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Wet meadows are globally significant ecosystems that provide critical hydrological, ecological, and biogeochemical functions, yet their extent has declined dramatically due to land use changes and hydrologic alteration. These sedge-dominated wetlands exist at the drier end of the wetland gradient, maintained by shallow groundwater and periodic inundation. This paper is a global synthesis of the ecological, geomorphic, and hydrological dynamics of wet meadows, with an emphasis on alluvial systems, to inform effective restoration strategies. We compare wet meadows to other wetlands, classify them into palustrine, lacustrine, and alluvial types, then focus on alluvial wet meadows and discuss how their formation and persistence depend on ground and surface water interactions, sediment deposition and flow obstructions, all mediated by biological processes. In particular, we highlight the role of hydric graminoids in resisting erosion and maintaining soil cohesion, how beaver promote meadow persistence, and the significance of wet meadows as carbon sinks. We also present stratigraphic evidence demonstrating that incision, often triggered by anthropogenic activity or changing climate, is the primary mechanism of alluvial wet meadow degradation, resulting in water table decline and shifts in vegetation composition. Restoration requires reversing these incisional processes through techniques that elevate water tables, disperse flow and retain sediment—methods traditionally associated with either soil conservation or stream restoration. These include nature-based solutions that create obstructions such as beaver dams and their analogues, rock and wood-based obstructions and incision trench or gully filling and grading. Given their multifunctional value—including but not limited to flood attenuation, biodiversity support, and carbon sequestration—wet meadows warrant a focused restoration framework. This review advocates for a valley-floor scale restoration paradigm that integrates hydrological reconnection, sediment retention, and biological reinforcement to ensure long-term resilience of these systems in the face of changing climate and land use pressures.
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INTRODUCTION
Wet meadows are biologically rich and highly productive ecosystems found throughout much of the world that like most types of wetlands, are becoming increasingly endangered (Wu et al., 2020; Fluet-Chouinard et al., 2023). Though once formerly abundant, particularly on alluvial valley floors (Meyer, 1936; Hewes, 1951; Christy and Alverson, 2011), wet meadows now occupy a relatively small proportion of most watersheds, usually <1% of the total land area, and are generally found on alluvium, gentle slopes, lakeshores and in isolated depressions lacking a waterbody (Patton and Judd, 1970; Cummings et al., 2023). Wet meadows are often found in mountainous terrain on valley floors or hillslope bases where groundwater emerges (Chambers and Miller, 2011; Lord et al., 2011; Pope et al., 2015). These unique ecosystems are characterized by elevated water tables, the widespread presence of hydric graminoids (e.g., sedges) and the general absence of trees and shrubs (Joyce and Wade, 1998). While the bulk of wet meadow studies are from North America and Europe, Wet meadow ecosystems have been described in diverse regions throughout much of the world, including the savannahs of Nigeria, the Highlands of Ethiopia, the mountains of Peru, the Mediterranean region of North Africa and southern Europe, the tropical regions of Central Africa, the Patagonian region of Argentina, the Atacama desert of Chile and parts of Brazil, China, India and Australia (Walker, 1968; Britton and Crivelli, 1993; Gopal and Sah, 1995; Zierholz et al., 2001; Von der Heyden, 2004; Mactaggart et al., 2008; Enriquez et al., 2015; Gao and Li, 2016; Joyce et al., 2016; Fryirs and Brierley, 2018; Tully et al., 2019; Wu et al., 2020). They are less frequently described in tropical lowlands or polar regions, where climate and hydrology favor other types of meadow-like wetlands such as floating meadows or peat lands (Junk et al., 2011; Page and Baird, 2016; Tuboi and Hussain, 2018). Wet meadows are particularly important in the arid and semi-arid areas making up 41% of the earth’s land surface and home to 2.5 billion people, as they provide moisture and humidity needed for numerous species to thrive in an otherwise xeric environment (Minckley et al., 2013; Al-Obaid et al., 2017; Gaur and Squires, 2018). In most systems today wet meadows exist as small components within more spatially extensive ecosystems, but historically, they were sufficiently vast to be referred to as ‘wet prairies’ and extended for many kilometers alongside rivers (e.g., refer to Meyer, 1936; Hewes, 1951; Christy and Alverson, 2011). Where such ecosystems are (were) widespread, increased evapotranspiration may have localized meteorological influences (Şimşek and Ödül, 2018; Zhang et al., 2022). In fire-prone regions, wet meadows, particularly those influenced by beaver, are often the only places remaining with green vegetation and cover after severe burns, and may serve as post-fire refugia for plant and animals (Fairfax and Whittle, 2020). Wet meadows are likely major source areas for seed banks, propagules and offspring that help to recolonize burned over areas. As such, they contribute substantially to the maintenance of regional biological diversity and general ecosystem health that extends well beyond the extent of wet meadows. In part because they are less likely to burn, stable wet meadows also sequester carbon through soil-building processes that accumulate peat and other organic materials, retaining 2–4 times as much carbon as their mesic or dryland meadow counterparts (Dwire et al., 2004).
While the ecological importance of wet meadows is recognized, there is limited understanding of the range of hydrogeomorphic, edaphic and ecologic conditions under which they are formed and maintained. Further, wetland inventories and classifications often do not include a wet meadow type (Cowardin et al., 1979; Gopal and Sah, 1995; Zedler and Kercher, 2005; Ramsar-Convention-Bureau, 2006; Brinson, 2009; Fagorite et al., 2019). Fundamental questions about these systems remain mostly unanswered. These include questions such as: How long do wet meadows persist? What processes form and destroy them? What role do extrinsic influences or disturbances, such as beaver, floods and landslides, play in maintaining these systems? And, what are the trends in wet meadow creation and loss in different regions of the world? Currently, there is not a unifying scientific framework that forms a basis for understanding how to restore and maintain these systems in part because they are not recognized as a distinct wetland type in many wetland classification systems and they are often described as a region-specific rather than a global wetland type (Grootjans and Verbeek, 2002; Ramsar-Convention-Bureau, 2006; Chambers and Miller, 2011; Chambers et al., 2021). Herein, we review and synthesize the science of wet meadows for the purposes of understanding how degraded wet meadows can recover and how existing wet meadows might be maintained in the context of a rapidly changing climate.
WET MEADOWS COMPARED TO OTHER WETLANDS
Wet meadows are a type of emergent wetland dominated by hydric graminoids (grasslike plants) that are found towards the drier end of the wetland spectrum and are hydrologically transitional between dry upland meadows and wetter marshes with standing water throughout much of the year (Figure 1) (Cowardin et al., 1979; Joyce et al., 2016). Some riparian forests and shrub-scrub wetlands may have similar hydrologic characteristics as wet meadows, and wet meadow sites may transition between graminoid, shrub or tree dominated wetlands in response to subtle changes in hydrologic, geomorphic or biologic conditions (Pastor et al., 1993; Lord et al., 2011; Miller et al., 2011). Less subtle changes may lead to conversion to dry meadows or invasion by upland trees or shrubs (Darrouzet-Nardi et al., 2006; Surfleet et al., 2019; Cummings et al., 2023). Peatlands (rainwater-fed bogs and groundwater-fed fens) are similar to wet meadows in many ways but differ in that they are typically dominated by mosses (e.g., Sphagnum sp.) rather than hydric graminoids, generally have deep accumulations of undecomposed organic material (peat), indicating a consistently anaerobic environment, and typically have pockets of standing water throughout the year (Page and Baird, 2016). Wetland types are gradients more than categories and there is overlap in their features; for example, wet meadows can accumulate peat, bogs can be dominated by sedges, hydric graminoids can coexist with mosses or taller emergent marsh vegetation such as cattails (Typha sp.), bulrush (Scirpus sp.) and reeds (Phragmites sp.) can exist within a mosaic of other wetland and upland types.
[image: Illustration of a cross-section of a landscape showing different vegetation zones. From left to right: Dryland Shrub, Dry Meadow, Wet Meadow, Riparian Forest, Marsh, Aquatic, Swamp Forest, and Wet/Dry Meadow. Water levels are indicated as Flood, Average flow, and Base flow.]FIGURE 1 | Hydrologic relationship of wet meadows relative to other common wetland, riparian and adjacent upland communities found in the United States. Adapted from Cowardin et al., 1979.CHARACTERISTICS OF DIFFERENT TYPES OF WET MEADOWS
Wet meadows are biologically defined by dominance of hydric graminoids and the general absence of trees and shrubs, but their presence is largely determined by the underlying hydrology, which is influenced by geomorphology (Chambers and Miller, 2011). Thus, wet meadows can be further characterized by their underlying hydrogeomorphology. Additionally, biological processes modify these systems, creating unique environments. Because different hydrological, geomorphological and biological processes can be operating over large areas that appear to be a largely continuous wet meadow system, the term “wet meadow complex” is used to describe such heterogenous areas that may contain a number of different community types (Chambers and Miller, 2011). While we discuss the differing wet meadow types below to give a broader understanding of these unique ecosystems, our focus is primarily on alluvial wet meadows because they are the most vulnerable to hydrologic and geomorphic changes.
