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Constructed levees are designed to protect anthropogenic developments from destructive flooding events, but their construction has reduced groundwater recharge, increased flood risk severity under levee failure, increased the incision of river channels, and deteriorated riparian habitat. To reverse these impacts, levee setbacks are often designed to reduce flood risk and provide the opportunity to restore ecohydrological function, while groundwater recharge is rarely considered because it may require relatively detailed groundwater system analysis. In this study, we evaluated 100 heterogeneous hydrogeology realizations to estimate recharge with high-conductivity pathways (HCPs) under varying flood flows for a range of levee setback distances to identify the trade-offs in groundwater recharge and floodplain habitat. We find that on a regional scale, total recharge potential increases with setback distance, with the largest gains up to 1,400 m where there are outcropping HCPs and sufficient flow to inundate more of the setback area. In contrast, the recharge per unit area (i.e., the average daily recharge divided by setback area) generally decreases as levee setback increases, but there are local increases in the recharge per unit area at 1,400 m where HCP recharge may sufficiently offset the larger area. There is a median 10%–40% reduction in peak streamflow with increasing setback distance, which would aid flood risk reduction, but the increased area leads to decreasing depth due to flow losses and increased spreading of flood water. Ultimately, the decision for levee setback distance will depend on local conditions and management goals, as we find that increasing recharge will reduce the floodplain depth necessary for ecosystem function. Our results highlight the opportunity to consider groundwater recharge benefits in levee setback feasibility studies in semi-arid regions impacted by floods and groundwater overdrafts so that setback distance designs can achieve integration of flood risk reduction, riparian habitat, and groundwater recharge.
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1 INTRODUCTION
Levees are anthropogenic embankments constructed along a water course or river for flood risk reduction to prevent overflow of the river onto adjacent lands. Most levees constructed to date were designed to confine floods within a narrow, engineered floodway that blocked river access to its natural floodplain, resulting in deepening and accelerated flow through the leveed reach and decreased groundwater recharge, increased channel erosion, and reduced native species habitat (Chambers et al., 2023; Knox et al., 2022; Opperman et al., 2017). Many of these floodplain and water cycle functions have been further impacted by climate change in recent decades as the severity of floods and droughts has increased, which also reduces the effectiveness of traditional water management (e.g., canals and reservoirs) to capture, transfer, and store these extreme flows (Cayan et al., 2005; Swain et al., 2018). To reduce flood risk under an increasingly uncertain climate and to provide environmental benefits for riverine ecosystems, levee setback is a valuable tool that is increasingly adopted by flood managers, yet groundwater recharge benefits are seldom considered in the design stage of levee setback because designs are often guided by ecosystem and hydro-geomorphic functionality (Serra-Llobet et al., 2022; Smith et al., 2017).
While traditional flood risk reduction strategies have mainly focused on engineered control structures of river systems such as levees and reservoirs that were built based on a short streamflow record (less than 100 years), levee setbacks provide a more nature-based solution to flood risk reduction and in some ways a form of managed infrastructure retreat (Chambers et al., 2023; Klijn et al., 2018; Van Rees et al., 2024). Levees and reservoirs function best under the conditions of the design flow, but the extreme streamflows occurring today due to climate change are increasing the risk of infrastructure failure (Swain et al., 2018) and require the implementation of alternative flood management strategies such as levee setbacks. Levee setbacks can offer greater protection services by reconnecting the river with the floodplain, which offers greater floodwater conveyance on the floodplain, lower flood stages, and a reduced likelihood of overtopping levees or erosive failures (Dahl et al., 2017; National Research Council, 2013; Smith et al., 2017). A widened leveed reach can improve levee reliability and level of protection against climate change uncertainties and land use-driven changes in flood regimes (Chambers et al., 2024; Dierauer et al., 2012; Klijn et al., 2018). Levee setbacks reduce the exposure of levees (especially aging levees) and landward communities to flood hazards (e.g., extended and repeated periods of hydraulic loading with high river stages and high flow velocities) and are therefore considered an adaptive strategy for at-risk communities (Allan James and Singer, 2008; Cayan et al., 2005; Hui et al., 2018). The expanded floodplain created by levee setback also offers opportunities to rehabilitate levee-stressed aquatic and floodplain ecosystems that provide multiple benefits such as trapping suspended sediment, providing waterfowl habitat, or storing nutrients (Dahl et al., 2017; Gordon et al., 2020; Newcomer Johnson et al., 2016). Levee setback is typically done to increase flood capacity and to reduce risk at key points once levee failure, or a breach, has occurred at a river such that the design of levee setback for flood risk reduction depends on the required flood capacity increase necessary to significantly lower risk of levee failure (Dahl et al., 2017). However, opening the river corridor to allow more widespread flooding during extreme events can also create groundwater recharge benefits that are often neglected in the planning and design phase of levee setbacks.
In many arid and semi-arid regions, river seepage is the main recharge source for alluvial groundwater systems (Blasch et al., 2004; Jasechko et al., 2021; Morin et al., 2009; Watson et al., 2021). The same is true of rivers traversing aquifer systems that have been depleted due to overpumping. Widening the inundated floodplain through levee setback could, therefore, result in additional groundwater recharge (Dahl et al., 2017; Smith et al., 2017), which can provide both natural and human ecosystem benefits (Sommer et al., 2001). Levee setback allows opening the straightened, leveed river (which is often also reduced in length) to a larger area and frequent flooding, a process that is one type of flood managed aquifer recharge (Flood-MAR), where river flood waters are managed and directed to recharge opportunities such as dedicated recharge basins, agricultural fields, or floodplains (Dahlke et al., 2018; Levintal et al., 2023; Niswonger et al., 2017). However, more research is needed to understand the amount of groundwater recharge that can be achieved through levee setback, particularly the levee setback distance needed to unlock areas of high recharge potential, including historic river channels of the meandering river within the former river floodplain that could be filled with coarse sediments (Marchand et al., 2022). This is particularly relevant because floodplains, even when overlying major aquifer systems, tend to be relatively low in permeability as primarily finer-grain sediments are deposited overbank in the lower energy reaches of rivers except for river channel deposits from previous meanders of the river before levees were added. As shown in previous work (Fleckenstein et al., 2006; Niswonger et al., 2008), however, aquifer heterogeneity can result in locally high recharge rates beneath floodplains that need to be accounted for in estimating potential recharge benefits.
