu and Fischer, 2008; Espeland et al., 2017).

Genetic diversity is also important for community and ecosystem processes (Whitham et al., 2003; Hughes et al., 2008), including higher primary productivity, invasion resistance, and ecosystem resilience that allows for communities to withstand episodic disturbances (Figure 3C; Reusch et al., 2005; Kotowska et al., 2010; Vellend et al., 2010). Because some wetland types are characterized by monotypic stands with low species diversity (Bruno and Bertness, 2001), it is particularly crucial to incorporate genetically diverse seed mixes to maximize the adaptive potential and ecosystems functions that wetland species can provide (Rice and Emery, 2003; Kettenring et al., 2014).

In addition to genetic diversity, phenotypic plasticity of a species (i.e., the ability of a species to change its morphology or physiology in response to the environment; Ghalambor et al., 2007) can facilitate its adaptive capacity. Phenotypic plasticity is particularly important in the context of climate change as it can influence species distribution and facilitate rapid evolution in response to changing environmental conditions (Sultan et al., 1998; Rice and Emery, 2003; Chevin et al., 2010; Havens et al., 2015). In ecosystems that are highly variable, as in wetland ecosystems, plasticity is expected to be high (Scheiner and Holt, 2012; King and Hadfield, 2019), and phenotypic differences between wetland plant populations may be less pronounced as compared to other ecosystems. However, because plasticity can have a genetic basis and can be driven by the maternal environment, subject to strong selection, and structured across the landscape, it should be considered for seed sourcing to ensure adequate sampling of plastic trait variation (section “Seed Collection Locations and Amounts”; Donohue et al., 2010; Walck et al., 2011; Espeland et al., 2018; Su et al., 2018).



Wild-Collecting vs. Purchasing Seeds

The choice to wild collect or purchase seeds for restoration is based on ecological, genetic, and logistical factors. The simplest approach (although not necessarily the most cost effective) is to purchase seeds. However, unlike many terrestrial species, wetland seeds are not generally cultivated by native plant growers in farm settings or seed production areas (Nevill et al., 2016; Espeland et al., 2017; Hancock et al., 2020). Also, fortuitously, they are rarely bred and propagated as cultivars with potentially undesirable traits and reduced genetic diversity (Schröder and Prasse, 2013; Kettenring et al., 2014; Leger and Baughman, 2015; Breed et al., 2018).

Thus, wetland seeds often must be wild-collected prior to purchase, a process with potentially large negative impacts to wild populations (section “Seed Collection Locations and Amounts”; Hancock et al., 2020). However, the ability to purchase seeds assumes that the target species are available, with sufficient genetic diversity, and sourced from appropriate areas (e.g., desired provenance, the ecogeographic seed source region with particular genetic material of target local adaptation, which in reality is rarely known particularly for wetland species; Figure 2; Broadhurst et al., 2008; Breed et al., 2018). Unfortunately, only a fraction of native wetland species are sold by native plant vendors, and species that are hard to collect, store, and propagate, or are rare, may be unavailable or prohibitively expensive (ENSCONET, 2009; Rivière et al., 2018; White et al., 2018; Rantala-Sykes and Campbell, 2019). Seeds that are source-certified with a known provenance are even harder to acquire (Tischew et al., 2011; Mainz and Wieden, 2019). However, with adequate lead time, some native plant vendors can acquire desired species or collect from particular seed sources to meet provenance requirements (Apfelbaum and Haney, 2012). Furthermore, ambitious native seed banking initiatives such as the European Native Seed Conservation Network (ENSCONET) and Seeds of Success (SOS) in the United States – a massive native seed collection program led by the Bureau of Land Management with many agency and non-profit partners – are working to improve access to genetically diverse native seed for research, conservation, and restoration plant materials development (ENSCONET, 2009; Haidet and Olwell, 2015; Rivière et al., 2018; Barga et al., 2020).

Species identification with native vendors can be an issue, particularly for species with co-occurring subspecies and for wetland graminoids that can have subtle morphological differences or can hybridize (the latter can be particularly challenging when target native species and genotypes may be difficult to distinguish from cryptic invaders; Saltonstall, 2002; Blum et al., 2010; Travis et al., 2010; Rieger et al., 2014; Kettenring et al., 2019a). In addition, while there are many excellent native plant vendors, not all are reputable (a lesson often learned through word of mouth or bad luck) and estimates of seed lot viability, purity, or age may be inaccurate or vary widely in quality (Apfelbaum and Haney, 2012; Rieger et al., 2014; Marin et al., 2017). Thus, the onus is on the practitioner to have quality control practices, such as retesting seed viability.

Practitioner-friendly tools exist to help with decisions regarding whether to wild collect or purchase seed. Rantala-Sykes and Campbell (2019) developed a scoring system for species based on ease of collection (e.g., regional occurrence, local abundance, ease of species identification), cleaning requirements (e.g., need for specialized equipment), storage needs (e.g., desiccant-tolerant seeds), and propagation (e.g., treatments for seed dormancy break). We address each of these issues related to wild-collecting seeds in the following sections. Wild collecting seeds for restoration, albeit time consuming, does provide increased control over the species and genetic diversity of a seed mix.


Seed Collection Locations and Amounts

The extent of genetic diversity, plasticity, functional diversity, and local adaption in a restoration seed mix is important for achieving restoration goals. These factors are driven by the interaction of the plant breeding system, mode of reproduction, dispersal mechanism, population size, and gene flow with site environmental conditions, landscape configuration, and anthropogenic impacts to sites and landscapes (Broadhurst et al., 2008; Scheiner and Holt, 2012; Coppi et al., 2015). To achieve the desired seed mix characteristics, consideration must be given to how many and which populations and individual plants to collect seeds from.


Number and choice of populations

Seed collecting from multiple populations is necessary for a genetically diverse seed mix (ENSCONET, 2009; Bureau of Land Management, 2018; Jordan et al., 2019) although the minimum number of populations required will vary by species, site conditions, and degree of landscape fragmentation. Recommendations suggest targeting a minimum of 5–20 populations (ENSCONET, 2009; Bureau of Land Management, 2018). More populations will be needed for outcrossing species whose genetic diversity is higher among rather than within populations (Espeland et al., 2017) as well as for populations in highly fragmented landscapes with genetically depauperate, relict populations.

A range of approaches has been proposed for seed collections with different priorities to maximize genetic diversity of a seed lot, adaptive potential to the restoration site, or future adaptation with climate change (Havens et al., 2015; Prober et al., 2015; Booth, 2016; Broadhurst et al., 2016). Breed et al. (2013) developed a “provenance strategy decision tree” to aid decision-making on the choice of approach (local, composite, admixture, or predictive provenancing). Local provenancing focuses on seed collections in close proximity to the restoration site to maximize local adaptation and minimize outbreeding depression (Broadhurst et al., 2008; Breed et al., 2013; Bucharova et al., 2019). In composite provenancing, seeds are sourced across a region from local, intermediate, and more distant populations according to a species’ natural gene flow patterns (Broadhurst et al., 2008; Breed et al., 2013). With admixture provenancing, seeds are sourced from populations across a region and environmental conditions without regard to restoration location or a species’ gene flow (Breed et al., 2013). With predictive provenancing, seeds are locally sourced as well as collected from areas that are similar to projected climate conditions for the restoration site when such information is available (Breed et al., 2013; Prober et al., 2015; Booth, 2016).

When in doubt, the general recommendation to err on the side of broader rather than narrower collections (Broadhurst et al., 2008) is appropriate for many wetland species. Populations sampled should span a range of local to non-local sources across a region for a “regional admixture provenancing” approach (sensu Bucharova et al., 2019) unless there is strong evidence for outbreeding potential and maladaptation to drive a more conservative local-sourcing approach. On the contrary, many wetlands are in highly altered landscapes with substantial fragmentation, where the available seed may be of poor quality due to inbreeding or genetic drift in remaining remnant wetlands (Broadhurst et al., 2008; Borders et al., 2011; Jordan et al., 2019); thus regional admixture provenancing to increase genetic diversity and phenotypic plasticity in seed mixes would be appropriate especially as a “biological insurance” to extreme and fluctuating environments and to foster adaptive potential in the face of climate change (Hughes and Stachowicz, 2004; Reusch et al., 2005; Broadhurst et al., 2016; Zeldin et al., 2020). These recommendations for regional admixture provenancing are also consistent with the broad dispersal (section “Site and Landscape Context”) and gene flow patterns of many avian-dispersed wetland species (Orsenigo et al., 2017; Kettenring et al., 2019b).