Riverine, lacustrine and palustrine wet meadows
From a hydrogeomorphic perspective, we define three broad types of wet meadows: 1) Palustrine meadows, often found on hillslopes or in isolated depressions that are disconnected from any type of surface water body and are primarily groundwater fed; 2) Meadows associated with depressional land forms that contain a lake or pond (e.g., lakeshore meadows); and 3) Riverine or alluvial meadows that are associated with channel networks that are typically fed through a combination of ground and surface water sources (Figure 2) (Richardson and Brinson, 2001; Brinson, 2009; Maltby and Barker, 2009).
[image: Illustration of a cross-section of different wet meadow types: Hillslope (groundwater-fed), Lakeshore (surface water-fed), Alluvial Valley (groundwater and surface/hyporheic-fed), and Depressional (groundwater-fed). Rain clouds and sun are depicted, indicating water sources and evaporation. Arrows show water flow dynamics underground.]FIGURE 2 | Examples of the variation in groundwater and surface water sources that maintain wet meadow ecosystems. From left to right: a palustrine wet meadow on a hillslope fed by groundwater; a depressional lacustrine wet meadow next to a lake, two examples of alluvial (riverine) wet meadows with different sources of water and an isolated palustrine depressional wet meadow not associated with any open water body.In drier regions such as the Basin and Range Geologic Province of the western United State and the Sierra Nevada of California, wet meadows are often referred to as mountain meadows because they are typically found in montane areas, the only remaining place where there is sufficient groundwater to maintain them (Germanoski et al., 2011). Meadows associated with lakes and ponds are lacustrine meadows, while meadows associated with channel networks are alluvial wet meadows because they are usually found on valley floor alluvial or colluvial deposits and frequently are adjacent to an active stream channel.
Alluvial meadows
Alluvial wet meadows, inclusive of beaver meadows as described below, are dynamic systems that often encompass a variety of vegetation types and hydrogeomorphic conditions that change over time (Chambers et al., 2021). In contrast, palustrine or lacustrine wet meadows are comparatively stable and do not typically undergo dramatic changes in hydrologic conditions or sediment inputs over time and consequently have relatively stable biotic communities.
Alluvial wet meadows are dynamic communities because they are regularly subject to disturbances such as landslides, debris fans, beaver dam formation and breaches and in-channel sediment deposits and anastomosing (Johnston et al., 1995; Chambers and Miller, 2011). Such features can slow the flow of ground and surface waters, which helps support wet meadows (Chambers et al., 2021).
Rapid pulses of sediment from higher gradient streams deposit in the channels of lower-gradient streams, filling channels and causing avulsions (Schumm, 1979; Jones and Schumm, 1999). Depending on the extent of cover, type of vegetation and presence or absence of beaver dams down valley, the avulsed flow may turn into dispersed sheet flow moving through vegetation or a multi-thread channel system before eventually returning to the original channel. Alternatively, in a more poorly vegetated system, erosion down valley of the avulsion may occur, resulting in flow concentration leading to formation of rills, followed by a new single channel which may quickly incise, particularly if the alluvial substrate is fine-grained and lacking a substantial root network (Lord et al., 2011).
Beaver meadows
In the northern hemisphere alluvial wet meadows are also created and modified by the dam-building activity of beaver. Phylogenetic evidence suggests beaver have been building dams at least 7.6 Ma and possibly for more than 24 Ma (Rybczynski, 2008; Horn et al., 2011; Davies et al., 2022), while physical evidence dates dam-building back at least to the Pliocene (Davies et al., 2022). This evidence suggests that beaver-meadow complexes have long been a feature of Northern Hemisphere ecosystems. Until the past millennia, beaver were widespread throughout Eurasia and North America, numbering in the tens to hundreds of millions, and historically extended as far south as present-day Syria and northern Mexico (Pollock et al., 2003). Beaver meadows or beaver-meadow complexes are wetlands found behind active or abandoned beaver dams where fine sediment has accumulated (over centuries to millennia) sufficiently to create an elevated surface of poorly drained, fine-grained material ideal for colonization by clonal hydric graminoids such as sedges but unfavorable to the growth of shrubs and trees (Ives, 1942; Polvi and Wohl, 2012). Stratigraphic evidence suggests that in some areas of beaver meadows, substantial peat layers were able to accumulate uninterrupted by sediment deposits, which suggests a relatively stable wetland environment over long periods of time (Johnston, 2014). Strata from other beaver meadows reveal a mix of fine sediment and organic matter accumulation, indicating an environment that fluctuated between pond and wetland, characteristic of a site being intermittently inhabited and deserted by beavers, in accordance with their natural behavior (Ives, 1942; Neff, 1957; Johnston, 2000; Westbrook et al., 2011; Polvi and Wohl, 2012). Beaver build dams in alluvial environments and form a unique and dynamic wetland environment that includes wet meadows but also can include aquatic, emergent, willow-shrub wetland vegetation, with the extent of each depending on the hydrogeomorphic site conditions, particularly sediment inputs, and the length of the cycle of occupation and abandonment by beaver. Beaver wet meadows are dynamic systems and can undergo successional processes in response to beaver colonization and abandonment, but the hydric soil conditions of abandoned beaver dams seem to favor meadow establishment over shrub or tree establishment, and beaver meadows appear to be relatively stable landscape features (Neff, 1957; Johnston et al., 1995). The systems are complicated enough that they are referred to as beaver-meadow complexes (Ives, 1942; Polvi and Wohl, 2012). Beaver can build dams in headwater valleys where fine-grained alluvium would not otherwise be deposited and thus increase the upstream extent of wet-meadow complexes. Thus, there are alluvial wet meadows that would not exist without beaver dams and those with pre-existing hydrogeomorphic conditions to create wet meadows that have subsequently been modified by beaver. Understanding the difference between these two wet meadow types is important because there will be significant differences in the vegetative responses to the natural cycle of beaver occupation and abandonment.
Wet hay meadows
Primarily described from Europe, there is another type of wet meadow, often referred to as a wet grasslands, which are a novel system created by humans (Homo sapiens) draining bogs, fens and sometimes riparian forests for agriculture, usually to make hay (Joyce et al., 2016; Lennartsson et al., 2016; Straubinger et al., 2023). Because they were drained a long time ago using rudimentary techniques, these meadows could grow hay but also retained a wet character like natural wet meadows. Creation of these unique systems began over 7,000 years ago and accelerated about 1,500 years ago such that many have been in existence for over a millennium, creating a novel but stable ecosystem (Grootjans and Verbeek, 2002). These biologically diverse systems house numerous species: many of which are endangered and are considered an important type of habitat worthy of conservation and restoration (Grootjans and Verbeek, 2002; Klimkowska et al., 2007). There are active efforts to restore the agricultural practices that maintained them including undoing the recent intensive draining efforts that have occurred with the advent of more modern technologies (Grootjans and Verbeek, 2002; Poptcheva et al., 2009; Kołos and Banaszuk, 2013). Wet hay meadows also existed in the United States under similar circumstances. In the 1800s wet sedge and grass meadows were “hayed” during the dry season and rudimentary drainage efforts using draft animals and hand digging were applied towards improving drainage (Meyer, 1936). Power-driven dredge boats replaced the relatively low impact dredging methods of the past. These new boats dug deep, wide drainage canals and were accompanied by extensive tiling and channel straightening. This transformation eliminated the once-common wet meadows along U.S. rivers during the early European colonial period, converting them primarily into dry farmland (Meyer, 1936; Dahl, 1990; Valayamkunnath et al., 2020).
Palustrine and lacustrine meadows
Because palustrine and lacustrine meadows are by definition, not connected to alluvial systems they are not subject to the same sorts of disturbance regimes and cycles of incision that affect meadows connected to flowing waters. Lacustrine meadows are adjacent to lakes, and should thrive at a surface elevation relative to the lake elevation that keeps them within about a meter of the lake elevation at its low point in later summer and at a high enough elevation that they are not continuously inundated (Figure 2). Similarly palustrine meadows are often found in depressional areas or at the base of hillslopes, connected to steady groundwater sources where groundwater emerges and stays near the surface elevation even during later summer base flow conditions (Figure 2). At high elevations, palustrine wet meadows may also be found on hillslopes where snow regularly accumulates in the winter and melts in the summer. A palustrine meadow may in some cases be a lake or pond that has filled in over time.
Where there is human development, palustrine and lacustrine wetlands of all types have been destroyed through filling, rather than drainage, a situation that also exists for riverine wetlands in some cases where there has been rapid aggradation (Walter and Merritts, 2008; Dahl, 1990). Headward incision, gullying and intentional extends stream networks can connect palustrine wet meadows to stream networks, effectively converting them into riverine wet meadows. As such, they would be impacted by alluvial processes and pathways towards recovery would be essentially the same as for alluvial wet meadows.
ECOLOGICAL CHARACTERISTICS
Globally, the term “wet meadows” is consistently defined by the domination of hydric graminoids, though no universal classification exists (Prosser and Slade, 1994; Joyce and Wade, 1998; Grootjans and Verbeek, 2002; Adam et al., 2010; Chambers and Miller, 2011; Tully et al., 2019; Wu et al., 2020). The dense shoot and root networks of wet meadow graminoids give these systems unique properties that allow them to substantially modulate water, sediment, nutrient and thermal energy fluxes. Shrubs and trees such as willow (Salix spp), alder (Alnus spp), aspen and cottonwood (Populus spp), birch (Betula spp) and other woody species may occur in elevated or recently disturbed patches within the meadows or on the fringes, but they are generally a minor vegetative component.