To address both rising flood risk and growing groundwater overdraft, levee setbacks and intentional groundwater recharge could provide valuable water management options to both increase water security and reduce damage from floods. Groundwater recharge from levee setbacks may be an important mechanism to address chronic groundwater overdrafts, especially in groundwater-dependent regions experiencing unprecedented drought conditions where users increasingly rely on already-burdened aquifers (Taylor et al., 2013). Flood-MAR is one method to increase recharge that has been rising in popularity because of more extreme streamflow events expected with climate change that, if diverted, would reduce downstream flood risk and provide large volumes of water for recharge (Kocis and Dahlke, 2017). Intentional recharge would help prevent overdraft in recharge-limited basins, but implementation is currently limited by the availability of high recharge potential sites, access to flood waters, and proof of other benefits, including ecosystem services, to name a few (Fuentes and Vervoort, 2020; O’Geen et al., 2015; Perrone and Rohde, 2016). Flood-MAR has been successfully demonstrated to increase groundwater storage and reduce depth to groundwater for urban and agricultural groundwater pumpers, but ecosystem return-flows may take decades to appear (Kourakos et al., 2019), and any seasonal habitat formed will be relatively homogeneous (floodplain with minimal vegetation or topographic variability) (Opperman et al., 2017). Limited research on floodplain restoration has estimated how levee setbacks could influence groundwater recharge in the widened floodplain. Yoder (2018) found an upward shift in the relationship between groundwater recharge and discharge, indicating that levee removal increased recharge, but results were limited by a lack of groundwater data from pre-restoration conditions (Yoder, 2018).
In recent years, research on groundwater recharge has shifted to include the effect of subsurface heterogeneity on recharge potential (Gottschalk et al., 2017; Maples et al., 2019; 2020; Parsekian et al., 2014; Rodriguez et al., 2021). However, little research exists on the effect that subsurface heterogeneity has on the floodplain recharge potential in levee setback areas (Serra-Llobet et al., 2022; Smith et al., 2017). Aquifer heterogeneity and specifically the existence of high conductivity pathways in the subsurface (Fogg 1986) can result in higher recharge rates at specific locations and faster transport of recharge water through the aquifer system (Maples et al., 2019); thus, if present in a levee setback area, they would increase recharge. A high conductivity pathway can be visualized as a coarse grain sediment (e.g., sand and gravel) deposit surrounded by lower conductivity sediments where the sand and gravel deposits may interconnect, thus supporting fast paths for water flow underground. These high conductivity pathways can be identified with geophysical surveying and well driller logs to delineate their boundaries and may have outcrops at the land surface that increase the likelihood of recharge from floodplain inundation to reach the saturated zone below (Goebel and Knight, 2021; Gottschalk et al., 2017). Thus, levee setbacks designed to maximize groundwater recharge should include some of these surface outcrops to be effective (Maples et al., 2019; Rodriguez et al., 2021).
Levee setback may be one of the solutions for joint flood risk reduction and drought resilience if the groundwater recharge benefits can be quantified. However, the effectiveness of groundwater recharge from levee setbacks has not yet been quantified in detail because it depends on the combination of setback distance and subsurface geology, among other hydraulic and hydrologic site characteristics. Most previous studies have estimated the levee setback distance based on flood risk (e.g., after a levee breach occurred) due to changing channel geometry and associated flood damage cost, with Zhu et al. using true optimization to estimate the costs and benefits of flood control decisions over long periods under changing economic and climatic conditions (Dierauer et al., 2012; Guida et al., 2016; U.S. Army Corps of Engineers USACE, 2012; Zhu et al., 2007). In this study, we quantify the floodplain inundation depth and recharge potential from high conductivity pathways (HCP) connecting the land surface to the aquifer for a range of levee setback distances and subsurface geologic representations to determine the setback distance that provides an optimal compromise. Specifically, this study explores the trade-offs between groundwater recharge potential and floodplain inundation depth for 100 realizations of the subsurface hydrogeology, three flood types, and varying levee setback distances that range from 200 m to 3,200 m.
2 METHODS
2.1 Study area
This study is conducted along the lower Cosumnes River in California, United States. The Cosumnes River (watershed area of 2,460 km2, with elevations between −1 m near the confluence with the Mokelumne River and elevations up to 2,400 m above mean sea level [amsl] at its source in the Sierra Nevada Mountain range) is one of the few unregulated rivers remaining in California and of high importance to maintaining environmental flows and natural habitat for native anadromous fish such as trout and salmon (Whipple, 2018). The river channel is fairly incised, as it is 3–6 m below the adjacent ground surface elevations on the landward side of the levees and naturally high banks that confine the river on both sides. The farmland on both sides of the river is generally leveled for agricultural production, such as vineyards, alfalfa, miscellaneous grain and hay, and corn, but locations where the levees breached in recent history may have slight mounds in the fields. In the middle reaches of the model domain to the south of the river is the town of Wilton, which consists of low-density housing mixed with lands in agricultural production.