Nonetheless, there is a dearth of literature specific to seed sourcing for wetlands species (Figure 2). The emphasis for many terrestrial species has been on developing species-specific seed transfer zones, which identify areas with similar environmental and biotic conditions (i.e., similar ecological distance regardless of geographic distance) within which it is considered acceptable to transfer seeds (Omernik, 1987; Johnson et al., 2004; Miller et al., 2011; Bower et al., 2014); yet this approach places particular emphasis on local adaptation (Broadhurst et al., 2008), which may not be relevant for many wetland species with broad gene flow that can overwhelm local selective pressures. Nonetheless, a large uncertainty that must be addressed to improve decision-making is whether sourcing seeds from geographically distant populations impacts the ecological communities dependent on foundational wetland plants (Figure 2; Whitham et al., 2003; Wimp et al., 2004; Bangert et al., 2013; Breed et al., 2018).



Number and choice of individuals

Collecting broadly across a wetland from numerous individuals will maximize genetic diversity and avoid biasing collections to only the most robust plants growing under pristine conditions or those that are easiest to access (ENSCONET, 2009; Basey et al., 2015; Espeland et al., 2017). Plants that are small, growing in marginal habitats, or in competition with invaders, may possess important adaptations critical for survival in harsh restoration and future climate change conditions (Figure 4; Leger, 2008; Basey et al., 2015).
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FIGURE 4. “Ugly” sites, such as sites that are very dry or surrounded by invasive species, should not be over looked when collecting seeds for wetland restoration (Leger, 2008; Basey et al., 2015). Native species growing in these areas may harbor unique genotypes that allow them to survive in harsh conditions. These genotypes may be important if conditions are not ideal at a restoration site in current or future years.


Guidelines for wetland plants are lacking but for terrestrial species protocols suggest targeting > 50–200 individuals per population and focusing on large populations likely to harbor more genetic diversity (Lippitt et al., 1994; Broadhurst et al., 2008; ENSCONET, 2009; Basey et al., 2015; Espeland et al., 2017; Bureau of Land Management, 2018); evaluation of these guidelines for wetlands is sorely needed (Figure 2). More patches and populations should be sampled for clonal or self-pollinating species; these species are more likely to have patches with fewer clones and more closely related individuals and populations with more inbreeding and less genetic diversity (Vander Mijnsbrugge et al., 2010; Basey et al., 2015; Bureau of Land Management, 2018; Kettenring et al., 2019b). A reduced number of individuals, such as > 10, may be all that is necessary for shrubs and trees of riparian, bottomland hardwood, and swamp forests (Allen et al., 2001).

Again relying on guidelines for terrestrial systems (in the absence of wetland-specific protocols), it is recommended to collect no more than approximately 5–20% of the seed produced in a particular year across a wetland to avoid impacting donor sites, and to avoid collecting multiple years in a row (Menges et al., 2004; ENSCONET, 2009; Vander Mijnsbrugge et al., 2010; Meissen et al., 2015; Bureau of Land Management, 2018; Pedrini and Dixon, 2020). These guidelines are especially significant when plant populations may already be stressed due to factors like weather extremes, excess herbivory, or competition from aggressive invaders (Basey et al., 2015).

The risk of impacting wild populations through over-harvesting increases substantially with the increasing global demand for native seed for restoration (Broadhurst et al., 2008; Merritt and Dixon, 2011; Nevill et al., 2018). Nonetheless it is unclear how much these principles and recommendations apply to wetland plants (Figure 2). Many foundational wetland plants are perennial species where annual seed input may play a minor role in population dynamics in a particular year, yet building up a seed bank may be crucial for populations to recover from disturbances like herbivory and drawdowns (Shipley et al., 1989; Boutin and Keddy, 1993; Bornette et al., 2008; Broadhurst et al., 2008; Friess et al., 2012). A fundamental research need is to determine the effects of seed harvesting particularly for wetland plant populations whose dynamics differ from terrestrial plant populations where recommendations are not necessarily transferrable (Figure 2; Boutin and Keddy, 1993; Lamont et al., 2001; Santamaría, 2002; Menges et al., 2004; Silvertown, 2008; Sosnová et al., 2010; Meissen et al., 2015, 2017).



Seed Collection Timing

Seed ripening for a particular wetland species can vary broadly across a region, and even within a patch and inflorescence, due to weather patterns, environmental variation, and the genetics of the maternal plant (ENSCONET, 2009; Perillo, 2009; Merritt and Dixon, 2011). Seed quantity and quality can also vary across these factors, along with year-to-year variations, so an assessment of seed viability is critical to ensure that sufficient numbers of viable seeds are collected (Lippitt et al., 1994; Haidet and Olwell, 2015; Broadhurst et al., 2016). For most species, collection dates should span multiple weeks while not biasing collections toward early or later-maturing plants (even revisiting the same patch and individual plants again). If possible, collection should also occur over multiple years with varying weather (e.g., wet year and drought year) to ensure sampling of the full range of genetic diversity for a species while not over-harvesting a particular site.

In some cases with submerged aquatic vegetation (SAV) species, it may be possible to harvest photosynthetic reproductive material containing multiple stages of seed maturity, and immature seeds can mature with proper storage conditions after collection (Ailstock et al., 2010). In general, though, seeds should be collected when completely ripe (Figure 5A). For many species, ripening occurs when seeds shift from green to brown but there are notable exceptions, including some bottomland hardwood species that are yellow at maturity, and bird-dispersed seeds that turn bright colors like red (Allen et al., 2001; ENSCONET, 2009; Baskin and Baskin, 2014). The best strategy is to collect during the natural seed (or seedling, in the case of viviparous mangroves and seagrasses) dispersal window and to revisit sites multiple times over a few weeks (Cronk and Fennessy, 2001; Baskin and Baskin, 2014; Basey et al., 2015). Immature seeds (i.e., not fully developed) that will not complete maturity under storage conditions (in contrast to morphologically dormant species; section “Overcoming Seed Dormancy”) will have reduced viability and performance in a restoration (Baskin and Baskin, 2014; Basey et al., 2015). Ripe seeds for many emergent and wet meadow species shatter easily from the seed head when touched. Collecting after most seeds have dispersed will result in poor seed lot quality, i.e., low viability (Baskin and Baskin, 2014). For wetland oak trees (Quercus L. species), the acorn separates easily from the cup at maturity (Allen et al., 2001). For submerged aquatic vegetation, cues for seed collecting may be unclear because for many aquatic species, seeds sink when ripe while others float to the water surface (Cronk and Fennessy, 2001).
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FIGURE 5. (A) Mature seed of three-square bulrush (Schoenoplectus americanus (Pers.) Volkart ex Schinz & R. Keller) ready for harvesting; (B) seed sorting based on gravity and sieve size; (C) seed collecting of hardstem bulrush (Schoenoplectus acutus) with a tennis racquet; (D) air column separator for seed cleaning; (E) wetland seeds in cold, moist stratification in a refrigerator; and (F) Dr. Matt Madsen coating wetland seeds with a surfactant seed coating (diatomaceous earth, SelvolTM polyvinyl alcohol binder, and AquatrolsTM SET 4001 surfactant) in his lab at Brigham Young University, Provo, Utah, United States. The coating is intended to improve germination of seeds under reduced soil moisture conditions.




Seed Collection Approaches

Clipping seed heads into a bag or netting, or whacking seed heads with a racquet into a large collection container, are two low-tech means for collecting seeds (Figure 5C). A modified portable vacuum can also be used, especially for collecting smaller seeds (Lippitt et al., 1994; Jensen, 2004b; ENSCONET, 2009). In some cases, manual harvesting of SAV can yield large numbers of seed (e.g., of upper third of photosynthetic reproductive stems of Potamogeton perfoliatus L. and Ruppia maritima L.; Ailstock et al., 2010), but more creative solutions are often required such as using a barge-mounted commercial harvester or smaller bow-mounted, mechanized harvester (e.g., with Zostera marina L.; Marion and Orth, 2010). For trees, ground collection is possible along with using pruning poles or climbing trees to reach seeds prior to their release (Allen et al., 2001).

It is imperative to keep detailed information on dates of collections, site location and conditions, collector, number of plants sampled over a specified area, and observations on seed quality and seed maturation status (Lippitt et al., 1994; Allen et al., 2001; Basey et al., 2015; Kildisheva et al., 2020; Pedrini and Dixon, 2020). Collecting a voucher specimen for species confirmation is a best practice to avoid later confusion (see ENSCONET, 2009; Bureau of Land Management, 2018; Pedrini and Dixon, 2020 protocols for more detail).



SEED PREPARATION

Best practices for cleaning and storing acquired seed are required to maintain a genetically diverse seed lot (sections “Cleaning Seeds” and “Seed Storage”) while viability testing of those seeds ensures that appropriate sowing density rates are applied to the restoration (section “Seed Testing”). To maximize the establishment and survival of seedings, seed enhancements may prove invaluable (section “Seed Enhancements”).