Water tables in wet meadows are elevated such that they are slightly above or slightly below the surface elevation throughout the year. Dominant species in wet meadows are almost entirely from the Order Poales (the grass Order) and mostly from the Cyperaceae (sedge) Juncaceae (rush) and to a lesser extent Poaceae (grass) families (Tang et al., 2017). Examples of specific genera that have a competitive advantage under such hydric conditions include Carex, Scirpus, Juncus, Eleocharis, Deschampsia, and Calamagrostis species (Cowardin et al., 1979; Chambers and Miller, 2011; Wu et al., 2020). Across the globe, species from the sedge family, of which there are nearly 7,000, are ubiquitous in wet meadow ecosystems (Tang et al., 2017). In some situations, such as when water levels are constant and elevated throughout the year, mosses (e.g., Sphagnum species) also thrive and can be abundant. Where moss dominates, the system is classified as either a bog (if precipitation is its only source of water) or a fen (if it is fed by groundwater) and is not considered a wet meadow (Lourenco et al., 2023). In North America, wetlands with shallow water more consistently above the soil surface favor a different suite of generally taller taxa such as Typha, Phragmites, Sparganium, Alisma, and Sagittaria as well as some species of Scirpus, Carex and Juncus (Cowardin et al., 1979). Permanent flooding and deeper water favors aquatic taxa such as Nuphar, Potamogeton, and Nymphaea (Cowardin et al., 1979). Conversely, where water tables are near or at the surface for part of the year but drop more deeply during summer months, mesic or dry meadows form, and these are typically dominated more by dryland grasses rather than sedges or rushes.
Properties of hydric graminoids that create resilience to disturbance
Alluvial wet meadows have specific hydrological and biological features that in combination make them unique, including a down slope/down valley obstruction to flow and sediment transport that may be biogenic in nature, a groundwater source, often a surface water source, hydric graminoids, and an accumulation of alluvium that may include organic rich strata. The morphological and physiological characteristics of wet meadow graminoids create a biological architecture with certain unique properties. In hydric soils, undisturbed wet meadows over time form a mat of a dense root networks within the upper half meter of soil that makes them highly resistant to erosive forces, which increases channel stability and reduces sediment transport (Micheli and Kirchner, 2002a; b). The root densities of sedges are some of the highest ever recorded and are among the strongest in terms of resisting the erosive force of flowing water (Gyssels et al., 2005; Vannoppen et al., 2015). Shear strengths of intact wet meadow soils (during low-flow conditions) in the root zone are in the range of 37–47 kPa, compared to shear strengths of 8 kPA for dry meadows and 6 kPa for unvegetated river bars (Micheli and Kirchner, 2002b).
The shoots of wet meadow graminoids can grow to high densities ranging from 2,000 to 10,000 shoots per m2, with shear strengths positively correlated with shoot density (Figure 3). High shoot densities are efficient at lowering velocities when water flows across the surface which reduces the potential for scour. This increases the capture efficiency of any sediment contained in the water, and helps wet meadow plants acquire nutrients needed for growth (Gorrick and Rodríguez, 2012; Yagci and Strom, 2022).
[image: Scatter plot showing shear strength in kilopascals on the y-axis versus number of stems per square centimeter on the x-axis. Data points are depicted as triangles for sedge and circles for rush, with a positive trend line indicating a correlation.]FIGURE 3 | Shear strength versus sedge and rush stem density. The strength of vegetated bank and bar materials is correlated with stem density, with a slope of 68.4 kPa per number of stems per cm2 and a y-intercept of 16.8 kPa (From Micheli and Kirshner, 2002b).Similar filtering processes operate that also help wet meadows capture aeolian particles (Wood, 1975; Betz et al., 2015). The capture and deposition of airborne soil particles and volcanic ejecta can be a significant source of nutrients, propagules and organic material for ecosystems around the world (McTainsh and Strong, 2007; Brahney et al., 2024).
Further, the dense root networks of hydric graminoids reduce the potential for tree and shrub seedling establishment. The absence of trees reduces the potential for disturbance from treefall from windthrow or bank erosion and the subsequent exposure of large patches of bare soils is minimal. The lack of trees also reduces low-root density patches and bare ground which are common features of soils shaded by tree canopies. This helps reduce erosion and headcutting vulnerabilities.
Carbon sequestration
Wetlands as a whole occupy only 4-6 percent of the Earth’s land area (∼0.53–0.57 Gha) (Matthews and Fung, 1987; Aselmann and Crutzen, 1989), but store an estimated 20–33 percent of the world’s soil carbon (350–650 GtC) (Gorham, 1995; Lal et al., 2007; Alhassan et al., 2018; Nag, 2019; Were et al., 2019; IPCC, 2023). This is equivalent to about 15%–27% of the total 2,400 GtC released by human activity from 1850 to 2019, much of which was originally sequestered in wetlands millions of years ago (Flores, 1986; Flores et al., 1987). Conversely, the widespread incision or intentional drainage of wetlands has created oxidative soil conditions that has released substantial amounts of soil carbon into the atmosphere (Dahl, 1990; Dwire et al., 2004). Around the world, degradation of peat-rich wetlands alone is annually releasing about 2 GtC, or about 5% of the total annual amount of GtC released by human activities (Leifeld et al., 2019; Loisel et al., 2021; UNEP, 2022).
The stratigraphic records shows that wetlands are major sites of carbon sequestration, inclusive of wet meadows (Wood, 1975; Flores, 1986; Flores et al., 1987). Wet meadows are important ecosystems for carbon sequestration due to their ability to store large amounts of organic carbon in both plant biomass and soil. Intact wet meadows have reported carbon sequestration rates ranging from 50 to 578 g C m−2 y−1, the upper end being some of the highest rates of carbon accumulation of any ecosystems outside of mangrove swamps (Reed et al., 2021). Sequestration rates are generally higher in humid colder environments with greater water availability, more elevated water tables and longer growing seasons, and lower in more arid environments where growth rates are lower because water availability is more limited during the growing season and lower water levels may increase soil carbon oxidation rates. In contrast, degraded wetlands such as those where water tables are lowering due to incision can be sources of atmospheric carbon as the soils slowly oxidize (Reed et al., 2021).
Wetlands in general are significant areas of carbon accumulation. Much of the great carbon accumulations in ancient times such as during the Carboniferous Period and later the Paleocene Epoch (prior to the Paleocene-Eocene Thermal Maximum) occurred in freshwater and estuarine wetlands (Flores, 1986; Flores et al., 1987). Wetlands that are consistently waterlogged prevent the decomposition of organic material primarily due to the lack of oxygen (anoxic conditions) and the reduced activity of decomposers that would normally oxidize organic carbon compounds into gases such as carbon dioxide (Mitsch and Gosselink, 1993). When an area is waterlogged, oxygen from the atmosphere is unable to penetrate the water and reach the organic material (Tiedje et al., 1984). Oxygen is a crucial component for aerobic decomposers, such as bacteria and fungi, which break down organic matter. In the absence of oxygen, these aerobic organisms cannot function effectively, leading to a slowdown in the decomposition process. The slower rate of anaerobic decomposition compared to aerobic decomposition is due to the lower energy yield from the reduction of alternative electron acceptors, the specialized nature of the enzymes involved, and the overall less efficient energy extraction from organic matter in the absence of oxygen (Davies, 1980; Heider and Fuchs, 1997). Further, anaerobic accumulations of organic material can also become more acidic over time, which alters the effectiveness of enzymes involved in decomposition (Mitsch and Gosselink, 1993).
The biochemistry of decomposition under aerobic and anaerobic conditions suggests that wet meadows will most effectively sequester carbon if their soils are flooded during the growing season. Wet meadows that dry out to a certain extent during the summer months when temperatures are higher and decomposition rates at their maximum seem likely to accumulate less carbon. At the same time aerobic soils such as those found in grasslands can also accumulate substantial amounts of carbon if the soil structure is ideal (Bai and Cotrufo, 2022).
Well-structured aerobic soils with good aggregation can protect organic carbon from decomposition through several mechanisms: (1) Soil aggregates are clumps of soil particles bound together by organic substances, clay, and minerals. Organic carbon can become physically protected within these aggregates, making it less accessible to soil microbes that decompose organic matter. This physical protection reduces the rate at which organic carbon is broken down and released as CO2. Within soil aggregates, especially in the interior, there can be limited oxygen availability. This microenvironment can slow down the activity of aerobic decomposers; (2) microbes, such as arbuscular mycorrhizal fungi, can form symbiotic relationships with plants, contributing to the stabilization of soil aggregates and the protection of organic carbon; (3) finally, soil aggregation contributes to soil stability and can reduce erosion (Totsche et al., 2018; Bai and Cotrufo, 2022).
These carbon sequestration mechanisms operating in oxygen-rich soils suggest how wet meadow soils, that are seasonally aerobic may be able to sequester carbon and prevent it from being converted to carbon dioxide as a byproduct of microbial metabolism.