As the river is unregulated, it is dependent on winter precipitation and limited snowfall (2002–2022 average total annual precipitation in the watershed was 603.7 mm), which is converted to runoff and limited baseflow in the upper watershed to supply streamflow in the dry season, as the majority of the lower Cosumnes River is losing flow to the groundwater system. The river is a flashy system during precipitation events, which can lead to extreme streamflows (the 5-year flood is ∼640 m3/s, and the 20-year flood is ∼1,100 m3/s), but the dry season tends to see flows between 1 and 10 m3/s at the Michigan Bar stream gauge with the lower reaches drying out entirely in dry years. Deer Creek is a tributary that parallels the Cosumnes River and joins it approximately halfway down the modeling domain. It is estimated to produce flood flows at approximately 14.7% of the stream gauge at Michigan Bar (Whipple, 2018, p. 20). Deer Creek is not represented independently, as it is encompassed by the larger levee setbacks such that it would be part of the main conveyance with levees removed. For this study, a 20 km by 46 km area along the lower Cosumnes River was chosen to study the groundwater recharge potential for different levee setback distances to align with the extent of a geologic model developed for the area (Figure 1).
[image: Figure 1]FIGURE 1 | Map overview of the model domain (rectangle) used for regional analysis showing the maximum levee setback distance of 3,200 m. Black lines show cross-sectional areas established every 2 km along the river that identify 2 km stream reaches used for estimating floodplain inundation extents and depths.
The hydrogeology underlying the Cosumnes River is primarily an alluvial aquifer consisting of the Laguna Formation, which comprises a heterogeneous mix of silt, clay, sand, and gravel that extends approximately 100 m below ground (Bulletin No. 118–3 Evaluation of Groundwater Resources Sacramento County, 1974). The Laguna Formation is pumped by both domestic well users and agricultural producers with wells in the study area that range in depth from approximately 50–100 m (Well Completion Reports, 2020). There are several other lower water-yielding geologic formations underlying the Laguna Formation that dip westward from the Sierra Nevada Mountain range. Directly under the Laguna Formation is the Mehrten Formation, which consists of interwoven tuff-breccia and andesitic sand and clay layers that extend to a depth of 450 m below ground and are pumped by municipalities and limited agricultural producers (Bulletin No. 118–3 Evaluation of Groundwater Resources Sacramento County, 1974).
The lower Cosumnes River area was chosen because it is a river that has been narrowly confined by levees, resulting in disconnected floodplains that historically would have provided groundwater recharge. Now, the aquifer system needs to be recharged due to the loss of floodplain recharge and increased groundwater pumping. Previous research on river restoration, river habitat, and groundwater modeling conducted along the river have highlighted the importance of groundwater management and floodplain restoration (Fleckenstein, 2004; Frei et al., 2009; Jeffres et al., 2008; Moyle et al., 2003; Whipple et al., 2017). In addition, Rodriguez et al. (2021) developed a high-resolution geostatistical model of the hydrogeology of the lower Cosumnes River alluvial aquifer that is used in this study to explore locations of high recharge pathways (Figure 2).
[image: Figure 2]FIGURE 2 | Example realizations of the geostatistical model on the left with local representations of the coarse facies that create high conductivity pathways.
2.2 Hydrogeologic model and high conductivity pathways
TPROGS (Transition Probability Geostatistical Software) (Carle, 1999; Carle and Fogg, 1996) was used to create 100 equally probable heterogeneous realizations of the geology within the lower Cosumnes River Corridor as shown in Figure 2 (see Rodriguez et al., 2021 for details on geostatistical model inputs and outputs). The geostatistical model used in this article is a spatially extended version of the model developed by Rodriguez et al. (2021) and covers an area of 20 km × 46 km, ranging in vertical depth from 80 m above to −80 m below mean sea level. The geologic model was built based on geologic data from 1,249 well completion reports that were categorized into four hydrofacies, aquifer materials with distinct characteristics: mud, sandy mud, sand, and gravel. TPROGS was used to calculate the transition probabilities between facies (i.e., the probability that a cell will be a different facies given a distance from the current cell) for the model domain, and mean lengths (i.e., the typical length of a connected hydrofacies unit that is not the background unit) were supplied as geologic model input from a previous geologic analysis (Table 1). The geologic model was not constrained to the local geologic data to avoid creating zones of artificially high or low conductivity that are specific to local conditions. This variability among realizations presents a wider range of geologic possibilities to review under levee setback conditions and creates realizations that have equal chances of having HCPs in all river reaches.
TABLE 1 | Hydrofacies definitions with their corresponding physical attributes that make the aquifer materials distinct. Mean lengths are used to inform the geologic model, and the vertical conductivity is used in the recharge calculation.
[image: Table 1]The horizontal hydraulic conductivity for the four hydrofacies was taken from a previous numerical modeling study of stream–aquifer interactions along the Cosumnes River listed in Table 1 (Fleckenstein et al., 2006). The recharge potential calculation in this study is conducted at the land surface using the first 4 m of geology so that the interconnected coarse facies, with a mean length of 4 m, should remain high conductivity. Meanwhile, the disconnected coarse facies are more likely to include a mud or sandy mud, which will decrease the hydraulic conductivity. A vertical anisotropy, the ratio of horizontal to vertical conductivity of 100, was applied to the horizontal conductivity near the land surface to account for the clogging of the soil zone and for the structural anisotropy introduced by the meandering sand and gravel units that act as high conductivity pathways (HCPs) for water into the aquifer. The hydraulic conductivity values with a vertical anisotropy aligned with previous estimates of streambed conductivity and were found to range from 0.008 m/day to 1.74 m/day for reaches with lengths ranging from 500 to 1,500 m (Niswonger et al., 2008) (Table 1).
The 100 geostatistical realizations were applied to understand the regional variability in HCPs, composed of the sand and gravel hydrofacies, connecting from the ground surface to the aquifer below within each levee setback distance. The location of HCPs was determined by applying a connectivity software (CONNEC3D) to the 100 hydrogeologic realizations, which identifies the cell faces of the coarse facies (i.e., sand and gravel) that connect to each other to identify the unique connected bodies that form high conductivity pathways (Pardo-Igúzquiza and Dowd, 2003). The connected cells with sand and gravel facies were then filtered to select those that connected vertically from the ground surface to the bottom of the model boundary (80 m below mean sea level). The maximum depth to the water table for the upper aquifer (i.e., Laguna formation) in the Cosumnes River basin typically varies at approximately 30 m; hence, choosing pathways that connect the land surface to the bottom of the model domain would ensure a connection from the land surface to the water table in the first aquifer. As such, the connectivity analysis identified the continuous pathways of the high conductivity facies that are likely preferentially used for the flow of water during groundwater recharge (Maples et al., 2019). The numbers of connected HCP cells at the ground surface within a given levee setback distance were then counted to calculate the available area of HCP cells for each stream reach and setback distance scenario (e.g., 200 m–3,200 m) (Supplementary Figure S1).