Cleaning Seeds

Seeds of wetland species often have structures that facilitate seed dispersal, such as perigynia, fleshy fruit, and dispersal appendages (Cronk and Fennessy, 2001), but these structures can complicate restoration. Seed cleaning can remove these structures, along with seed coats, chaff, leaves, twigs, insects, dirt, and other non-seed debris. This process is critical for reducing the volume of material that needs to be stored for seeding, isolating seeds for uniformity in sowing, and potentially for enhancing germination (Lippitt et al., 1994; Barton et al., 2016).

The process of seed cleaning is as simple as manually passing seed through a series of sieves with increasingly smaller holes, using an air separator that fractionates out different components by weight using varying airflow (e.g., chaff and non-viable seeds may be lighter than viable seeds), or suspending SAV seeds in water so the viable seeds sink to the bottom (Figures 5B,D; Lippitt et al., 1994; Marion and Orth, 2010). More intensive techniques such as using meat grinders or hammermills can also simultaneously scarify seeds of species that require this type of treatment for physiological or physical dormancy break (section “Overcoming Seed Dormancy”; Lippitt et al., 1994). Fleshy-fruited seeds, although not very common in wetland plants, may require special treatment with a rock tumbler or a blender (Thomas, 2003; Dreesen, 2004).

The seed cleaning technique should be chosen carefully so that seeds are not inadvertently damaged (Lippitt et al., 1994). In addition, to maintain a genetically diverse seed lot, it is essential to not lose excessive seeds or to selectively lose certain seeds (i.e., potentially important genetic diversity) during seed cleaning (Basey et al., 2015). It may be necessary to clean seed of the same species in separate batches if different seed sources vary in seed weight, and to adjust seed cleaning equipment settings for every batch to minimize loss of healthy seed.



Seed Storage

In wetland soil seed banks in the field, seeds naturally lose their viability over time due to declining energy resources (endosperm), unfavorable environmental conditions such as desiccation or highly fluctuating temperatures and moisture (which is becoming more extreme due to climate change), wetland drainage due to human activity, seed predation, and microbial degradation (Leck and Brock, 2000; Walck et al., 2011; Long et al., 2015; Carta, 2016; Poschlod and Rosbakh, 2018). Understanding factors driving seed longevity (i.e., seed survival once mature; Long et al., 2015) is crucial to maintain proper seed storage conditions (Bourgeois et al., 2019). Seeds of many species can handle desiccation and store well at low humidity conditions (i.e., orthodox seeds), while others, such as many species of SAV, are desiccation intolerant (i.e., recalcitrant; Hay and Probert, 2013; Bourgeois et al., 2019). Identifying the optimal storage conditions for target species is essential because improper storage can result in loss of a critical component of the genetic diversity of a seed collection or loss of viability in the entire seed lot (Hay and Probert, 2013; Basey et al., 2015; De Vitis et al., 2020). Even under optimal conditions, species will vary widely in their longevity (<1 year up to decades), so minimizing storage time to a few months or less is preferred, although not necessarily logistically feasible with uncertain and variable demands for seed needs (Basey et al., 2015; Barton et al., 2016; Bourgeois et al., 2019; Hancock et al., 2020).

The majority of plants, including wetland species, have orthodox seeds (Leck and Brock, 2000; Hay and Probert, 2013; Bourgeois et al., 2019). Shortly after collection of orthodox seeds, seeds should be stored cool and dry in breathable bags made of cloth or paper to maximize airflow and minimize mold growth (Rieger et al., 2014; Bureau of Land Management, 2018). Storage areas should be maintained free of rodents, birds, and insects to avoid seed predation (Lippitt et al., 1994). Longer-term storage in a walk-in cooler with consistently low humidity and cool temperatures (∼4°C) provides proper conditions for many species (Lippitt et al., 1994). Some bottomland species can be dried to 5–10% moisture content and stored below freezing (−1 to 18°C; Allen et al., 2001). Species that have physiological seed dormancy (section “Overcoming Seed Dormancy”) may benefit from storage under moist, cool (∼4°C) conditions to simultaneously break dormancy, and may even maintain viability longer under moist or saturated storage, even if they tolerate desiccation (e.g., Carex L. species and Spartina folisa Trin.; Figure 5E; Budelsky and Galatowitsch, 1999; Sullivan, 2001).

Recalcitrant seeds occur in many wetland plants from wet, mesic, and swamp forests, coastal wetlands, and SAV (Farnsworth, 2000). These species will require storage under high humidity or submerged in water. Studies of SAV species under submerged storage conditions show that seed longevity is higher with aeration (e.g., Zostera marina, Potamogeton perfoliatus), cool temperatures (e.g., Zostera marina, Potamogeton perfoliatus, Ruppia maritima), and high salinity (e.g., Zostera marina, Ruppia maritima; Ailstock et al., 2010; Marion and Orth, 2010; Baskin and Baskin, 2014). However, some SAV species in the Hydrocharitaceae and Potamogetonaceae families can also be stored under low humidity/low moisture for some temperatures (Kauth and Biber, 2015; Zhao et al., 2017), and thus may not be recalcitrant contrary to general predictions in aquatic plants. Several coastal salt marsh species such as Spartina alterniflora Loisel., even if not strictly recalcitrant, benefit from storage in saline waters (Broome et al., 1988). Storage inconsistencies also arise among bottomland hardwood forest species in the U.S., which as mentioned earlier are mostly orthodox, but many oak species should be maintained with high moisture content (>30–50%; Allen et al., 2001), along with many other forest wetland species from around the world (Farnsworth, 2000).



Seed Testing

Seed viability varies widely across years, populations, and wetland species due to factors such as varying environmental conditions (e.g., nutrient availability or water levels), pollen limitation, inbreeding, and insect or pathogen attack (Baskin and Baskin, 2014; Rieger et al., 2014). Therefore, determining the viability of each seed lot is essential. Following seed cleaning, a representative subsample of all seed lots should be assessed to calculate the PLS (pure live seed) percentage (Lippitt et al., 1994). An additional PLS assessment will be required if the seeds are stored for any appreciable length of time (e.g., 10–14 months) or if there were multiple collection periods for the same species from the same location (Lippitt et al., 1994). PLS is equal to % of pure seed × viability of the seed/100. In other words, the PLS identifies what percentage of a seed lot by weight is actually viable seed. The percent purity of the seed accounts for the fact that even after seed cleaning, the seed lot may still have some (hopefully minute) amount of chaff. The viability of the seed is determined through standard tetrazolium testing practices – a viable embryo stains red after soaking in 2, 3, 5-triphenyl tetrazolium chloride (see Miller and Peters, 2010 for detailed protocols).



Seed Enhancements

Seed enhancements include treatments for breaking seed dormancy, enhancing seed germination, and increasing seedling establishment (Pedrini and Dixon, 2020). Breaking seed dormancy is a well-known requirement for wetland restoration success that has been thoroughly addressed in the literature despite presenting significant restoration logistical challenges (section “Overcoming Seed Dormancy”). The use of seed priming to enhance germination and seed coatings to improve establishment are untested in their potential for improving wetland revegetation (section “Seed Priming and Seed Coatings”).


Overcoming Seed Dormancy

Seed dormancy is an important ecological process that prevents germination when environmental conditions are unsuitable for seedling survival (Baskin and Baskin, 2014; Willis et al., 2014). Seed dormancy can originate from a water impermeable seed coat (i.e., physical dormancy) or internal processes that prevent germination (i.e., physiological dormancy, morphological dormancy, or a combination of the two; Nikolaeva, 1977; Baskin and Baskin, 2004, 2014). Physiological seed dormancy is the most common type of dormancy in plants and many species with physiological dormancy cycle between dormant and non-dormant states over growing seasons with the intermediate condition known as conditional dormancy (Baskin and Baskin, 2004, 2014). Conditionally dormant seeds will germinate more slowly and under a narrower range of germination conditions than non-dormant seeds (Baskin and Baskin, 2004, 2014).

Ecologically, seed dormancy can increase ecosystem resilience in wetlands (i.e., the ability of a wetland to recover from a disturbance or regenerate after a drawdown) as dormant seeds are often buried in the soil, thereby promoting the development of a seed bank and maintaining seeds at the site until environmental conditions are more favorable for germination (Schütz and Milberg, 1997; Brock et al., 2003). Furthermore, seed dormancy can be a form of evolutionary bet-hedging that allows for a species’ persistence in soil seed banks temporally and spatially (Satterthwaite, 2010; Willis et al., 2014; Long et al., 2015).

Despite its ecological and evolutionary significance, dormancy can be problematic to restoration practice when increasing the speed and uniformity of germination and establishment might be desired (Kettenring and Galatowitsch, 2007a; Espeland et al., 2017; Kildisheva et al., 2020). Determining the type of dormancy present in target restoration species is critical to maximizing native plant community establishment and building up in situ seed banks (Long et al., 2015; Kildisheva et al., 2020).