Physical evidence of the ability of wet meadows to sequester carbon is found in the stratigraphic record of wet meadow soils (usually made visible because of incision), which show long, meters deep, multimillennial periods of organic matter accumulation (Wood, 1975; Koehler and Anderson, 1994; Zierholz et al., 2001; Pearthree and Cook, 2015). This suggests that biomass loss through oxidative microbial metabolism during the short dry season is substantially outweighed by the accumulation of organic material under anoxic metabolic pathways (e.g., glycolysis, lactic acid and alcohol fermentation) that leave undecomposed carbon-rich byproducts in the soil (Davies, 1980).
In sum, wet meadows with healthy carbon-rich organic soils that are well-structured may not release more carbon into the atmosphere even if the upper layers are exposed to oxygen for limited periods during the summer. Incision and the rapid drainage of wet meadow soils would likely result in oxidation of some of the stored soil carbon over longer time periods, depending on the pH of the organic deposits, and reduce the density of the above and below-ground vegetative biomass. Relationships between specific wet meadow hydrologic regimes, vegetation types and their synergistic effects on soil structure and carbon sequestration rates could be explored further in future research.
HYDROLOGIC PROCESSES AND EFFECTS ON STREAMFLOW
Wet meadows are often directly connected to streams and rivers with surface or near-surface flow, but there is typically a groundwater component also providing flow to the system (Loheide and Gorelick, 2006; Schook et al., 2020). Groundwater sources for wet meadows include deep or regional aquifers, local or hillside aquifers, and alluvial aquifers or hyporheic flow (Tonina and Buffington, 2009; 2023). Wet meadows can also exist in isolation with a proximate groundwater connection but no surface water connection (Chambers and Miller, 2011). Less commonly, wet meadows can exist on surface or near surface water and precipitation, with no groundwater inputs.
Common hydrologic features of wet meadows include seeps, unpressurized springs, artesian springs, perched aquifers, confined or semi-confined aquifers, unconfined aquifers, sheet flow, channelized flow, areas of upwelling and downwelling and recharge and discharge areas (Figure 4) (Lord et al., 2011).
[image: Illustration of a cross-sectional landscape showing groundwater flow and geological features. Labels identify groundwater seeps, alluvial fans, beaver meadows, artesian plumes, and aquifers. The diagram depicts bedrock constrictions, fractured bedrock, buried sediment layers, and redox concretions. A river flows through the meadow, above various subsurface water systems.]FIGURE 4 | Examples of hydrological conditions that favor the formation of wetlands across landscapes. Here, alluvial fans, beaver dams, bedrock constrictions, fine-grained pond and lake sediments and concretions such as calcium carbonates and iron oxides form subsurface flow obstructions that cause upwelling which creates conditions favorable towards the establishment of wet meadows in alluvial landscapes. Fractured bedrock and fault lines also allow groundwater seepage that creates a gaining reach that further promotes wet meadow establishment.Some meadows may be relatively simple and contain only a few hydrological features, while others may be extremely complex with multiple hydrological features that vary across space. The specific hydrologic features present in a wet meadow however, and their spatial arrangement relative to geological features, can significantly affect the biological structure, climate sensitivity, and resilience of the ecosystem (Ciruzzi and Lowry, 2017; Klos et al., 2023). These factors also form the foundation for the most effective approach to restoring a degraded wet meadow system.
Effects of wet meadows on downstream hydrographs
Healthy wet meadows affect hydrology by storing water, elevating water tables and attenuating flow during periods of high discharge and releasing water during periods of low flow, typically during the summer (Hammersmark et al., 2008). Stored water leaves wet meadows by direct discharge to streams, through down-gradient sub-surface drainage, plant transpiration and soil evaporation. Thus, there is a seasonal cycle of water accumulation and discharge that is strongly affected by wet meadow biota. In the mountain meadows of the Sierra Nevada of California, where many of these studies have occurred, evapotranspiration in wet meadows is about 6 mm per day or about 54 cm over the course of the 90-day growing season, while degraded wet meadows growing sagebrush, conifers or annual grasses have evapotranspiration rates about half that amount or 3 mm per day (Wood, 1975; Loheide and Gorelick, 2007).
There is scientific consensus that restoring wet meadows degraded through incision results in elevated water tables and increased water storage, but there is less consensus on whether stored water returns to the atmosphere via transpiration and evaporation or is released as stream discharge (Loheide et al., 2009; Lord et al., 2011; Hunt et al., 2018; Nash et al., 2018). Restoration practitioners may be interested in the timing and route through which water leaves these systems, and whether relative to incised wet meadows, the presence of well-vegetated, aggraded wet meadows increases downstream surface discharge during low-flow conditions, or if surface discharge decreases because wet meadow vegetation transpires the water (Loheide et al., 2009; Essaid and Hill, 2014; Hunt et al., 2020).
Empirical studies that measured flow indicate that unincised wet meadows (natural or restored) contribute to dry season baseflow usually downstream of the meadow and not necessarily within the meadow (Hammersmark et al., 2008; Tague et al., 2008; Hunsaker et al., 2015; Hunt et al., 2018; 2020). For example, Hunt et al. (2018) reconnected 0.1 km2 of wet meadow by filling an incised channel. Prior to incision trench filling, the meadow increased downstream baseflow by 5% relative to inflow, whereas afterwards, baseflow increased 35%–95% (5–15 L/s), depending on the year. Tague et al. (2008) found that filling a 3,000-m incised channel and reengineering a new sinuous stream on top of a wet meadow system increased discharge during the summer recession period by as much as 40% and elevated water tables across a wide range of flow conditions. However the restoration did not increase summer baseflow and seemed to increase evapotranspiration based on noted improvements in riparian condition. In another example, Hammersmark et al. (2008) found that a wet meadow restoration project slightly decreased the duration of flow within the meadow itself but increased baseflow below the meadow due to increased downgradient groundwater flow through the meadow alluvium.
In contrast, wet meadow hydrology models predict varying effects of wet meadows on hydrographs. Some models concluded that when a wet meadow incision trench is filled, the increased transpiration and soil evaporation resulting from elevated water tables and conversion from mesic or xeric to hydric vegetation may exceed increases in storage capacity (Loheide et al., 2009; Essaid and Hill, 2014; Nash et al., 2018). For example, Nash et al. (2018) compared baseflow of an incised and unincised (restored) wet meadow in the Middle Fork John Day River, Oregon and under their model assumptions projected that the incised meadow had a minuscule (and virtually unmeasurable) baseflow increase relative to the unincised wet meadow (3.3 mL/s v. 6.6 mL/s per km of stream). This was primarily because their model assumed under both conditions that the alluvial aquifer recharged fully but that the incised meadow drained the aquifer to a greater depth so could provide more baseflow.
Other models, using different assumptions, suggest that pristine or restored wet meadows can increase baseflows relative to incised meadows. For example Ohara et al. (2014) modeled the effects of a restored 9-mile segment on Last Chance Creek in the Feather River Basin, California and found a 10%–20% baseflow increase post restoration. Similarly, (Loheide and Gorelick, 2006), used temperature as a proxy and found that a restored 1.7 km reach in Cottonwood Creek, in Plumas National Forest, California had increased hyporheic exchange and increased baseflow relative to surrounding unrestored incised reaches, and also that the restoration decreased maximum stream temperatures by more than 3°C. Much of the difference in model outcomes appears to be differences in model assumptions about the extent to which incised streams can recharge alluvial aquifers.
Despite substantial differences in the type, location and relative abundance of groundwater and surface water sources, wet meadows share common hydrologic characteristics: Groundwater and surface water inflows are sufficiently greater than the combination of outflows, inclusive of transpiration, evaporation and surface and subsurface discharge, such that water levels are elevated throughout the growing season throughout most years. The biological result is that over the long-term, the competitive advantage shifts towards hydric graminoids that are more tolerant of anoxic and low nitrogen soil conditions created by constant flooding or saturation and away from shrubs, trees and grassland species with roots systems that are at a more competitive advantage when growing in aerobic soils (Cowardin et al., 1979; Mitsch and Gosselink, 1993; Johnston et al., 1995; Keddy, 2010; Cooper et al., 2012).
None of the hydrologic features common to wet meadows assures the formation of a wet meadow. For wet meadow vegetation to form, water levels need to remain near the surface over an extended area and this usually requires an obstruction to subsurface or surface flow such that soils stay saturated. Such obstructions may include colluvial deposits on a valley floor, alluvium with low hydraulic conductivity, e.g. high clay, silt or organic content, or a bedrock constriction or sill (Figure 5). Wet meadows terminate down valley in the absence of alluvium with a low hydraulic conductivity or the absence of alluvium altogether, for example when a stream transitions from a low-gradient alluvial reach to a high gradient bedrock reach. That is, down valley of whatever low permeability below-ground feature was keeping water tables elevated, water tables drop, and mesic vegetation adapted to better-drained soils become dominant (Chambers and Miller, 2011).