2.3 Levee setback scenarios and floodplain inundation
For this study, levee setback distances ranging from 200 m to 3,200 m in increments of 200 m were chosen to represent the setback possibilities between the current river location (and existing levees) and a wider floodplain. A levee setback distance is measured with a perpendicular line from the edge of a stream cell outward in 200 m steps to match the discretization of the geologic model. These setback distances were chosen to test different floodplain widths and associated floodplain inundation depths and their potential overlap with high conductivity pathways that could promote increased groundwater recharge. While levee setbacks may increase the probability of inundating outcrops of high recharge pathways within the floodplain, these outcrops must be inundated during flood events to transfer flood waters from the surface to the aquifers below. River channel cross sections were sampled from a 10 m USGS digital elevation (DEM) from the channel center to a distance of 3,200 m in both directions perpendicular to the channel center line. The cross sections were sampled at a 200-m longitudinal interval to align with the model grid and were subset to every two river kilometers to avoid overlap (shown in Figure 1). The USGS DEM data were collected between 2017-12-01 and 2018-04-24 when the average daily flow was 24 m3/s; thus, the primary channel was covered with water, and the cross sections do not include the inset river channel, which will result in an overestimate of flood inundation and depth. However, this overestimate will be diminished during large flood events (e.g., 597 m3/s).
To estimate floodplain inundation extents and depths, we estimated the effective inundation depths for each levee setback distance using flood hydrographs based on a flood regime typology study that was conducted for the Cosumnes River by Whipple et al. (2017). Whipple et al. (2017) identified seven characteristic flood regime types for the lower Cosumnes River, using a 107-year-long daily flow time series, to characterize the median peak discharge, event duration, time to peak flow, and flood frequency as criteria. In this study, we use the metrics developed by Whipple et al. (2017) to create triangular synthetic hydrographs on a daily scale as input for the floodplain inundation simulations of the different levee setback distances (Whipple et al., 2017). The flood types used in this study for the inundation simulations are Very Large floods (Type 1), Large and Long floods (Type 2), and Long and Late floods (Type 3) (Figure 3). These flood types were chosen because the Very Large, Large and Long, and Long and Late floods were associated with multiple winter storms producing a major streamflow event, and all Very Large storms were connected to an atmospheric river event over the period of record. Daily peak flows for the three flood types were 597 m3/s, 300 m3/s, and 57 m3/s (15%, 36%, and 53% of the annual expected probability, respectively), and their durations were 90 days, 35 days, and 15 days, respectively. The flood types used in this analysis required peak flows to rise above the average winter baseflow of 23 m3/s to ensure sufficient saturation of the main channel streambed and adjacent floodplain (Whipple et al., 2017). In addition, this study assumed that levees have sufficient height and channels are wide enough to prevent overtopping.
[image: Figure 3]FIGURE 3 | Characteristics of the three flood regime types (Whipple et al., 2017) used in this study to estimate the potential groundwater recharge under different levee setback distances (A). Example stream channel cross section showing the three flood types and corresponding flood elevations to demonstrate how the inundated area is impacted by flow (B).
The effective inundation depth was estimated along each cross section using Manning’s equation, whereby the channel slope, cross-sectional area, wetted perimeter, and hydraulic radius were informed with the cross-sectional elevation data (Equation 1). The longitudinal slope of each 2-km river section was used as Manning’s slope, while Manning’s roughness coefficient was estimated from literature values for a sandy channel with moderate vegetation, as can be observed in the floodplain of the lower Cosumnes River.
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where
[image: image] = Flow rate (m3/s)
[image: image] = Velocity (m/s)
[image: image] = Area (m2)
[image: image] = Manning’s roughness coefficient (−)
[image: image] = Hydraulic radius (wetted area/wetted perimeter) (m)
[image: image] = Channel slope (m/m) over each 2 km stream reach
The flood elevations calculated for each cross section were applied to the 200 m × 200 m grid cells in the groundwater recharge model surrounding the lower Cosumnes River to create flood elevation maps that were then compared against the terrain representations in the geology model to determine the percentage of a cell that would be inundated during a flood event. The average flood depths (i.e., inundation depths) estimated for each of the three flood regime types were used to calculate the vertical hydraulic gradient for the groundwater recharge potential calculation done with Equation 2.
2.4 Floodplain recharge potential
The floodplain recharge potential was calculated on the model grid cell level as the inundation depths varied on the cell-by-cell level due to variations in land surface elevation and the vertical hydraulic conductivity of that model cell. The groundwater recharge potential was calculated for the 100 hydrogeology realizations to evaluate the impact of a range of high conductivity pathway outcroppings in the floodplain on groundwater recharge potential. The focus of the groundwater recharge potential is to identify the trade-offs in total recharge and recharge per unit area (i.e., recharge efficiency) with levee setback distance. Thus, a simplified groundwater system is assumed, which allows comparing recharge amounts under different levee setback distances assuming a thick unsaturated zone where a rising groundwater table does not impede vertical recharge.
The floodplain inundation depths were used to identify cells with >10 cm of inundation depth, that is, cells with substantial inundation beyond the local topographical variability, and these cells were used to calculate recharge potential (Equation 1). The flux of water into the aquifer depends on the vertical hydraulic conductivity of the hydrogeology, the inundation depth (i.e., hydraulic gradient), and the thickness of the clogging layer in the streambed. This relationship is important as a larger setback distance might increase the number of HCP cells activated for recharge but reduce the hydraulic gradient because of shallower inundation, such that the total recharge might be reduced. Groundwater recharge rates were estimated based on the inundation depth estimated for each day of the triangular hydrographs of the three flood types (90 days [Very Large floods], 35 days [Large and Long floods], and 15 days [Long and Late floods]) and then summed up for the event using the 1D vertical Darcy equation, assuming saturation of a near-surface clogging layer, that is, soil zone (Equation 2).