Dormancy behavior in wetland species is highly varied. Some species do not exhibit any dormancy and are thus able to germinate across the growing season. Examples of species that do not exhibit dormancy include many Juncus L. species (Carta et al., 2013), several seagrass species (e.g., Enhalus Rich. species, Posidonia K.D. Koenig species, Thalassia Banks & Sol. ex K.D. Koenig species; Orth et al., 2000), and some Salix L. species (Densmore and Zasada, 1983). Other wetland species exhibit moderate to deep levels of physiological dormancy such as Bolboschoenus maritimus (L.) Palla (Marty and Kettenring, 2017), Eleocharis palustris (L.) Roem. & Schult. (Rosbakh et al., 2019), and Carex species (Schütz, 2000; Kettenring and Galatowitsch, 2007a,b). These species can also vary in dormancy depth across populations and years (Schütz and Rave, 2003; Carta et al., 2016).

Understanding the dormancy characteristics (or lack thereof) of target species can aid in identifying environmental conditions or treatments that break dormancy and promote germination (Lippitt et al., 1994). Dormancy can be broken artificially ex situ if seeding at the start of the growing season. Alternatively, seeds can be sown at the end of the growing season to allow dormancy to break in situ naturally over winter (i.e., “dormant seeding”; Kildisheva et al., 2020). Dormant seeding can assist in building the seed bank or allow annual species (i.e., providing the function of native cover crops; Section “Choosing Native Plants for Functional Goals Including Invasion Resistance”) to establish in the first few years as a way to simulate successional processes in wetland restorations. However, a dormant seeding can also result in greater seed loss to predators and less control of location of plant emergence due to secondary dispersal (Lippitt et al., 1994; Kettenring and Galatowitsch, 2011a). There is also some uncertainty about the potential effects of climate change on the cold temperatures required to naturally break seed dormancy in the field, i.e., if there will be sufficiently cold temperatures for the length of time different species require for dormancy break (Walck et al., 2011). When breaking dormancy artificially, doing so for a subset of the seed pool to build up the seed bank can be an effective bet-hedging strategy (Evans and Dennehy, 2005; Basey et al., 2015; Kildisheva et al., 2020). A breakdown of techniques for artificially breaking dormancy are summarized in the following sections.


Scarification

The first step in germination is the uptake of water into the seed, followed by the activation of metabolic processes and the growth of the embryo (Baskin and Baskin, 2014). Physically dormant seeds have hard seed coats (i.e., hard-seededness; Lippitt et al., 1994) and are unable to imbibe water, thus preventing germination from occurring and keeping the seed in a dormant state (Lippitt et al., 1994; Baskin et al., 2006; Webb et al., 2009). Identifying whether a species exhibits physical dormancy requires reviewing the published literature, expert opinion, inspection of the seed coat, or, in the case where little information is available, recording water uptake by the seeds before and after submerging them in water (Baskin et al., 2006).

Scarification is a method to weaken or puncture the outer seed coat so that water can enter the seed to trigger the process of germination, and can be effective at overcoming both physical and physiological dormancy (Baskin et al., 2006; Kimura and Islam, 2012). There are three main techniques for seed scarification: submersion in a chemical, submersion in boiling water, or mechanical scarification.

Chemical scarification is the process of soaking seeds in a basic solution such as sodium hypochlorite (i.e., bleach) or an acid solution like sulfuric or hydrochloric acid to weaken the seed coat. Chemical scarification is often suitable for seeds that are dispersed by mammals or birds because it mimics weakening of the seed coat by digestive enzymes (Milotić and Hoffmann, 2016). Many wetland species have been found to respond positively to chemical scarification (e.g., genus Bolboschoenus, Eleocharis R. Br., Rhynchospora Vahl, Cladium P. Br., Schoenoplectus; Webb et al., 2009; Wagner and Oplinger, 2017; Rosbakh et al., 2019), though species-specific responses vary [e.g., negative effects seen in Eleocharis ovata (Roth) Roem. & Schult., Rhynchospora alba (L.) Vahl, Scirpoides holoschoenus (L.) Soják; Rosbakh et al., 2019].

While chemical scarification provides a quick method to break dormancy, it can be risky – if seeds are soaked in the solution for too long the embryo can be destroyed (Lippitt et al., 1994; Baskin et al., 2006). Species-specific experimentation and review of the literature are necessary to prevent over soaking and destruction of the embryo (Rosbakh et al., 2019), though it should be noted that soaking times within a species can vary from year to year and across sites due to inter-annual environmental variation and intraspecific variation in depths of dormancy (Gutterman, 2000; Kettenring, 2016). Additionally, prior to being soaked in acid, seeds should be checked for any penetration of the seed coat that may have occurred during seed cleaning to avoid damage to the embryo (Lippitt et al., 1994). Disposal of the chemical solution used to break dormancy can complicate the use of this technique, particularly when scaling up to dormancy break of large quantities of seeds for large-scale revegetation.

Soaking seeds in boiling water, which does not mimic a natural ecological process, can be a safer alternative to chemical scarification. In this method, seeds are submerged in boiling water and remain in the water as it cools (Himanen et al., 2012; Baskin and Baskin, 2014). This process may not be as effective for seeds that have very hard seed coats. However, boiling water is certainly easier to dispose of than bleach or acids and the length of the treatment is less of a concern (Lippitt et al., 1994).

Mechanical scarification involves physically damaging the seed coat and exposing areas in which water can enter the seed. This process mimics natural erosive forces that abrade a seed as it disperses away from the parent plant (e.g., rocks and sand) or digestion by seed dispersers such as waterfowl (Figuerola et al., 2005; Kettenring et al., 2019b). Methods of mechanical scarification vary widely across the scale of seeding and can include agitating seeds and gravel in a cement mixer, gently sanding seeds on a sanding disc, or making a small nick in the seed by hand with a sharp instrument (Lippitt et al., 1994).



Stratification and after-ripening

In seeds that exhibit physiological dormancy, particularly those from temperate climates, cold, moist stratification is often necessary to break dormancy by mechanically or physically weakening the seed coat. The process of cold, moist stratification mimics over-wintering in low temperatures and moist conditions following seed dispersal at the end of the growing season (i.e., a seasonal, environmental cue; Dietert and Shontz, 1978; Baskin and Baskin, 1989; Willis et al., 2014).

Cold stratification involves placing seeds in filter paper packets, paint strainer bags, or other netting; burying the seeds in a container of substrate; moistening the substrate and (loosely or tightly) sealing the container; then placing the container in a cold room or refrigerator for the appropriate length of time. The temperature and length of stratification time vary widely among species (Baskin and Baskin, 2014; Rosbakh et al., 2019), usually with a minimum of 2–4 weeks and often 12 or more (Schütz, 2000; Kettenring and Galatowitsch, 2007b; Fernández-Pascual, 2016; Sobze et al., 2019). Temperatures between 0 and 10°C are ideal for stratification of many species (Baskin et al., 2006).

Other species with physiological seed dormancy require hot or warm and dry conditions (i.e., after-ripening) or warm, moist conditions (i.e., warm stratification) to break seed dormancy (Tuckett et al., 2010; Baskin and Baskin, 2014, 2020; Carta, 2016). After-ripening and warm stratification often mimic seasonal environmental cues to plants occurring in hot, dry climates where flooding may be short-lived, such as seasonal and temporary wetlands in Mediterranean climates (McLaughlin, 1974; Tuckett et al., 2010; Willis et al., 2014; Carta, 2016).



Other considerations for breaking seed dormancy

In addition to species-specific dormancy breaking requirements, logistical factors should be weighed when designing a seed dormancy release plan. For example, chemical scarification or cold, moist stratification can work equally well for some species. Alkali bulrush (Bolboschoenus maritimus) has been found to undergo dormancy break and attain optimal germination after 180 days of cold, moist stratification or after 24 h of soaking in a 3% bleach solution (Kettenring, 2016; Marty and Kettenring, 2017). Furthermore, many wetland species that exhibit both physical and physiological dormancy have increased germination rates when subjected to both a bleach treatment followed by cold, moist stratification (Wagner and Oplinger, 2017; Rosbakh et al., 2019). Thus, the choice of dormancy breaking treatment will depend on restoration goals, the available supplies and equipment, and the time available prior to a restoration project.



Seed Priming and Seed Coatings

In addition to breaking dormancy, seed enhancement treatments can improve germination of sown species in the field. Seed priming, or the “controlled hydration of seeds that is stopped prior to the onset of irreversible germination,” is one example of a seed enhancement technology that has been found to promote faster and more synchronous germination (Pedrini and Dixon, 2020). Seed priming can also increase competitive ability due to earlier emergence, increased seed longevity, and increased species’ tolerance to stressful environmental conditions (Bradford, 1986; Probert et al., 1991; Hardegree and Van Vactor, 2000; Anwar et al., 2012; Farooq et al., 2013). Priming is often done in osmotic solutions (e.g., solutions containing polyethylene glycol MW 6000–8000), which induces seed stress that prevents germination but allows the seed to imbibe water (Lippitt et al., 1994). In a tidal marsh restoration study, for instance, priming seeds of Suaeda salsa Pall. (Chenopodiaceae) in various solutions containing potassium and nitrate increased seedling growth in high salinity conditions (Song et al., 2012). Studies on priming of other wetland species are limited (Figure 2).