[image: Line graph showing depth to groundwater table from January 1997 to January 2006. Depth varies between 0 and 5 meters. Wet season is marked with green circles, dry season with blue squares, and sage with red triangles. Depth generally increases over time, with significant fluctuations.]FIGURE 5 | Average depth to groundwater (±1 SD) in piezometers located in wet, dry, and sage plant communities of the Big Creek meadow (Toiyabe Range, Nevada), January 1997 to January 2006. Water level measurements were taken monthly during growing season, five to six times per year (from Lord et al., 2011).Response of vegetation to water table variation
Community composition shifts away from hydric wet meadow species if the water table is consistently lower than about half a meter, which places it below the rooting zone of the typically dominant herbaceous wet meadow species but not below the roots of dry meadow species, shrubs and trees. For example Lord et al. (2011) observed water table fluctuations over a 10-year period in an alluvial valley in Nevada and found that meadows generally had water table elevations less that 0.5-m deep throughout most months of most years (Figure 5). More mesic and xeric meadow communities tended to have water tables fluctuating interannually at depths of 0.5–1.0 m, while shrub communities (Artemesia spp (sagebrush)) dominated where incision had dropped water tables in the range of 1.5–4.5 m.
Similarly, Loheide and Gorelick (2007) found that xeric, mesic and hydric meadow or shrub communities could be separated by the range of depth to water table over the growing season, with wet meadow water levels generally dropping to less than 0.5 m below the surface through most of the growing season and dropping to less than 1.0 m below the surface by the end of the growing season (Figure 6).
[image: Graph showing depth to water table in meters from April to August with four vegetation types. Wet Meadow Vegetation is highest, followed by Dominantly Wet Meadow, Dominantly Xeric, and Xeric Vegetation, which increases in depth over time.]FIGURE 6 | Wet meadow, mesic meadow and xeric shrub communities (e.g., sagebrush) are separated by depth to water table over the growing season (from Loheide and Gorelick, 2007).In wet meadows bisected by streams, distribution of wet meadow vegetation is affected by stream hydrology. In a gaining stream, for example one fed by hillslope seeps, water levels drop closest to stream channels where hydraulic gradients are the highest. This is particularly true if the stream has experienced incision, with water levels being higher towards the valley margins. In such situations the result is the counterintuitive development of more mesic or even xeric vegetation adjacent to the stream where drainage is the greatest, with more hydric graminoids towards the valley edges where water tables remain consistently higher (Loheide and Gorelick, 2007). Conversely, in a losing stream, water is most available near the steam and least available towards the valley margins, so the vegetative pattern is reversed.
SEDIMENT PROCESSES
While the dense shoot and root networks of wet meadow graminoids ensure that degradation of wet meadows rarely occurs from erosional processes in the vegetated portion of the meadow, degradation may still be triggered by changes within adjacent stream channels or areas of bare ground that are flooded. Incision initiated downstream can result in headcutting into a wet meadow and this can expose bank sediments below the root zone to flow. When eroded, these sediments when eroded, undermine the wet meadow “sod” and cause “calving” of sedge blocks and a widening and further lowering of the stream channel bed (Schumm et al., 1984; Micheli and Kirchner, 2002b). Wet meadow degradation in alluvial systems occurs when water tables lower, and water table lowering is almost always related to incision (Chambers and Miller, 2011). Incision is initiated by either downcutting, headcutting or avulsions as described below (Schumm et al., 1984). Understanding which of these mechanisms have contributed to wet meadow degradation is key to developing tractable restoration strategies.
Downcutting—refers to the bed lowering of an existing channel. Incision initially occurs when sediment is moved from a channel faster than it is replaced either when flows increase such that sediment can be more effectively transported, or when the sediment supply decreases (Schumm, 1973). In wet meadow systems incision often seems to result from alteration of the biological architecture that maintains these systems. In the Northern Hemisphere, the widespread removal of beaver eliminated valley spanning instream structures that maintained elevated water tables and stored sediment (Pollock et al., 2014). Simultaneously, intense livestock grazing damaged the dense root network and shoots of hydric graminoids, which both reduced resistance to flow and enabled flowing water to mobilize sediment underlying the protective root zone. Increased peak flows caused by upstream changes in land use practice such as logging, roadbuilding, grazing or increased wildfire frequency can also cause downcutting within streams flowing through wet meadows (Darby and Simon, 1999).
Headcutting—refers to the upward movement of an incision nick point and is the mechanism whereby incision trenches move upstream and deepen (Schumm et al., 1984). Headcutting is also the mechanism whereby stream channel networks expand upstream to create incised channels where previously wet meadows existed with no channelized flow.
Once incision is initiated, it can more easily propagate through headcutting, even in the absence of higher flows or lower sediment supplies (Schumm et al., 1984). Headcutting in wet meadows often occurs through erosion of a less cohesive lower stratum such as gravel or sand that is found below a highly cohesive surface layer, held together by fine roots and/or cohesive fine-grained material (silts and clays) (Micheli and Kirchner, 2002b). Particles from the less cohesive and therefore more easily erodible layer are transported downstream, leaving an overhanging layer that eventually collapses and also moves downstream. Thus, a key to preventing incision is for flowing water not to encounter easily erodible sediments, such as sands and gravels, or unconsolidated finer-grained materials.
Headward channel formation can also continue even in the absence of floods or overland flow through a process known as groundwater sapping (Germanoski et al., 2011). Groundwater flowing into a channel can entrain sediment on a particle-by-particle basis, which eventually results in an incised stream. Groundwater sapping often occurs where there is a high-permeability strata just above a low-permeability strata. This results in water flowing at the interface and removing the high-permeability strata, particle by particle. This process can expand the channel network and lead to gullying where channels form on steep hillslopes and as side-gullies within wet meadow complexes.
Although the common vision of a wet meadow ecosystem usually includes a stream flowing through it, a well-managed wet meadow may have no channel at all, with surface flow dispersed across a wide, well-vegetated surface. Where a channel does exist, the successful persistence of hydric vegetation depends in large part on how well the vegetation ‘manages’ the channel network. In turn, the length and depth of a channel network depends largely on how well sediment is managed. Channel sediment that is not protected by vegetation can be mobilized by moving water, which can lead to erosion and the formation of channels (Liu et al., 2019; Frankl et al., 2021). Channel formation can lead to yet more erosion, which can lead to incision, and incision typically leads to the lowering of water tables (Schumm et al., 1984). A water table that consistently stays below a certain elevation and beyond the root zone can cause the death of hydric vegetation (Miller et al., 2011). Incision can also cause head cutting, or gullying, that is, a headward extension of the channel network, which also can lead to the lowering of water tables and the subsequent loss of hydric and mesic vegetation (Liu et al., 2019; Frankl et al., 2021).
Avulsions—Incision can be triggered by avulsions (Jones and Schumm, 1999). Avulsions in wet meadows can occur when a large slug of sediment moves downstream from a typically higher gradient reach and loses energy when it reaches a relatively low-gradient wet meadow system, causing the sediment to drop out suspension, thereby filling a channel (Miller et al., 2011). The water then moves to a new location across the surface of the wet meadow. Depending on the density of vegetation, the water may move as sheet flow across a meadow surface and do little to no harm if vegetation shoot and root densities are high. If vegetation is more sparse, bare soil may be exposed and the potential for erosion and thus incision through downcutting is higher.
The sediment that creates avulsions in channels flowing through wet meadows often originates from sources outside of the wet meadow system, such as from landslides, fires, road failures or other land use practices that can release large amounts of sediment during precipitation events (Miller et al., 2011). Avulsion-triggering sediment plugs can also come from instream sources, such as bank erosion or beaver dam failures (Miller et al., 2011).
The potential for avulsions, natural or anthropogenic, speaks to the need to view the entirety of the valley floor as the object of restoration, rather than a simple focus on a channel. A wet meadow resilient to incision must be able to absorb the effects of avulsions that shift channel location. This suggests that elevated water tables, a continuous vegetation cover and a dense root network throughout the potential avulsion zone are required for resiliency to incision (Micheli and Kirchner, 2002a; b, Pollock et al., 2014). Examples from numerous stratigraphic studies suggest that avulsions or other mechanisms have regularly deposited coarse grained materials over wet meadows and other floodplain surfaces without triggering incision, indicating the potential for such resiliency (Wood, 1975; Elliot, 2000; Zierholz et al., 2001; Germanoski et al., 2011).
Sedimentary processes and cycles of wet meadow formation
Stratigraphic analysis of wet meadow soils indicate that meadows are just one of a number of ecosystem states that can exist at a site (Figure 7), with observed meadow lifespans ranging from thousands to tens of thousands of years and alternative states including mesic and xeric plant communities, stream channels and open water bodies (Wood, 1975; Johnston, 2000; Zierholz et al., 2001; Tully et al., 2019).