[image: image]
where [image: image] is the vertical Darcy flux (m/d)[image: image] is the vertical hydraulic conductivity of the stream bed (m/d)[image: image] is the head of flood water in each river cell (m above mean sea level)[image: image] is the head at the bottom of the stream bed (m above mean sea level)[image: image] is the thickness of the stream bed (m), which is assumed to be 2 m
3 RESULTS
3.1 Groundwater recharge potential
For each setback distance and hydrogeology realization, Figure 4 summarizes the HCP areas available for recharge, assuming there are no limitations on water availability; that is, the entire floodplain area within the levees is inundated. The box plots show the variability in HCP area for the 100 hydrogeology realizations for a given levee setback distance.
[image: Figure 4]FIGURE 4 | Box-whisker plots of high-conductivity pathway area added by each setback distance to show the range of results for the 100 hydrogeologic realizations. Blue boxes indicate the interquartile range as defined by the 25th and 75th percentiles. Green lines show the median, and black horizontal bars show the outlier limits, which are 1.5 times the interquartile range beyond the 25th and 75th percentiles of the HCP area across all 100 realizations.
The HCP area added by each levee setback versus the setback presented in Figure 4 shows that there are local maxima (e.g., 600 m and 1,200 m) and minima (e.g., 800 m and 1,400 m). It indicates a steadily increasing relationship between total HCP area and setback distance. As suggested by the interquartile range of each box plot, the HCP area is largest at the 600 m and 1,200 m setback distances, which correspond to the mean length of the coarse facies in the transverse and parallel directions of the river when accounting for the 200 m grid cell size. The local maxima are setback distances where the most gains in HCP area per setback distance occur. Therefore, at these distances, the groundwater recharge potential would be maximized. However, the existence of HCP areas does not guarantee inundation of these areas during flood events because peak flows during the three tested flood types (Type 1, Very Large; Type 2, Large and Long; and Type 3, Long and Late) need to sufficiently spread into the floodplain to inundate HCP areas for longer periods of time to induce recharge (Figures 5A–E). Next, we looked at the inundation of the floodplain within each levee setback distance and for each hydrogeology realization to estimate the inundated HCP areas and the recharge per unit area resulting from the three flood types.
[image: Figure 5]FIGURE 5 | Vertical hydraulic conductivity for one of the 100 hydrogeologic realizations for a levee setback distance of 1,200 m (A). Inundation depth of the floodplain simulated for the Large and Long flood type (Type 2) for a levee setback distance of 600 m (B) and 1,200 m (C). High conductivity pathways activated by the floodplain inundation and their total recharge amounts for a levee setback distance of 600 m (D) and 1,200 m (E). Inundated fraction of the setback area by levee setback distance for the median of the hydrogeologic realizations. Inundated fraction of the setback area by levee setback distance for the median of the hydrogeologic realizations (F). Maps of flood depths at peak flow averaged across the 100 realizations. Results are shown for the two remaining flood types, Type 1 Very Large floods and Type 3 Long and Late floods, for the 600 m (G, H) and 1,200 m (I, J) setback distances, respectively.
For the 600 m setback distance, the total HCP area was 21% of the total setback area, but the inundated HCP area only accounted for 6% of the total setback area under the Large and Long flood type (Figures 5A–E). However, the HCPs accounted for 77% of the median 79 million cubic meters (MCM) of total recharge potential within the setback area. For the 1,200 m setback distance, HCP areas likewise covered 21% of the total setback area, but the inundation fraction was only 4% likely because many of the HCPs outcropped at farther distances from the channel and higher elevations that would require extreme flows to inundate. The median total recharge increased to 124 MCM as more land was accessible within the 1,200 m setback distance for recharge to occur, albeit at slightly reduced inundation depths. The recharge fraction that occurred through HCPs decreased slightly to 73%, which is consistent with the decrease in inundated HCP area for the 1,200 m setback distance. For the upper reaches of the Cosumnes River, the floodplain inundation is mostly limited to areas adjacent to the river channel, while the middle and lower reaches show inundation further away from the channel with larger inundation depths. As shown in Figures 5A–E, most of the inundated HCP areas occur in the lower reaches of the Cosumnes, leading to greater recharge rates.
Inundation simulations were conducted for the three flood types (Type 1, Very Large; Type 2, Large and Long; and Type 3, Long and Late). The 1,200 m setback distance had median inundation fractions of 18%, 11%, and 3%, respectively, while under the shorter setback distance of 600 m, there was a slight increase to 23%, 14%, and 4% (Figures 5B, C, G–J). The smaller setbacks have greater inundation fractions because the flow volume is spread over a smaller setback area.
The majority of floodplain inundation occurs in the lower third of the domain where the river has historically connected to the floodplains due to an absence of levees or levees with lower heights, which reduced channel scour and enabled sediment exchange between the channel and floodplain (Florsheim and Mount, 2002). The spatial distribution of floodplain inundation is consistent between the Very Large and Large and Long flood types, while the Long and Late flood type shows inundation in zones where the depth was already deep for the larger flood types. Figures 5B, C, G–J also show major inundation areas in the lower reaches where historically there have been levee breaches during extreme storm events such as a 58-year flood event in 2017, which reached a peak instantaneous flow of 1,407 m3/s, and in areas where floodplain restoration allows for connection of the Cosumnes River with the floodplain during smaller flood events (Whipple, 2018). This larger spatial extent of inundation in the lower reaches leads to the larger inundated HCPs shown in Figures 5B, C, G–J, where most of the recharge occurs. The greater occurrence of inundated HCPs in the lower Cosumnes River is supported by historical records as groundwater elevations are higher in regions of the lower Cosumnes River where more floodplain inundation occurs, although it has not been previously demonstrated that recharge is driven by HCPs.