In addition to seed priming to enhance germination, seed coatings are also a promising research frontier in seed-based wetland restoration. Seed pellets, or the addition of filler materials to increase seed size and weight, are one such seed enhancement technology that may improve germination and establishment of wetland species in the field. Seed pellets originated in agriculture, but have more recently been applied in terrestrial restoration (Figure 5F; Madsen et al., 2016a,b; Gornish et al., 2019). Although there is little research on the effectiveness of these pellets in wetland ecosystems, they have the potential to minimize seed loss due to seed buoyancy or wave action and improve germination of low-vigor seeds by incorporating materials such as plant growth regulators into the pellet filler material (Tilley and Hoag, 2006). For example, in inland or tidal wetland systems, pelletized seeds increased germination rates by minimizing seed movement (Tilley and Hoag, 2006).



SITE PREPARATION

Establishment of native plants via seed requires creating and maintaining “safe sites,” i.e., small areas around a seed that have favorable conditions for germination and establishment (Figure 6A; Harper et al., 1965; Harper, 1977; Jordan and Hartman, 1995; Kettenring and Galatowitsch, 2011a). Appropriate site preparation is necessary for safe site creation. Because germination and establishment represent the most vulnerable stage of a plant’s life-cycle (James et al., 2011; Barrett-Lennard et al., 2016), constraints such as herbivory (Dormann et al., 2000; van der Wal et al., 2000; Allen et al., 2001; Haramis and Kearns, 2007) that could potentially limit plant development during these early stages should be minimized prior to restoration actions.
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FIGURE 6. (A) An example of a safe site, in this case for cattail (Typha L. spp.) seed germination, which includes high light and moist soils. (B) Through appropriate site preparation, it is important to address constraints to seeds and seedlings such as unwanted legacy effects. Here, a thick litter layer remains after invasive Phragmites control treatments. This legacy effect likely limits native seed germination and managers need to utilize techniques to remove this litter prior to hydroseeding.


Here we address several considerations for preparing a wetland for revegetation. Prior to these actions, appropriate site manipulations are imperative, such as surface contouring and excavation of sites to expose seed banks; removal of subsurface drainage tiles and plugging of drainage ditches to restore hydrology; management of invasive species to alleviate biotic pressures; improving soil conditions through additions of topsoil, organic matter, mulch, lime (to raise pH), fertilizers (if nutrient impoverished), and carbon (if nutrient enriched); inoculation with soil microbes; and soil ripping, disking, or tilling to overcome soil compaction (Galatowitsch and van der Valk, 1994; Vivian-Smith and Handel, 1996; Boyer and Zedler, 1998; Allen et al., 2001; Holguin et al., 2001; Anderson and Cowell, 2004; Perry et al., 2004; Daniels et al., 2005; Sutton-Grier et al., 2009; Larson et al., 2019; Scott et al., 2020). We focus here on the next steps following site manipulation: removal of invasive species legacies (section “Unwanted Legacy Effects From Invasive Species”), plant hydrologic needs (section “Hydrologic Considerations for Seeds and Seedlings”), and the importance of microtopography (section “Microtopography”).


Unwanted Legacy Effects From Invasive Species

If a restoration site has previously been occupied by invasive species, there are likely legacies that constrain native plant establishment long after invasive species have been removed (D’Antonio and Meyerson, 2002; Holdredge and Bertness, 2011; Corbin and D’Antonio, 2012). These legacies can alter soil chemical properties such as salinity (Vivrette and Muller, 1977) and nutrient cycling (Ehrenfeld, 2003; Liao et al., 2008) as well as biotic characteristics like hybridization with native species (Daehler and Strong, 1996), alteration of soil microbial communities (Pringle et al., 2009; Yarwood et al., 2016), depletion of native seed banks (section “Site and Landscape Context”), and physical suppression and shading of native species (Smits et al., 1990; Holdredge and Bertness, 2011). For instance, many wetland invaders leave behind dense litter that insulates temperatures and reduces light availability at the soil surface, thus inhibiting native seed germination and perpetuating the invasion cycle (Figure 6B; Facelli and Pickett, 1991; Kaproth et al., 2013; Farrer and Goldberg, 2014). In another example, after Phragmites australis (Cav.) Trin. ex Steud. control, nitrogen pools can increase for 1–3 years (Meyerson et al., 1999; Findlay et al., 2003), which can make the site susceptible to future invasion (Burke and Grime, 1996). Furthermore, as many wetland restoration sites occur in areas with a history of intensive anthropogenic land use (e.g., agricultural fields) that perpetuate invasions, altered microbial communities and fertilizer legacies (i.e., increased nitrogen and phosphorus) in the soil can limit the success of invader control and native plant recovery (Peralta et al., 2010; Ardón et al., 2017).

Microbial communities may be able to be restored with effective management of invasive species dominance (Peralta et al., 2017) or hydrologic connectivity that can inoculate the site with diverse soil microbes (Peralta et al., 2010). Legacy effects on microbial communities that arise from invasive species dominance may be linked to time since invasion; thus, prioritizing restoration to areas more recently invaded (i.e., less alteration of microbial communities) could result in better restoration outcomes (Keyport et al., 2019). When considering past land use history and the surrounding landscape that contributed to invasions, fertilizer effects can potentially be mitigated with hydrologic flooding (Ardón et al., 2017) and high nutrient inputs may be partially addressed (for the short-term at enormous costs) by including soil amendments (e.g., sawdust, sugar, or alum) during seeding (Perry et al., 2004; Iannone and Galatowitsch, 2008). Alteration of salinity at the site can be addressed with hydrologic flooding, strategic seed sowing timing (section “Optimal Germination Safe Sites and Season”), and selection of species that are able to tolerate higher salinities while providing valuable ecosystem functions (Howard, 2010). Physical suppression and shading of native species should be addressed by removing undesirable vegetation and litter from the site prior to seeding (Lishawa et al., 2019).

Ultimately, there is no standard prescription when it comes to addressing legacy effects at a site and most, if not all, wetland restoration sites are impacted by complex and compounding legacies. Thus, more research is needed to determine how these legacies (and their interactions) influence the recruitment of native wetland plants via seed (Figure 2). Follow-up monitoring and tracking of wetland restoration sites should extend beyond the typical requirements for mandated monitoring in order to accurately assess legacy effects on the appropriate time-scale (section “Monitoring”; Ardón et al., 2010; Peralta et al., 2017).



Hydrologic Considerations for Seeds and Seedlings

Hydrology is a defining feature of wetland ecosystems and has an overriding influence on the germination and establishment of native plants, as well as the structure and function of wetlands (Weiher and Keddy, 1995; Cronk and Fennessy, 2001; Doherty et al., 2014; Moor et al., 2017; Daniel et al., 2019; Rosbakh et al., 2020). The hydrology of many wetland systems has been altered via methods such as tile drainage, disconnection of floodplain wetlands through channelization, fragmentation, and increased demands upstream for agriculture and urbanization that reduce inputs to wetland systems (Galatowitsch and van der Valk, 1994; Turner and Lewis, 1996; López-Merino et al., 2011; Downard et al., 2014; Donnelly et al., 2020). Further shifts are occurring with climate change-induced precipitation alterations and increased evaporation rates that affect soil moisture (Walck et al., 2011).

These hydrologic alterations can have vast implications for native plant community recovery. Natural hydrologic fluctuations promote native communities that have life history and morphological adaptations to those conditions (Grewell et al., 2013; Doherty et al., 2014; Ruhi et al., 2019), while wetland systems with stabilized hydrology and minimal fluctuations or altered natural disturbance regimes tend to be dominated by invasive species, such as invasive Typha (Typha angustifolia L. and Typha × glauca Godr.; Frieswyk et al., 2007). Hydrologic restoration of wetlands alone is usually not sufficient for returning desired native plant communities (Aronson and Galatowitsch, 2008; Doherty et al., 2014; Toth, 2017).

Given that hydrology is a driver of wetland plant communities, it is critical to consider hydrologic conditions of a site not just prior to and during seeding, but far beyond initial restoration (Budelsky and Galatowitsch, 2000). Hydrologic factors to consider prior to seeding are frequency of flooding, duration of flooding, timing and seasonality of flooding, and depth of flooding (Casanova and Brock, 2000; Perillo, 2009; Webb et al., 2012; Mitsch and Gosselink, 2015). Many wetland seedlings are particularly vulnerable to standing water and the associated declining light levels with water depths and the low (or no) oxygen conditions that can occur (i.e., hypoxia or anoxia; Fraser and Karnezis, 2005; Mitsch and Gosselink, 2015; Rosbakh et al., 2020). Increasing depth, duration, and frequency of inundation generally results in decreased establishment, growth, and plant community diversity (Casanova and Brock, 2000; Webb et al., 2012; Shoemaker and Ervin, 2020). The ideal hydrologic conditions for target native species should be maintained at the site during and at least 1 year after restoration to minimize mortality (Budelsky and Galatowitsch, 2000; Rosbakh et al., 2020).