[image: Diagram with three panels. Panel (a) shows cross-sections of sediment layers over time, labeled 6 kya to 1998. Panel (b) contains sedimentary unit columns from different stations with various material types, ages, and radiocarbon dates. Panel (c) illustrates a stratigraphic section showing layers such as peat, sand, gravel, volcanic ash, and conifer stumps, with significant markers labeled by age and a scale indicator.]FIGURE 7 | Holocene stratigraphies of alluvium from three different continents indicate wet meadows are just one of multiple states that can exist at a site, typically alternating between alluvial sands and gravels. Wet meadows can exist as stable communities for centuries to millennia, with common alternative states including upland forest, riparian shrubs and trees, xeric grasslands and gravel bars: (a) cross sectional stratigraphy of Wolumla Creek in the coastal plain of New South Wales, Australia showing the cut and fill sequences over the past six millenia, with rich organic layers (green) alternating with sandy alluvium (Fryirs and Brierley, 1998); (b) alluvial stratigraphy of the Rio San Salvador in the Atacama Desert, Chile, showing layers rich in organic material alternating with layers of inorganic sand and gravel (Tully et al., 2019); (c) longitudinal profile of the side bank of an incision trench in the East Meadow in Yosemite National Park, California showing alternating layers of peat or muck with sand, gravel and colluvium with remnants of trees (Wood, 1975).Even in the absence of incision, shifts to drier climates can also shift the competitive advantage to dry meadow species (e.g., grasses) or shrubs and trees. Streams in dryland climates also undergo natural cycles of incision and aggradation, likely related to climate change, with drier climates seemingly correlated to increased incision but with imprecision in the stratigraphic record creating ambiguity with regards to this generalization (Darby and Simon, 1999; Zierholz et al., 2001; Tully et al., 2019). Stratigraphic analysis of incision events in individual watersheds across arid regions show both asynchrony and synchrony of events, suggesting timing is determined by local factors rather than regional climate shifts (Darby and Simon, 1999). Some stratigraphic analyses suggest that incision occurs during periodic regional droughts and lowered water tables that cause wet meadow vegetation to die off. This leaves systems vulnerable to erosion and incision during large flood events, which may be more local in nature, thus explaining the asynchrony (Tully et al., 2019). Whether studies that show synchrony or asynchrony is simply a by-product of limited resolution of the geologic record or temporally accurate reflections of the geologic record is not entirely clear. More recently, land-use changes in the past few centuries have also caused incision and/or headcutting that has lowered water tables and facilitated the shift to more xeric vegetation independent of climate change (Reagan, 1924; Bryan, 1925; Fryirs and Brierley, 1998).
Although the stratigraphic record clearly shows that incision and aggradation cycles have been naturally occurring for millennia, the sudden appearance of relatively high densities of humans on every continent outside of Antarctica has led to a global incision event that in terms of spatial extent is not matched anywhere in the geologic record (Darby and Simon, 1999). Incision is still an ongoing phenomenon, suggesting that today’s intact, apparently well-managed wet meadow may be tomorrow’s incised and degraded system (Renteria-Villalobos and Hanson, 2015; Schumm et al., 1984; Darby and Simon, 1999). There are some “at-risk” indicators of the potential for incision such as convexities in the longitudinal profile of the valley floor, evidence of significant reduced vegetation biomass from grazing or fires, evidence of rills and gullies in the uplands or on livestock trails, or other indicators of recent flow concentration on bare soils (Schumm et al., 1984; Lord et al., 2011). In contrast, there are indications that well-vegetated systems are quite resilient to floods, even floods of extraordinary magnitude (Tully et al., 2019).
MECHANISMS OF RECOVERY AFTER DEGRADATION
Throughout the world, humans have extensively drained wet soils by increasing the density and depth of drainage channels, including those in wet meadow systems. The effect has been that water drains more quickly from the landscape rather than being stored and slowly released. Many valley floors now have defined channels that were absent prior to human-induced drainage (Walter and Merritts, 2008). Stream channel heads begin at the point where flow is concentrated enough to lift and transport underlying sediment particles (i.e. critical shear stress is exceeded) (Montgomery and Dietrich, 1992). The dense root network of healthy wet meadow plant communities creates a tensile strength that makes them more or less unerodable from surface flow under even extreme floods (e.g., refer to Tully et al., 2019). Over time, wet meadow vegetation should be able to extend their roots into small stream channels, stabilizing exposed in-channel sediments, extinguishing channels and converting them to wet meadows. In theory, this stabilization would shift the point of channel initiation down valley, though direct observation of such phenomena is lacking. In contrast, the reverse process, whereby channel headcutting undermines sedge meadows by eroding sediment beneath the dense root network so that sedge clumps collapse and slump as blocks, is well-documented (Darby and Simon, 1999; Micheli and Kirchner, 2002b). Channel headcutting can extend the channel network back upvalley or upslope. The process of headcutting and channel “rejuvenation” or extension (aka gullying or incision) has been well studied (Schumm et al., 1984), but the reverse process, stream channel extinguishment and in particular the role of biota in this process are not well understood. Most relevant literature is found under gully restoration and generally discussed in the context of agricultural practices and erosion caused by ephemeral flow rather than stream or wet meadow systems where there is perennial flow and more erosive flooding (reviewed in Frankl et al., 2021). Nonetheless, such studies indicate that vegetation (mostly grass species) can develop dense shoot and root networks to create surfaces highly resistant to erosion in a matter of years.
The high shear strength of wet meadow root systems suggest they will not erode when exposed to flowing water (Micheli and Kirchner, 2002b). Meadow degradation would likely only occur when bare sediment is exposed to flowing water and particles can be lifted into the water column. Wet meadows most resilient to disturbance will have a thick continuous cover. Actions that create gaps in the dense shoot and root network, such as ungulate trails, ditching or avulsions create vulnerabilities where sediment may be in contact with flowing water, allowing localized erosion and subsequent headcutting and undermining of material beneath the root network (Germanoski et al., 2011).
Plants clearly possess the biomechanical properties to create and maintain unincised valley floors with elevated water tables, but beaver and the dams they build would likely create additional resiliency to degradation in these systems and aid in the recovery process if degradation did occur (Rudemann and Schoonmaker, 1938; Westbrook et al., 2011). Beaver often build dams across the entirety of small valleys and in doing so, greatly reduce the erosive potential of stream flow by reducing unit stream power (Green and Westbrook, 2009). Thus, if erosion vulnerabilities in a wet meadow system as described above exists, such vulnerabilities may be mitigated if there are beaver dams downstream. At the same time, beaver dam failures can potentially result in large, sudden increases in discharge and the downstream transport and deposition of large volumes of sediment if available. Sometimes these events are sufficient to cause avulsions, burial of wet meadow vegetation, sediment exposure and incision (Chambers et al., 2021). Cycles of beaver dam construction and abandonment adds a level of stable dynamism to wet meadow ecosystems and prove to be an important biological control on the formation, persistence and recovery of wet meadows (Pollock et al., 2007; Polvi and Wohl, 2012). Because beaver populations are continuing to recover and expand following near extirpation throughout much of their range in the late 19th century, most low-gradient wet meadow valley floors with an active channel are likely to be colonized by beaver eventually, reinitiating an important biological control on physical processes that have been operating for millions of years (Pollock et al., 2003; Davies et al., 2022). As such, wet meadow restoration efforts, at least in the Northern Hemisphere, should plan accordingly and recognize that beaver-mediated wet meadow dynamics may include transition through a few different vegetative states, including non-meadow communities, and will likely increase spatial variation in sediment transport and depositional processes.
Because wet meadow vegetation depends on water table levels at or near the surface throughout the year, wet meadow vegetation is sensitive to land use changes that directly or indirectly lower water tables. 1n alluvial environments, dredging, drain tiling, channel straightening and removing instream obstructions such as bedrock sills are all proximate causes that lower water tables (e.g., refer to Meyer, 1936). Water tables are also indirectly lowered from certain land use practices that can alter watershed hydrology such as (over)grazing, logging, beaver removal, roadbuilding and development. These activities can decrease infiltration and increase storm discharge, leading to erosion that can cause headcutting and incision. This in turn lowers water tables and promotes conversion to more mesic vegetation. Other processes that directly remove vegetation, such as grazing and fires can expose soils or reduce the root strength within soils, making them susceptible to erosion and potentially triggering headcutting and incision.
In opposition to incisional processes are aggradational processes such as clonal growth of rhizomatous hydric graminoids, landslides, progradation of alluvial and colluvial fans across valley floors, beaver dam building and large, usually storm-related sediment pulses that create avulsions. While such processes help to maintain or restore wet meadows, in some cases, depending on the length of time that such obstructions persist and the rate at which sediment and organic material builds up behind the obstruction, open water can form upstream of the obstruction, creating an environment more favorable to emergent marsh or open water hydrophytes (Duman, 2009; Pollock et al., 2014; Wang et al., 2019).
Wet meadows can be degraded by a range of land use practices that alter the interdependent sediment transport and hydrologic and biological processes. Wet meadow degradation can often be traced back to lowered water tables, though not all problems will be resolved by restoring water tables (Chambers and Miller, 2011). As examples, invasive native and non-native species may persist under a natural hydrologic regime, and continued heavy livestock grazing may disrupt soil surfaces and allow species not normally found in wet meadows to gain and maintain footholds (Pope et al., 2015; Chambers et al., 2021; Cummings et al., 2023). Many examples of recent wet meadow degradation are related to water table lowering resulting from incision, whether intentional or a by-product of other land use activities (Wolf and Cooper, 2011; Hunt et al., 2018; Chambers et al., 2021).
In the past, climate change-induced wet meadow loss may have resulted in a slightly different sequence of causative events. As a result of climate change, reduced precipitation led to lower water tables in alluvial aquifers, subsequently losing wet meadow vegetation and the cohesive strength provided by the roots. This made such systems vulnerable to erosion, headcutting and incision during high magnitude discharge events (Tully et al., 2019). Wet meadows fed by deep groundwater sources were likely less impacted but still vulnerable to climate changes.