However, HCP inundation and the amount of recharge that occurs vary depending on the setback distance. In some cases, the variation can result in an asymmetric distribution of recharge within the floodplain (Figure 5F). The impacts of increased setback distance on flood depth are most noticeable in the lower reaches where the 600 m setback distance results in floodplain inundation on both sides of the channel, but the 1,200 m setback distance is no longer able to inundate parts of the left bank floodplain as there are lower elevation floodplains on the right bank that take most of the flow.
The inundated fraction of the floodplain decreases with increasing setback distance because the setback area increases with each setback distance, and the inundated area decreases as flow is lost to recharge. As a result, higher elevation areas are excluded from inundation. The inundated fraction of the setback areas for all three flood types has a consistent declining pattern but shows a clear offset at the starting point (zero setback distance) as the larger flood flows result in the greater initial inundated area due to their larger overall flow volumes and peak flows. For the three flood types, the inundated fraction varies between 56% and 27% for the 0 m setback distance (i.e., current stream channel bound between the levees), after which it declines steeply to between 19% and 3% at a setback distance of 600 m. This decline can be explained by the fact that the first 200 m and 400 m setbacks expand out of the leveed, incised channel into the historic, larger floodplain of the river. After 600 m, there is a slower decline in the inundated fraction. However, at a setback distance of 1,400 m, there is an increase in inundated fraction likely because the floodplain has a low elevation but not incised region (e.g., backfilled river arm) that is readily inundated without requiring large inundation depths.
3.2 Balancing total recharge and recharge efficiency
Comparing the three flood types, we observe a similar pattern of total recharge potential for each setback distance, although the magnitude of the recharge achieved decreases from Type 1 to Type 3 as the flow volume available for recharge is largest for Type 1 and smallest for Type 3 floods. The total recharge potential under the Type 1 and 2 floods shows an increasing trend for levee setback distances ranging between 0 m and 800 m, followed by an increase in slope for setback distances ranging between 800 m and 1,400 m before leveling off (Figure 6). The Type 3 flood recharge increases more moderately with an increase in levee setback distance. The most pronounced increase in recharge for flood Type 3 can be observed for the levee setback distances ranging between 800 m and 1800 m before leveling off. The fact that the maximum recharge occurs at larger setback distances, despite diminishing inundation fraction, is further illustrated in Supplementary Figure S4, which shows a histogram of the maximum recharge achieved under the different setback distances and flood types. However, the optimal setback distance to maximize recharge also depends on flood type, whereby for smaller floods, maximum recharge is achieved at smaller setback distances because the smaller floods lack the flow to inundate the floodplain under the larger setback distances (Figure 6).
[image: Figure 6]FIGURE 6 | Total groundwater recharge potential under each levee setback distance scenario and flood type. Results are shown for the 100 hydrogeology realizations and the three flood types (Type 1 - Very Large, Type 2 - Large and Long, and Type 3 - Long and Late). Note the difference in the scale of the y-axes.
The recharge per unit area (i.e., recharge efficiency) is the average volumetric recharge rate divided by the total area within the setback distance. Not surprisingly, the recharge efficiency is greatest for a setback distance of 0 m (Figure 7). This is because it has the smallest setback area, so the total recharge with respect to the setback area is large. Because a levee setback project will go beyond 0 m to reduce flood risk and create riparian habitat, it is reasonable to evaluate the benefits among the larger setback distances. When disregarding the smaller setback distances, recharge efficiency peaks at 1,400 m across all flood types and at 800 m for the Type 3 Long and Late flood types (Figure 7). These maxima in recharge efficiency at greater setback distances are likely influenced by the fact that HCPs tend to outcrop more frequently at larger setbacks (e.g., 600 m and 1,200 m) in our 100 hydrogeology realizations such that there may be larger increases in recharge to offset the greater setback area.
[image: Figure 7]FIGURE 7 | Recharge per unit area (m/day), which is the total recharge divided by the total area within each setback distance. Please note the log scale on the y-axis.
3.2.1 Effect of setback distance and recharge on streamflow reduction and floodplain depth
Inundating more HCPs during flood events not only promotes greater recharge but also leads to a reduction in streamflow along the course of the river. For the Cosumnes River, we observe that streamflow is significantly reduced in the downstream sections of the river, where most of the floodplain inundation and recharge through HCP areas occur (Figure 8). Loss of streamflow to recharge is further increased at larger setback distances due to less topography in the lower Cosumnes reaches, allowing more HCP areas to inundate and recharge.
[image: Figure 8]FIGURE 8 | The column on the left has a subplot of the peak flow for each cross section for each flood type, and the gray lines represent the median for the 100 realizations for setbacks 0–3,200 m. On the right-hand side, the average depth during the flow event is plotted for the median across realizations.
The recharge to the aquifer demonstrably reduces the channel discharge that is routed to downstream river reaches, also resulting in a reduction in stream stage and maximum inundation depth in downstream riparian areas. Under the 1,400 m setback distance, the average flow reduction in peak flow across the 100 hydrogeologic realizations is 24.4% (±7.4%) for the Type 1, Very Large; 30.8% (±9.7%) for the Type 2, Large and Long; and 34.3% (±10.1%) for the Type 3, Long and Late flood events (Figure 9). Meanwhile, under the 800 m setback distance, peak flow is reduced by 16.7% (±5.7%) for the Very Large, 21% (±7.6%) for the Large and Long, and 29% (±13.3%) for the Long and Late flood type (Figure 9).
[image: Figure 9]FIGURE 9 | Streamflow discharge and recharge achieved at peak flow for each flood type across all 100 realizations under the 1,400 m levee setback.