Many wetland species are well adapted to survive under dynamic hydrology as germination phenology often aligns with hydrological drawdowns or is confined to wetland zones that do not have standing water (Ignacio Galinato and van der Valk, 1986; Merendino et al., 1990; Middleton, 2000). Some species found in seasonal wetlands require flooding to trigger germination (Carta et al., 2013) while others that occur in deep water wetland habitats may not require flooding but instead have a broad hydrologic germination niche (Rosbakh et al., 2020). Regardless of species, some water is necessary for germination, and conditions that are too dry will inhibit germination and establishment of many species. This sensitivity during the early stages of plant development highlights the fact that if the hydrology is not ideal, there is likely to be high seedling mortality.

The hydrologic threshold above which wetland species germinate is species-specific; some species, such as swamp chestnut oak, Quercus michauxii Nutt., may perform better in drier conditions whereas others, such as overcup oak, Quercus lyrata Walt. (Pierce and King, 2007) require saturated soils to germinate. In another example, vascular plants from bogs differed in water-level germination preference (0 cm at soil surface vs. 10 cm below surface) (Landry et al., 2012) while flooding was required for Tillaea vaillantii Willd. (Carta et al., 2013). Some species will perform well when flooded conditions are maintained throughout the restoration process (Coops and van der Velde, 1995; Casanova and Brock, 2000). Achieving and maintaining the appropriate hydrologic conditions is difficult and may be particularly challenging in wetland systems that have unpredictable hydrologic regimes, extensive watershed-level hydrologic alterations, or limited control of water that enters and exits the wetland.

The following steps should be taken for the many species that require non-flooded or shallowly flooded conditions for germination: (1) during seeding, water levels should be drawn down so that the soil is moist and exposed or barely flooded; (2) soil should remain waterlogged post-seeding and during germination and establishment to provide optimal growing conditions; and (3) in the first growing season following establishment, flooding events should be infrequent or short in duration (Coops and van der Velde, 1995; Webb et al., 2012; Tilley and St John, 2013; Rosbakh et al., 2020). As these plants mature, they develop adaptive structures (e.g., aerenchyma, deeper roots, shoot stiffness) that enable them to withstand more frequent and longer flooding events, as well as stronger erosive and depositional forces from floods, tides, currents, and waves (Cronk and Fennessy, 2001; Balke et al., 2011; Bouma et al., 2013; Schwarz et al., 2015; Moor et al., 2017; Purcell et al., 2019). When maintaining soil moisture is a challenge, additions like mulch and compost can help maintain suitable conditions for germination and establishment (Sullivan, 2001; O’Brien and Zedler, 2006; Laberge et al., 2015; Isselin-Nondedeu and Gaucherand, 2019). Ultimately, it is essential to understand a restoration site’s potential hydroperiod and to choose species that will perform well with that hydroperiod. In systems that are highly variable, introducing a diversity of species that germinate and establish over a range of hydrologic conditions can be an effective bet-hedging strategy (Figure 7B).
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FIGURE 7. (A) Wetlands are highly dynamic year-to-year and between years, such as in this desert wetland on the border of Utah and Nevada, United States (Salt Springs Waterfowl Management Area); and (B) the location and availability of safe sites for a particular species may vary, therefore, in a wetland due to the amount of water availability in a wet year vs. dry year. Thus, restoration practitioners often choose to sow a seed mix across a site and include a variety of species with different flooding and drought tolerances as a bet-hedging strategy within sites and between years. Adapted from Larson and Funk (2016), with permission from John Wiley and Sons.




Microtopography

Microtopography is small-scale vertical relief that provides a diversity of safe sites for seeds and seedlings (Urbanska, 1997; Peach and Zedler, 2006). Diverse microtopography can protect seedlings by providing areas with varying environmental conditions (i.e., differing temperatures, soil characteristics, redox levels, and water retention abilities) and has been shown to improve plant establishment, survival, and species richness in restorations (Urbanska, 1997; Peach and Zedler, 2006; Fivash et al., 2020; Mossman et al., 2020; Ott et al., 2020). Furthermore, the heterogeneity at a site can result in more complex plant communities and facilitate the development of ecosystem functions (Larkin et al., 2016).

Providing diverse safe sites through microtopography manipulations were found to improve revegetation success in a variety of wetland systems including salt marshes (Varty and Zedler, 2008), forested wetlands (Tweedy and Evans, 2001; Sleeper and Ficklin, 2016), and riparian restorations (Polzin and Rood, 2006). In a freshwater wetland restoration, Moser et al. (2007) found more species diversity and richness in created wetlands that were disked to enhance microtopography prior to restoration relative to non-disked and natural wetlands. Additionally, Peach and Zedler (2006) found that Carex stricta Lam. tussocks that formed at the site were themselves safe sites – they provided variation in microtopography and were correlated with an increase in species diversity. Microtopography is also significant in riparian systems, and is critical for seed entrapment after hydrochory (water seed dispersal), which enhances seedling establishment (Nilsson et al., 2010).

Creating microtopography can be relatively straightforward at many sites and involves varying the soil surface by bucket-mounding, tire-rutting, disking, or disk-harrowing (Moser et al., 2007). Artificial tussocks or mounds can also be created by hand or with shovels to mimic the function of natural plant tussocks that can facilitate the development of other target species (Peach and Zedler, 2006; Wang et al., 2019). Following the creation of diverse safe sites with microtopography, precision seed delivery (i.e., the ability to effectively control the distribution of sown seeds over a site into optimal safe sites) is important to ensure that the seeds reach these favorable areas to increase restoration success (Chambers and MacMahon, 1994; Merritt and Dixon, 2011; Masarei et al., 2019).



SEEDING

Careful consideration of how, when, and where seeds are introduced to a site can potentially counteract native plant population bottlenecks. Seeding densities can set a plant population on a trajectory toward dominance over competitors (section “Seeding Densities”) while seed sowing approaches ensure that seeds experience appropriate environmental conditions (especially light) and do not float out of the target restoration area (section “Seed Sowing Approaches”). The timing and location of seed sowing can be strategically chosen by practitioners such that seeds reach safe sites, are sown prior to invasive species dominance, and are sown across multiple years to overcome high mortality in a particular year (section “Timing and Location of Seed Sowing”).


Seeding Densities

The density at which to sow native seeds will reflect a balance of restoration goals, budgets, and plant competition and has ecological, genetic, and evolutionary implications (Brown and Fridley, 2003; Burton et al., 2006; van Katwijk et al., 2016; Byun et al., 2020). If the goal of a restoration is to quickly establish plants at the site, particularly for invasion resistance, sowing at a higher-than-recommended density is ideal (Evans and Dennehy, 2005; Burton et al., 2006). Sowing densities that are too low will result in the inability of native plants to preempt resources or occupy the available space, thus leaving room for invasive or other undesirable species to grow (Harper, 1977; Byun et al., 2013). Sowing densities that are too high, however, may result in high competition among natives leading to mortality that could open up space for secondary invasions and result in a waste of seed resources (Burton et al., 2006; Pearson et al., 2016). Ultimately, striking a balance that maximizes native plant establishment while minimizing secondary invasion is critical. If invasive species are not an immediate threat and rapid vegetation establishment is less urgent, sowing at lower densities, which is more cost effective, will likely result in similar plant cover in the following years compared to a high-density sowing (Burton et al., 2006; van der Valk and Baalman, 2018).

Some evidence suggests that facilitation among reintroduced native species in restorations occurs in more stressful wetland environments (e.g., high salinity conditions in salt marshes, mangroves, and seagrass meadows; Figure 2; Bertness and Hacker, 1994; O’Brien and Zedler, 2006; Silliman et al., 2015; Renzi et al., 2019), which again warrants a high native sowing density. Furthermore, higher seeding densities with diverse species assemblages is a form of bet-hedging that increases the likelihood that at least some species will be able to germinate and establish over the range of restoration environmental conditions (van Katwijk et al., 2016) or that a subset of the seeds will persist in the seed bank to germinate when environmental conditions become suitable (Baskin et al., 2004; Evans and Dennehy, 2005). Low sowing densities can result in plant communities that are unable to cross a threshold that allows for a self-sustaining population and positive growth rate (i.e., an allee effect; van Katwijk et al., 2016) while higher seeding densities that increase native species establishment can also decrease post-restoration maintenance costs (Palma and Laurance, 2015; Meli et al., 2018).