Although widespread wet meadow loss was a natural occurrence in response to past climate fluctuations, the current widespread global losses of wet meadows seem unrelated to a specific change in climate or a specific region because the losses are occurring in both dry and humid environments and with direct observation of degradation caused by human actions (Reagan, 1924; Darby and Simon, 1999). Even if wet meadow losses due to incision were the result of natural processes, the result is still a diminishment of value in terms of ecological services provided (Cluer and Thorne, 2014). Regardless of the cause, there is growing recognition of the value of wet meadows and growing efforts to restore these ecosystems and the services they provide (Grootjans and Verbeek, 2002; Pope et al., 2015; Chambers et al., 2021). Negative effects stem primarily from water table lowering, which reduces the ability of the system to store water, accumulate carbon and diminishes the productive capacity and biological diversity of the system.
Water tables that consistently lower tend to favor dry meadow species, while water tables that create ponded water above the land surface elevation that remains throughout most of the growing season (e.g., beaver ponds), tend to favor taller emergent marsh or aquatic vegetation (Cowardin et al., 1979; Lord et al., 2011). However, if wet meadow species are well established, conversion to other community types in a hydrologic regime less favorable to wet meadows can be a slow process. That is, there is a lag time between altered hydrology and observed changes in the species composition resulting from the altered hydrology. Put differently, this suggests that degraded wet meadows that retain some proportion of wet meadow species, even if they are no longer dominant, are likely to recover more quickly than sites where the duration or magnitude of disturbance has eliminated all wet meadow propagules such as seeds and isolated patches of living vegetation.
Water table elevation is not the only necessary hydrological condition for wet meadow establishment. Although the dense roots and shoots of intact wet meadow vegetation both resists erosion and lowers unit stream power, a degraded system has no such protections and is much more vulnerable to erosive floods. Thus the rate at which a degraded system that has can recover from an incision event depends to a certain extent on whether or not there are severe floods in the years following an incision event (Tully et al., 2019).
Soil conservation techniques as restoration tools
Historically, the general problem of incision and gullying and the headward extension of drainage networks has largely been viewed as a soil conservation problem rather than a stream restoration problem, and the focus has been on preventing erosion and soil loss, and mitigating the effects of erosion on water quality (Schumm et al., 1984). Although the effects of incision on water table lowering have been understood for some time, until recently, re-elevating water tables has not been considered an indicator or desirable outcome of soil and water conservation. Much of this is attributable to the fact that soil conservation is rooted in agriculture, and Western agricultural practices are rooted in growing crops that need aerobic soils rather than anaerobic soils. Thus agriculture has a well-developed history of lowering rather than raising water tables (Dahl, 1990; Valayamkunnath et al., 2020). Nonetheless, many of the soil conservation practices initially implemented to mitigate gullying and incision should also result in increased water storage, elevation of water tables and even improved flow (Norman et al., 2015; Frankl et al., 2021). Increasingly these are seen as as explicit benefits, provided water tables do not rise so far as to interfere with crop production (Frankl et al., 2021).
Until recently, stream restoration practitioners did not consider elevating water tables to the surface to be a desirable outcome and were explicitly designed to be moderately incised so that stream adjacent terraces or floodplains were only briefly flooded once or twice every few years during large discharge events such that streams were largely in equilibrium in terms of sediment transport (Lane, 1955; Leopold et al., 1964; Rosgen, 2003). This was known as the “bankfull channel” with a “2-year floodplain” and provided the basis for stream restoration design for decades, and is still in widespread practice in many areas of the United States (Rosgen, 2003; Rosgen, 2011). Designing alluvial systems where floodplains only flood occasionally and briefly creates hydrologic conditions incompatible with the needs of wet meadow ecosystems.
Currently, there is growing scientific recognition that rivers and stream ecosystems function best when water tables are elevated, allowing floodplains to be inundated throughout much of the year (Cluer and Thorne, 2014; Wohl et al., 2021; Powers et al., 2022). Historically this was a widespread natural condition, creating valley floor ecosystems full of wetlands, lakes, rivers and swamps, collectively now called river-wetland corridors (Meyer, 1936; Sedell and Froggatt, 1983; Walter and Merritts, 2008; Christy and Alverson, 2011; Cluer and Thorne, 2014; Pollock et al., 2014; Wohl et al., 2021). There is also a growing literature on the use of restoration techniques that re-elevate, store and modulate the downvalley movement of alluvial groundwater and these techniques are applicable towards wet meadow restoration.
Restoration techniques applicable towards wet meadow restoration include beaver-based restoration (Pollock et al., 2014; Pollock et al., 2017), incision trench filling (also known as stage zero restoration) (Cluer and Thorne, 2014; Powers et al., 2018), pond and plug (Hammersmark et al., 2008; Zeedyk and Vrooman, 2017), and the myriad techniques described as natural infrastructure. These include rock detention structures, weirs and check dams (Norman, 2020; Norman et al., 2022), most of which are intended to obstruct the downstream movement of water and sediment, raise water tables, increase groundwater recharge and sustain the growth of wetland and riparian vegetation (see also Yochum, 2016). Also potentially applicable but not in widespread use are hyporheic exchange structures (HES) (Vaux, 1968), which are intended to increase downwelling and upwelling of surface waters into and out of alluvium (Herzog et al., 2016; Herzog et al., 2023). In the context of wet meadow restoration, HESs could be used to restore subsurface flow obstructions and create areas of upwelling to bring water tables closer to the surface, essentially mimicking a bedrock constriction or buried alluvial fan.
Many of these evolving stream restoration techniques intended to elevate water tables towards the surface of valley floors or floodplains have applicability to wet meadows, but alluvial wet meadows often represent a dynamic transitional zone between stream channels and uplands, therefore caution should be used when applying stream restoration techniques. A successful wet meadow restoration project may result in the elimination of concentrated channelized surface flow on an erodible bed (i.e. a stream channel) and conversion to a system of dispersed, non-channelized flow across a well-vegetated surface (i.e. a wetland). This distinction is important because stream restoration projects, even those that seek to elevate water tables, generally envision stream channels of some sort as an outcome for the restorative action.
Further upvalley, mostly on agricultural lands, the problem of gullying and incision has been treated as a soil conservation problem, with soil loss by export into the channel network being the primary concern (Castillo and Gómez, 2016; Liu et al., 2019; Frankl et al., 2021). Here, numerous restoration or conservation techniques have focused on soil (sediment) retention and are often intended to extinguish channels and ensure continuous vegetative cover. Because these techniques are usually applied on agricultural lands, soil and water conservation efforts have not focused on natural ecosystem restoration, and non-native species are often recommended for planting. Nonetheless, the conceptual frameworks for soil conservation on agricultural lands and wet meadow restoration are similar, as are the goals in many respects (Liu et al., 2019; Frankl et al., 2021). Both seek to stop the export of sediment by creating a continuous cover of plants with dense root and shoot systems that are efficient at trapping water-borne sediment and are not easily eroded. Both approaches seek to extinguish channelized flow paths underlain by easily erodible sediment (soil) that can readily incise, and both approaches recognize that gullying or incision causes landscape desiccation and seeks to mitigate the effect, though to differing degrees. Soil conservation seeks to ensure that the topsoil is arable, that is, it can grow crops that require aerobic soil condition within the root zone, whereas wet meadow restoration seeks to maintain saturated (anaerobic) soils throughout the soil column for much of the year. What they share is the recognition that extension of the drainage channel network headwards through gullying and incision is an unnatural and undesirable condition that should be reversed. As a result, many of the soil conservation techniques designed to address the problem of gullying have applicability towards wet meadow restoration. Such techniques include headcut filling, channel reshaping, armoring, check dams, living walls, vegetative barriers, grassy water ways, and revegetation. These techniques have been well described in numerous publications, though not in the context of wet meadow restoration (Haregeweyn et al., 2015; Vannoppen et al., 2015; Castillo and Gómez, 2016; Liu et al., 2019; Frankl et al., 2021).
In summary, alluvial wet meadow restoration is neither a stream restoration practice nor a soil conservation practice but involves principles from both disciplines. The primary hydrologic goal of wet meadow restoration is to elevate water tables in alluvial aquifers such that they are at or near the surface for much of the year. The primary geomorphic goal of wet meadow restoration is to eliminate vulnerabilities that could result in incision or gullying and future water table lowering. Such vulnerabilities include exposed, poorly vegetated soils subject to flooding or concentrated run-off (e.g., ungulate trails), upstream migration of downstream headcuts, excess deposition of sediment from upstream sources meadows and the general presence of any channelized flow within the wet meadow system.
Stream restoration and soil conservation practitioners may often come from different backgrounds, use a different language and lexicon used to describe their practices, and generally work in opposite ends of the channel network (Norman, 2020; Norman et al., 2022). There is also divergence on the desirability of concentrating flow to create channels and there has been little analysis or agreement as to where channelized flow should begin in a well-managed, well-vegetated watershed (Lave, 2009). Thus, we suggest that soil conservation practices seek to reduce the extent of the drainage channel network as much as possible given the current biophysical conditions, whereas stream restorationists seek to restore the existing channel network, usually working under the implicit assumption that channelized flow is desirable and a natural condition where channels currently exist.