4 DISCUSSION
4.1 High conductivity pathways vs. inundated area
The HCP analysis demonstrates a periodicity in the relationship of HCP areas available under each levee setback distance that appears to align with the mean lengths of the coarse facies on a regional scale (i.e., the typical length of a connected hydrofacies unit that is not the background unit). Through transition probability geostatistical analysis, Rodriguez et al. (2021) estimated the mean lengths of the coarse facies to be 450 m in the x-direction and 1,100 m for sand and 1,300 m for gravel in the y-direction (Rodriguez et al., 2021), which align with the largest HCP areas achieved under the 600 m and 1,200 m setback distances (Figure 4). This suggests geologic information such as mean lengths can better inform recharge projects as they are indicators of the outcropping of HCPs. Further study of other alluvial aquifers with different mean lengths or geological models where mean lengths are artificially adjusted using similar analysis procedures as presented here could be useful to identify the strength of the influence of the mean lengths on the relationship between HCP area and setback.
In terms of recharge management, the volume of flood flow available will be a limiting factor in achieving recharge in HCP locations located at a greater distance from the channel. Often, elevation increases away from stream channels, requiring greater flow volumes to reach and inundate HCP areas further away from channels, making them unlikely to flood. These effects may be more pronounced in zones with steep topography as outcrops of coarse facies may be located on hills where they are unlikely to be inundated except under the largest flood flows.
4.2 Recharge benefit trade-offs
The setback distances with the maximum recharge by realization tend to occur at 1,400 m, 2000–2,200 m, and 3,000 m for the Type 1 and 2 floods, with the addition of 800–1,000 m for the Type 3 flood (Supplementary Figure S4). The range of higher setback distance suggests that the increases in the inundated area due to setbacks bring in more recharge despite reduced flood depth. However, the occurrence of maxima at 800–1,000 m for flood Type 3 shows that in some realizations, a lack of flow availability means that fewer HCPs are activated at the greater setback distances. Unlike the maximum total recharge, the maximum recharge per unit area of floodplain is largest at a setback distance of 0 m but also has local maxima at 800 m and 1,400 m setback distances. This contrast in total recharge and recharge per unit area is a result of decreasing recharge efficiency with setbacks due to less flood depth and a smaller inundated area (Figures 5B, C, G–J). Therefore, determining the optimal levee setback distance for recharge and floodplain inundation will require a balance of recharge efficiency and total flood volume available for floodplain inundation. Additionally, as the levee setback distance increases, there is often a significant flood risk reduction benefit, and the cost of rebuilding the levee is reduced as it can be built with reduced sinuosity; thus, the increased land cost may be offset. In our study, the 800 m or 1,400 m setbacks may be optimal due to maxima in recharge at those distances indicating local increases in efficiency.
The proposed levee setback distances are on the higher end of setbacks that are typically implemented due to land availability and cost but fall within the range of setbacks identified by literature when considering multiple benefits. A comparison of levee setback alternatives in Hungary found setbacks of 1,500 m and 2000 m were the best practical alternatives to balance benefits to flood risk reduction, floodplain habitat, project cost, and population impacts (Guida et al., 2016), while a study of flood risk reduction on the Mississippi identified distances of 1,000 m and 1,500 m when combined with property buyouts within the floodplain (Dierauer et al., 2012). These setback ranges align with the scale of the groundwater recharge setback results, but the flood risk reduction and population impacts (e.g., buyouts) will vary by regional characteristics. For example, the Cosumnes River area has a large fraction of agricultural land that might be more reasonably purchased to create levee setbacks and potentially smaller flood events, which would require smaller setbacks to achieve flood risk reduction. Therefore, the Cosumnes River setback results suggest that groundwater recharge benefits require greater setback distances than those for flood risk reduction. Evaluating recharge potential under different flood types further allows assessing the trade-offs between the area needed to access HCPs and the availability of flow for natural floodplain processes; thus, the decision between setbacks with maximum recharge benefits will depend on the needs of the local riparian ecosystem for inundation depths and frequencies (Yarnell et al., 2022).
Floodplain inundation and recharge were simulated for the entire lower Cosumnes River as the geologic model was designed for larger scale analyses, but floodplain inundation occurred predominantly in the lower portion of the model domain where smaller elevation changes dominate the floodplain, thus leading to larger inundated areas (Figures 5B, C, G–J). These lower reaches of the Cosumnes River also have higher groundwater elevations (e.g., 5–15 m below ground) due to more frequent flooding. The recharge potential estimated in this hypothetical study assumed a thick unsaturated zone that did not account for rising groundwater levels; thus, in reality, elevated groundwater levels would reduce recharge in wet years.
Total recharge potential steadily increases with setback distance because it enlarges the area for recharge and access to HCPs. However, the increase in recharge potential varies significantly with setback distance, as the inundated floodplain fraction depends on the elevations within each setback and the HCP area (Figure 6). The Long and Late flood type shows less recharge potential increases with greater setback distance as there is smaller peak streamflow that has a smaller inundated floodplain fraction. While there is more flow availability under the Very Large and Large and Late flood types, these flood types have a 15% and 36% probability of occurrence in the Cosumnes watershed and, therefore, a lower probability of resulting in substantial recharge. Because of their low occurrence frequency (every 6.7 years or 2.8 years), the Type 1 - Very Large and Type 2 - Large and Long floods could also lead to a loss of riparian ecosystem function under greater setback distances, as some species might require more frequent flooding for their survival. The benefit of the Long and Late flood, which occurs every 1.9 years, is that one can expect the floodplain habitat to be active every other year, which would create consistent habitat availability for riparian ecosystem species, specifically the Fall-run Chinook salmon that would greatly benefit from increased food availability (Jeffres et al., 2008; Takata et al., 2017). Focusing on smaller but more frequently occurring flood events for selection of a setback distance would reduce the recharge of the larger flood types but would bring benefits such as increased flow availability for fluvial geomorphological process within the expanded channel (Florsheim and Mount, 2002), increased variability in habitat types created between years (e.g., greater depths when larger flows are available and smaller depths in average years), and leave more flow in the channel for managed aquifer recharge projects that divert flow from the floods.