Recommendations for seed sowing rates are limited and vary widely across wetland types. Identifying the specific number of plants per square meter in the adult plant community is a good first step in determining PLS seeding rates for a restoration project (Houck, 2009; Rieger et al., 2014). For tidal salt marshes, Broome et al. (1988) suggested sowing 100 PLS m–2, while Busch et al. (2010) seeded Zostera marina at 37 PLS m–2. In emergent, wet meadow, and riparian restorations in Minnesota, United States, the state recommendations range from 1,200 to 3,000 PLS m–2 (Minnesota Board of Water & Soil Resources, 2020). For many wetland grasses, recommended seeding rates range from 215 to 320 PLS m–2 for large-seeded species and 430–540 PLS m–2 for small-seeded species, with a doubling of these rates in high priority restoration areas (Hoag et al., 2011). Some studies suggest that this range of densities is too low, particularly in sites with high invasive propagule pressure (Reinhardt Adams and Galatowitsch, 2008). Future research is needed to determine optimal seed sowing densities under a variety of environmental conditions to improve seeding rate recommendations in many wetland systems (Figure 2).



Seed Sowing Approaches

Seeds naturally disperse across wetlands by water, wind, animals (particularly waterbirds), and gravity (Cronk and Fennessy, 2001; Kleyheeg and van Leeuwen, 2015; Reynolds and Cumming, 2016; Soons et al., 2016, 2017). Current restoration techniques that introduce seeds by hand or with machines are designed to overcome dispersal limitations, but do not necessarily mimic these natural dispersal mechanisms.

There are several approaches for sowing seeds into wetlands, including broadcasting, hydroseeding (Figure 8), drill seeding, and overseeding and the choice of an approach is driven by restoration size, seed buoyancy, and germination requirements. While all of these approaches require good seed-to-soil contact to ensure germination and survival (Landry et al., 2012), each presents different benefits and challenges to seed sowing (Barton et al., 2016; Masarei et al., 2019).
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FIGURE 8. (A) Hydroseeding a Great Salt Lake wetland restoration experiment; and (B) a hydroseeding tank and pump on the back of marsh-capable equipment.


With broadcasting, seeds are spread on the soil surface, often by hand, and sometimes mixed with an inert material such as rice hulls or sand to increase seed distribution uniformity. Hand broadcasting seeds is ideal for smaller restorations and in areas with deeper flooding or unconsolidated substrates where it is not possible to get heavy machinery into the restoration site (Apfelbaum and Haney, 2012). Hand broadcasting has also been used effectively with some SAV species like Zostera marina (Marion and Orth, 2010). Hydroseeding uses a backpack or machine-mounted pressurized, agitated tank connected with a nozzle sprayer to distribute a slurry of seed and water. Tackifiers, mulch (straw, wood fiber, or paper), fertilizer, plant hormones, or herbicides can be included in the slurry to enhance restoration effectiveness (Baldos et al., 2017). In drill seeding, a machine attached to a tractor drills shallow holes (e.g., 3–5 cm) and drops in seed. Drill seeding results in plant placement that is gridded and unnatural in appearance (Allen et al., 2001), while broadcasting and hydroseeding create a more natural-looking restored plant community. In the overseeding method, seed is simply spread over existing vegetation; this method is often ineffective due to seed light requirements of many wetland species (Ignacio Galinato and van der Valk, 1986; Smits et al., 1990; Baskin et al., 2004; Kettenring et al., 2006; Hoag et al., 2011; Carta et al., 2016; Rosbakh et al., 2020) but see (Landry et al., 2012).

Seed buoyancy is an important adaptation for many wetland plants in natural systems to facilitate water seed dispersal, but can be challenging in restorations (Boedeltje et al., 2003; Bohnen and Galatowitsch, 2005; Broek et al., 2005; Nilsson et al., 2010). The intersection of seed buoyancy with the naturally dynamic hydrology of wetlands due to varying water levels, tides, or wave action, presents additional seeding challenges (Cronk and Fennessy, 2001; Sullivan, 2001). An obvious approach to counteract these challenges might be to use drill seeding, a common practice in dryland systems that involves burial to keep seeds in place yet fails for many wetland species given their seed light requirements. However, for bottomland hardwood forest species that do not have these light needs, sowing depths of 5–10 cm are ideal (Allen et al., 2001). Similarly, some plant species occupying deep-water habitats may also be able to germinate in the dark (Rosbakh et al., 2020).

For many emergent and wet meadow species, the use of a tackifier when hydroseeding, under some circumstances, may effectively bind seeds to the soil surface (Tilley and Hoag, 2006; Baldos et al., 2017; England, 2019). That said, there is likely to be some redistribution of seeds on-site with dynamic water levels especially as tackifier adhesion wears off (Bohnen and Galatowitsch, 2005; Tilley and Hoag, 2006). Hydroseeding with mulch or an organic amendment has also enhanced seedling success in tidal wetlands (Sullivan, 2001). In another approach for keeping seeds in place, sowing seeds of Zostera marina in burlap bags comprised of natural fiber, seed, and sediment has also been found to improve recruitment outcomes in seagrass meadow restoration with high wave action (Unsworth et al., 2019). In tidal wetlands, seeding may be more effective in the upper reaches of marshes that are more protected as well as during periods of time when storms are uncommon (Broome et al., 1988).



Timing and Location of Seed Sowing


Optimal Germination Safe Sites and Season

Given the vulnerability of seeds and seedlings to high mortality (James et al., 2011; Barrett-Lennard et al., 2016), it is essential to carefully plan the timing and location of seedings so that site conditions align with seed and seedling needs for germination and establishment (i.e., safe sites). Temperature, light, and moisture are primary drivers of germination and establishment; salinity, pH, alkalinity, and substrate type and texture can also be important (Ignacio Galinato and van der Valk, 1986; Shipley et al., 1989; Shipley and Parent, 1991; Coops and van der Velde, 1995; Mahoney and Rood, 1998; Borkenhagen and Cooper, 2019; Prach et al., 2019; Rosbakh et al., 2020). In wetlands that are geomorphically dynamic (i.e., riparian and floodplain wetlands, salt marshes, estuarine wetlands, mangroves), accretion and erosion dynamics with tides (daily to multi-year cycles), currents, and flooding can also limit seed germination and seedling survival (Giroux and Bédard, 1995; Mahoney and Rood, 1998; Balke et al., 2013; Ge et al., 2019).

The optimal seed sowing time should occur when the target species’ germination requirements – which can vary from extremely narrow to quite broad – overlap with field conditions (Donohue et al., 2010; Baskin and Baskin, 2014). However, this timing will become more challenging with climate change-driven shifts in temperature, and will particularly impact species with narrower and cooler temperature germination requirements (Walck et al., 2011; Noe et al., 2019). Germination is triggered for most species when temperatures fluctuate over the course of 24 h and are within the threshold of optimal temperatures for a particular species (Brändel, 2006; Liu et al., 2013; Baskin and Baskin, 2014; Carta et al., 2016). The range of optimal temperatures necessary to cue germination can range from 0–10°C for some seagrass species, such as Zostera marina (Orth and Moore, 1983), to 32–35°C for some species, such as Bolboschoenus maritimus and some Schoenoplectus species (Kettenring, 2016; Marty and Kettenring, 2017; Wagner and Oplinger, 2017). More moderate and often fluctuating growing season temperatures are the norm for many species particularly in temperate regions (e.g., Ignacio Galinato and van der Valk, 1986; Leck, 1996; Jensen, 2004a; Kettenring and Galatowitsch, 2007a; Rosbakh et al., 2020). Seeds should be sown as soon as temperatures are within a species’ optimal range before the plant canopy has time to develop and inhibit light at the soil surface (Grime et al., 1981; Kettenring et al., 2006). Ensuring light availability can also be addressed through litter removal (section “Unwanted Legacy Effects From Invasive Species).

In saline wetlands, including seagrass ecosystems, determining seed sowing timing should also consider salinity levels at the site. Though well adapted to saline conditions as adults, seedlings in these ecosystems typically need lower salinity levels for optimal establishment (Broome et al., 1988; Saenger and Siddiqi, 1993; Denzler, 2017; Noe et al., 2019). Sowing seeds after periods of rainfall or freshwater flooding, which can occur naturally in some saline wetlands in the early spring, can lower salinity to levels that are more conducive to seedling survival (Zedler et al., 1992; Denzler, 2017; Noe et al., 2019).

In highly geomorphically active wetlands, seeding success will be highest when physical disturbances are minimal (i.e., reduced flooding with exposed, stable sediments in fluvial and tidal ecosystems) for a sufficient period of time for seedling establishment (i.e., the “recruitment box”; Mahoney and Rood, 1998; Balke et al., 2014). Alternatively, interventions to temporally protect vulnerable seedlings from disturbance can potentially improve survival, such as with biodegradable structures (Balke et al., 2013). Despite the promise of these potential manipulations, further research is needed to systematically target recruitment bottlenecks specific to many species and wetland types, which can yield insights into environmental manipulations or species selection that maximizes recruitment (Figure 2; James et al., 2011; Larson and Funk, 2016).