There are many operational techniques or tools used by stream restoration and soil conservation practitioners that have applicability towards the restoration of alluvial wet meadows, such as using natural rock and wood detention structures to slow flows (Hunt et al., 2018; Silverman et al., 2019; Rondeau et al., 2024). What all applicable techniques share is that they obstruct, to varying degrees, the downvalley movement of sediment and water. In doing so, they create moisture-retaining deposits of alluvium that are conducive to the establishment of vegetation. This creates a self-sustaining positive feedback loop that encourages the persistence of these systems absent a significant change in climate (Norman et al., 2015; Norman et al., 2022).
Channelized flow will continue to exist where the frequency and magnitude of flooding prevents complete encroachment of the roots and shoots of stream-adjacent vegetation across the channel bed such that there is no longer exposure of sediment to surface flows capable of transporting sediment. Humanity’s long history of the intentional and unintentional extension of stream channel networks and the widespread extent and sheer magnitude of channel network extension suggests that many of the small usually incised streams we see widespread today likely historically existed as unchannelized wetlands, many of which were wet meadows. While in the Northern Hemisphere the creation and maintenance of alluvial wet meadows was facilitated by beaver, studies from South America, Australia and Africa demonstrate that wet meadows develop and sustain themselves without beaver (Prosser et al., 1994; Von der Heyden, 2004; Tully et al., 2019) providing evidence that recovery of wet meadows and channel extinguishment can occur in degraded, incised systems when beaver are not present. Put differently, hydric graminoids such as sedges and rushes evolved tens of millions of years before beaver evolved to build dams, suggesting wet meadow ecosystems had been thriving for millions of years without beaver (Rybczynski, 2007; Tang et al., 2017). Beaver dams simply obstruct the movement of water and sediment, creating and maintaining conditions favorable to the accumulation of fine-grained, moisture-retaining sediment on low-gradient valley floors, and such conditions generally favor the hydric graminoids that compose the biomass bulk of wet meadow species.
In some cases, vegetation alone can act as an obstruction to flow in channelized systems and facilitate accumulation of fine sediment to sustain wet meadows and the extinguishment of channelized flows. This is perhaps best illustrated by Prosser and others (1994) in the tablelands of New South Wales, Australia. Here, a sustained episode of incision initiated by land use changes when Europeans colonized the continent in the 1800s converted linear wet meadows punctuated by ponds (hence known as ‘chain of ponds’, into deeply incised continuous streams. Without any active restoration efforts to create instream obstructions and without any apparent natural formation of obstructions, vegetation is growing into the incised stream, sediment is accumulating and defined channels are beginning to disappear. Similar self-repairing wet meadows have been observed in eastern Oregon after a similar series of land use changes resulting from European colonization in the 1800s (Welcher, 1993 and Pollock, personal observation). Such evidence suggests that some systems may eventually recover without a restoration intervention. However natural processes typically proceed much slower than desired for typical management time frames (Darby and Simon, 1999).
Invasive species and wet meadow restoration
Invasive species are a global problem across virtually all ecosystems, thought the severity of the problem varies considerably (Hansen et al., 2021). While wet meadow restoration is intended to improve ecosystem condition, poorly designed restoration efforts have the potential to make matters worse by creating conditions ripe for invasion by unwanted species (Ramstead et al., 2012; Long and Pope, 2014). Of particular note is that Reed Canary Grass (Phalaris arundinacea) is often mentioned as a very problematic invasive because it is well-adapted to the hydrologic conditions of wet meadows, though not the high carbon content of wet meadow soils (Perry et al., 2004; Perry and Galatowitsch, 2006). Assessments of invasive species in wet meadow restoration projects suggest that incorrect hydrologic regimes, soil compaction, exposure of mineral soils, introduction of non-native seeds during the restoration process, increased nitrogen availability, reduced soil carbon content and creation of novel habitat types have all been implicated in facilitating expansion of invasives into wet meadow environments (Perry et al., 2004; Perry and Galatowitsch, 2006; Price et al., 2011; Long and Pope, 2014; Rojas and Zedler, 2015; Hansen et al., 2021). Plants are not the only invasives of concerns in wet meadows. Certain restoration approaches such as ‘pond and plug” create deep ponds that are a novel habitat type in wet meadow ecosystems and are ideal for invasive aquatic species such as bullfrogs (Rana catesbeiana), brook trout (Salvelinus fontinalis), amphibian chytrid fungus (Batrachochytrium dendrobatidis) and green sunfish (Lepomis cyanellus) (Ramstead et al., 2012; Pope et al., 2019; Nelson, 2020). Poorly designed restoration projects, in particular, projects that do not result in the correct hydrologic conditions, can also result in the persistence or further encroachment of native species or upland non-native species tolerant of more xeric conditions (Chambers and Miller, 2011; Chambers et al., 2021; Cummings et al., 2023; Pope and Cummings, 2023). In sum, the limited number of studies of species invasions into wet meadow ecosystems suggest that most invasive species can be precluded from wet meadow restoration sites primarily by establishing the correct hydrologic regime, and secondarily by ensuring all soils are rich in organic material material with a healthy seed bank of native species, and lastly, avoiding the creation of habitat that would normally not be found in a pristine wet meadow, such as deep water ponds, entrenched stream beds, exposed mineral soils, compact soils and soils rich in nitrogen or low in carbon.
Limitations, gaps and future research needs
While in some regions such as the “Basin and Range and Cascade-Sierra Mountain (geological) Provinces of the western United States and parts of western Europe wet meadows are recognized as unique and valuable ecosystems, they are sometimes but not always recognized in national or international wetland classification systems (Cowardin et al., 1979; Scott and Jones, 1995; Zoltai and Vitt, 1995; Ramsar-Convention-Bureau, 2006; Brinson, 2009). As such, we were able to identify a number of gaps and additional research needs that have limited the thoroughness of this review. Herein, we argue that these systems are characterized by unique hydrologic, geomorphic and biological characteristics that separate them from more hydric ecosystems such as marshes that are much more frequently inundated and more xeric ecosystems such as dry meadows lacking in hydrophytes. We also recognize that these systems are not well-characterized throughout much of the world, so caution must be applied towards any conclusions as to their nature. In particular the carefully observed hydroperiods that are characteristic of wet meadows in the Basin and Range and Cascade-Sierra Mountain Provinces may not be characteristic of wet meadows in other regions or continents, though more general observations suggest that other wet meadow systems are also characterized by a regular, if not annual flooding followed by a drying period during the growing season when water tables drop below the surface. What is less clear for all wet meadow systems are the types and nature of subsurface obstructions that force water to the surface and allow for these systems to form and persist. Understanding the differences between and abundance of wet meadows formed by faulting, dykes, alluvial fans, bedrock sills, beaver dams, fine-grained alluvial deposits, and other subsurface flow obstructions would be helpful towards understanding the potential for recovery of degraded systems and the resiliency of existing systems. Further research should also more thoroughly investigate the sources and timing of different water supplies, including deep groundwater, shallow groundwater, hyporheic flow and surface flow.
Where wet meadow ecosystems are recognized, their importance to the contribution of regional biological diversity is often noted (Chambers et al., 2011; Grootjans and Verbeek, 2002; Norman et al., 2022; Poptcheva et al., 2009). Future research should focus on identifying where wet meadows exist, how they can be identified using remote sensing tools, what are the trends in wet meadow losses and gains by region, what are the mechanisms for degradation, and in particular where is incision or groundwater upwelling occurring and how is this impacting wet meadow condition. Additional research should focus on understanding the region-specific species composition of wet meadows and in particular if they are providing critical habitat for rare or threatened ‘red book’ species. Better understanding the unique hydrological, geomorphological and climate conditions under which wet meadows are formed is essential towards understanding where they may be restored or recreated. Of particular importance is understanding where incision has affected these systems and the integral importance of certain biota in restoring degraded systems, inclusive of hydric graminoids and where applicable, beaver. In this context, understanding the successional trajectory of recovering systems, the time needed for recovery and the expected biological and physical changes that should occur as these systems move along a recovery pathway are essential towards developing meaningful region-specific strategies for the restoration and conservation of these unique ecosystems.
CONCLUSION
Alluvial wet meadows are biologically rich ecosystems that regulate the cycling of water and carbon in the global climate. Although once abundant in alluvial valleys throughout most continents, alluvial wet meadows have been extirpated in many places because they are ideal locations for agriculture and are now mostly confined to montane alluvial valleys. There is growing recognition of their ecological and hydrological importance and as such, there are increasing efforts to restore these systems or at least prevent them from degrading further. The scale of loss of alluvial wet meadows is hard to comprehend and difficult to quantify, but data that are available suggest alluvial wet meadows were a major component of alluvial ecosystems, at least in North America, prior to colonization by Europeans. Wet meadows rely on elevated water tables throughout much of the year and as such, the primary cause of degradation has been through intentional or unintentional drainage by channel incision and extension of the channel network. Restoration efforts have primarily focused on stream restoration within alluvial meadows, but the reality is that many streams flowing through alluvial meadows may not have existed historically, and flow in these areas would have been unchannelized sheet flow through dense vegetation. Therefore, alluvial wet meadow restoration at its basic essence relies on understanding the causes of water table lowering and channelization and developing strategies for reversing those impacts. Such underlying causative agents suggest that wet meadow restoration would likely be most successful when practiced at the scale of a valley floor or large valley floor segments with consideration of the underlying biologic and hydrogeomorphic conditions that historically caused water tables to be elevated such that they were at or near the surface for much of the year.
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