4.3 Streamflow reduction and inundation limits
This study also highlights that floodplain activation by flood waters and inundation depth depends on the overall floodplain topography and that large elevation differences between the river channel and the setback area can inhibit access to HCP areas in the floodplain (Figure 9). A 2D hydrodynamic surface water model would be needed to fully assess the issue of floodplain topographical connectivity with setback distance on a local scale (10–100 m), but with the 1D approximation used in this study, we represented larger dynamics (1–10 km) involving the interplay of inundation depth and loss of streamflow due to recharge. The uniform flow approximation in this study may overestimate the inundation depth of floodplain areas far from the main channel by assuming instantaneous connection when it takes longer for flow to arrive at far areas. A 2D flow model would better represent inundation depths at further distances from the main channel where flows may come from overbank flooding, resulting in smaller initial stages that persist longer due to potential confinement. Inundation depth decreases with increasing setback distance for all three flood types because the flood volumes are spread over larger areas. However, floodplain topography, in combination with a larger setback distance, can, in some cases, increase access to lower floodplain elevations, as shown in Figure 9. For example, the 800 m setback has greater inundation depths than the 1,400 m setback for most stream reaches, with one exception occurring at an upstream distance of 10 km under the Large and Long flood type, likely because the additional setback to 1,400 m opened access to lower elevations (Figure 9). A water manager reviewing these options would need to balance the cost of increasing setback area to increase recharge and floodplain habitat such that if the main goal of the project was to maximize recharge and restoration, then the 1,400 m setback distance would be the more optimal choice.
Rivers in Mediterranean climates have winter flood flows that vary interannually and tend to have native species adapted to survive extreme flood events, while non-native species are more likely to see population declines (Kiernan et al., 2012). The larger levee setback distances, which have greater recharge rates but also greater peak flow reductions, could decrease the severity of winter storms for riparian ecosystems and may ultimately benefit non-native species that depend on more static conditions. In this study, we observed that the mean reduction in peak flow was most pronounced in the most frequent flood type, with an increase in streamflow reduction from 17% to 29% for the 0 m–1,400 m setback distances (Figure 9). These smaller flow events typically drive the winter baseflow in Mediterranean climates (Yarnell et al., 2022), so the reduction in peak flow is beneficial if the loss to recharge leads to locally elevated riparian groundwater elevations that increase baseflow through winter and spring.
The setback distances identified for the lower Cosumnes River in this study that balance groundwater recharge potential, efficiency, and floodplain inundation were 800 m and 1,400 m, respectively. However, these setback distances are larger than distances previously implemented in setback studies focused on flood risk reduction and habitat restoration (Smith et al., 2017; Stofleth et al., 2007), suggesting that studies looking to incorporate recharge need to consider a larger floodplain area. The median total recharge potential predicted with an 800 m setback under the Large and Long flood type, 99 MCM, would be sufficient to offset 84% of the groundwater pumping for irrigation (118 MCM) in the groundwater basin to the north of the Cosumnes River (South American Subbasin Groundwater Sustainability Plan, 2021; Section 2), highlighting that regional scale levee setback would reduce groundwater overdraft. The scale of potential recharge to regional groundwater pumping and to peak streamflow supports the inclusion of groundwater recharge benefits into levee setback feasibility studies that previously ignored recharge or considered recharge an ancillary benefit (Smith et al., 2017; Van Rees et al., 2024).
4.4 Future work
The goal of this research was to understand the interplay of floodplain recharge and inundation with levee setback distance in heterogeneous aquifers under geologic uncertainty. We acknowledge that our study is, in large part, a theoretical exercise that compares 100 different hydrogeologic realizations of the subsurface to investigate access to high recharge potential zones in the floodplain of levee setbacks. However, it is unknown which of the 100 hydrogeologic realizations is a true representation of the subsurface heterogeneity of the lower Cosumnes River alluvial aquifer. The setback analysis was completed on a regional scale because the hydrogeologic realizations created with a geostatistical model (TProGs) represent aquifer pathways and heterogeneity on a regional scale due to the spatial density of geologic data. As high-resolution geophysical surveying data become more readily available, it could be applied to a proposed levee setback site to identify local aquifer pathways and heterogeneity that are necessary to identify the optimal setback distance for groundwater recharge. Existing geophysical methods such as SkyTEM (i.e., equipment flown by helicopter) could provide reference on a regional scale for where to begin investigating, but it is tow-TEM (i.e., equipment towed behind an all-terrain vehicle) that records high-resolution data in the horizontal and vertical directions that would be ideal for identifying local HCPs (Goebel and Knight, 2021; Pepin et al., 2022). In addition, the extent of levee setback may be limited by infrastructure or high land costs; the impact of these factors will depend on local conditions, such as the value of land in agricultural production. Future work should perform an economic analysis of the joint flood risk reduction, ecological, and groundwater recharge benefits while considering the costs of restoration, such as land value and channel reconstruction.
5 CONCLUSION
In conclusion, our modeled results suggest that the location of high conductivity pathways in the floodplain influences the setback distance of maximum groundwater recharge potential due to the interplay of setback distance, opened floodplain area, and floodplain inundation depth. For the lower Cosumnes River, California, we found that 800 m and 1,400 m levee setback distances maximize groundwater recharge while providing floodplain areas that decrease flood depths and increase spatial flood extent with increasing setback distance. Total groundwater recharge under the optimal setback distances (800 m and 1,400 m) sufficiently reduces peak flow under the median of the 100 hydrogeologic realizations tested in this study, such that there are likely beneficial flood risk reductions for neighboring lands. The decision of the optimal setback will depend on the outcomes desired by local water managers, such as larger inundation depths to create floodplain habitat for aquatic species like Chinook salmon or increased spatial extent of floodplains for migratory birds with increased recharge. The groundwater recharge and peak flow reduction due to levee setback are large enough that they should be incorporated in levee setback design to optimize recharge benefits when feasible.
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