Priority Effects

In addition to fine-tuning seed sowing to the environmental conditions at a site, manipulating priority effects is another tool to improve native plant community recovery. Priority effects occur when earlier establishing species impact the germination and survival of later arriving species, allowing earlier arriving species to preempt available resources (Figure 9; Grman and Suding, 2010; Hess et al., 2019). Much of the research on priority effects in restoration supports the idea that seeding 1–6 weeks earlier in the season can provide a competitive advantage to seeded species, as they are able to acquire resources needed for germination and establishment before unwanted invaders (Young et al., 2017). However, in reality many invasive species are successful because of their early emergence times, thus there may not necessarily be native species that can preempt invaders by earlier germination (Gioria and Pyšek, 2017). Furthermore, any initial advantage to seeded species may fade over time as stronger competitors take hold (Young et al., 2017). Further research is needed to identify species-specific guidelines on sowing timing in various environmental conditions that may confer a native priority effect (Figure 2).
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FIGURE 9. The timing of when native seeds are sown can have a huge influence on plant community outcomes such as when you sow seeds early enough in the growing season to favor the dominance of a native species (in top scenario) vs. dominance of an unwanted invader (in bottom scenario). In the top scenario, non-dormant seeds of native species (here Schoenoplectus americanus, with darker green stems and darker brown roots and rhizomes) were sown early in the growing season to maximize native seedling emergence and plant establishment. Only 1–2 individuals of an invasive species (here Phragmites australis, with lighter green stems and beige roots and rhizomes) emerges; these individuals can be readily managed through spot spraying. In the bottom scenario, abundant P. australis seedlings emerge prior to the sowing of the target native species S. americanus. Once established, P. australis competitively excludes any S. americanus seedlings resulting in an invader monoculture. Watercolor by Corey Labrie.




Multi-Year Seed Sowing

Because of the considerable year-to-year variation in environmental conditions at a wetland site, variation that will only become more extreme with climate change (Walck et al., 2011; Figure 7A), bet-hedging with multi-year seeding is a useful tool in seed-based restoration to reduce the risk of mortality, to maximize recruitment, and to even facilitate natural succession. Ideally, seeding should occur across multiple years to increase the likelihood that seeds are exposed to optimal germination conditions (e.g., between wet years and dry years; Figure 7B; Groves and Brudvig, 2019). Additionally, seeding over a broader area than what is expected to be suitable for seeds can be a good bet-hedging strategy as it offers diverse safe sites that may be more conducive to germination for some species (Doherty and Zedler, 2015), though this approach must be balanced with logistical and financial constraints.



MAINTENANCE AND MONITORING

A wetland restoration is not complete once the native plant community has established. Invasive species will be a perennial problem that will require vigilance (section “Invader Management”). Long-term monitoring will inform additional interventions that are essential to preserve the restoration investment (section “Monitoring”).


Invader Management

Many wetland restorations are conducted in response to invasive plants, but even if initial control is successful, most restorations will be subject to reinvasion and secondary invasions by new species because wetlands are so invasion prone (Zedler and Kercher, 2004; Kettenring and Adams, 2011; Pearson et al., 2016; Banks et al., 2018). Also, restoration activities often cause disturbances that create the high resource conditions under which many wetland invaders thrive (e.g., high light, nutrients; Davis et al., 2000; Galatowitsch and Richardson, 2005; Kettenring and Adams, 2011). Thus, control of invaders, both returning and new, should occur early and often while long-term management (e.g., continual spot spraying) will be necessary (e.g., Lombard et al., 2012). If initial native revegetation is effective, the reestablishing plant community should become less invasible as resource availability declines. But during the establishment phase, expect that much of a restoration budget will go toward invasive plant control (Bohnen and Galatowitsch, 2005; Rieger et al., 2014). The most effective approach is to control small and new (re)invasions immediately and with a sustained effort, rather than waiting for an appreciable invasive plant cover to accumulate or a seed bank to develop (Moody and Mack, 1988; Rieger et al., 2014). Specific recommendations on control for wetland invaders is beyond the scope of this review, but there are numerous resources, both general and species-specific, that can be accessed for guidance (e.g., Lavergne and Molofsky, 2006; Apfelbaum and Haney, 2012; Hazelton et al., 2014; Hussner et al., 2017; Bansal et al., 2019).



Monitoring

Monitoring is important to uncover mechanisms limiting seeding success to inform future projects. Indeed, without detailed, long-term monitoring there would be limited historical evidence about the failure of native vegetation to return to wetland restorations and the need for active revegetation (e.g., Galatowitsch and van der Valk, 1996; Mulhouse and Galatowitsch, 2003; Aronson and Galatowitsch, 2008). The outcomes (e.g., soil and peat development or the establishment of a self-sustaining plant population), underlying drivers (e.g., how legacy effects drive plant survival), and potential set-backs take years, if not decades or centuries, to develop, particularly for long-lived plant species (Ballantine and Schneider, 2009; Godefroid et al., 2011; Drayton and Primack, 2012; McGlathery et al., 2012; Moreno-Mateos et al., 2012; Strobl et al., 2019). Thus, long-term monitoring is essential (Blossey, 1999).

With increased urgency for, but limited successful examples of, seed-based wetland restoration around the globe, intensive monitoring of seed and seedling outcomes is imperative. For example, if monitoring can identify the limiting seed or seedling life stage for restoration, as has been done effectively in dryland restorations (James et al., 2011), additional restoration interventions can be implemented and sites can be chosen more strategically to ensure seed and seedling success (Kotze et al., 2019). The details of developing a monitoring plan are beyond the scope of this review but see these excellent resources as examples (Elzinga et al., 1998; Neckles et al., 2002; Perillo, 2009; Apfelbaum and Haney, 2012; Rieger et al., 2014). The ultimate goal is to construct a thoughtful monitoring plan that is feasible and will yield insights to maximize the success of current and future seeding. In turn, sharing the outcomes of revegetation (i.e., monitoring results) with others, formally or informally, is crucial to enable continued learning and improvement of revegetation practices.



CONCLUSION

Restoration of wetlands has been occurring for decades, if not centuries, but the global importance of wetland restoration is greatly elevated with increasing anthropogenic impacts and climate change (Finlayson et al., 2018). Restoration of lost functions and services remains an elusive goal at a time when the climate mitigation properties of wetlands and their plants are urgently needed (Endter-Wada et al., 2018, 2020; Espeland and Kettenring, 2018; Finlayson et al., 2018). It is paramount to improve the success of seed-based restoration, specifically reestablishing the foundational wetland plants that support critical functions and services (Whitham et al., 2003; Halpern et al., 2007; Renzi et al., 2019). Recent ecological, genetic, and evolutionary scientific breakthroughs, such as determining the effects of plant genetic diversity on ecosystem function and how that valuable diversity may be lost in the restoration process (Reynolds et al., 2012; Kettenring et al., 2014; Basey et al., 2015; Espeland et al., 2017), can and should be harnessed to advance seed-based wetland restoration. Yet, improvements in and successful studies of seed-based wetland restoration lag behind other ecosystems such as forests and drylands (Palma and Laurance, 2015; Kildisheva et al., 2016; Grossnickle and Ivetić, 2017). Perhaps this research gap is due to long-held views that wetland restorations do not require active revegetation (Galatowitsch and van der Valk, 1996; Rohal et al., 2018) or to the logistical challenges of seeding in flooded environments and unconsolidated substrates. However, given the often slow development of long-lived wetland vegetation post-disturbance, and the intense invasion pressure experienced by many wetlands (Boutin and Keddy, 1993; Zedler and Kercher, 2004), the rapid reintroduction of diverse native plant communities is essential.

In this synthesis, we have consolidated ecological, genetic, and evolutionary principles and restoration guidelines for wetlands, but there is still a lot to learn (Figure 2). Gaps in knowledge and untested practices will increase risks for future seed-based wetland restoration. We should expect that going forward, some failure of restorations will be inevitable (Broadhurst et al., 2016), particularly given the demographic bottlenecks that seeds and seedlings present to plant populations (Leck et al., 2008; Palma and Laurance, 2015). But we can learn from and manage that risk using strategic long-term and large-scale monitoring to tease apart complicated processes in “messy” datasets (e.g., Dickens et al., 2016; Rinella et al., 2016) and best practices (e.g., using approaches that minimize genetic diversity loss in a restoration seed lot; Espeland et al., 2017). These failures can also be used as a catalyst to renew research efforts to better understand the seed ecology of wetland plants (Broadhurst et al., 2016; Ladouceur et al., 2018). Then, we will be one step closer to restoring wetland functions and services needed for human and ecological communities.
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