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Environmental flows, or the practice of allocating water in river systems for ecological purposes, is a leading strategy for conserving aquatic species and improving river health. However, consideration of surface-groundwater connectivity is seldom addressed in environmental flow development due to a lack of methodologies that account for groundwater contributions to instream flow. Groundwater-influenced streams have been identified as key refugia for native biota under a rapidly changing climate. These ecosystems are anticipated to be more resistant to climate change because groundwater input buffers the adverse effects of low flows and high temperatures, particularly in the dry season. Less understood, however, is the relative contribution of groundwater inputs to streamflow and how these surface-groundwater water interactions should be accounted for in environmental flow assessments and management actions. In order to assess ecological flow needs in groundwater-influenced streams, we applied the California Environmental Flows Framework (CEFF) in two river systems in California, United States. The Little Shasta River and the lower Cosumnes River are representative of many groundwater-influenced streams throughout the semi-arid western United States. Historically, perennial streamflow once sustained diverse native aquatic species in these ecosystems, but water withdrawals for irrigated agriculture has resulted in periodic stream dewatering. We found CEFF was useful in quantifying ecological flow needs for seasonal components of the flow regime that support ecosystem functionality. In particular, CEFF offered flexibility to incorporate information on the seasonal and spatial dimensions of groundwater influences in the development of ecological flow targets. The focus on ecosystem functions in CEFF, and ability to account for groundwater influences on those functions, creates opportunities for integrated surface-groundwater management strategies that support the recovery and protection of streamflows in groundwater-influenced streams.
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1 INTRODUCTION
Development of river systems for human use is ubiquitous across the globe (Lehner et al., 2011; Grill et al., 2019; Cooley et al., 2021) and has resulted in drastic reductions in freshwater biodiversity and ecosystem services (Vorosmarty et al., 2010; Reid et al., 2019). Recent global biodiversity initiatives explicitly call for actions that restore freshwater ecosystem processes, improve water quality, accelerate environmental flow implementation, and protect critical habitats (Tickner et al., 2020a; van Rees et al., 2021). Environmental flows, or the practice of allocating water in river systems for ecological purposes, is a leading strategy for conserving aquatic species and improving river health (Horne et al., 2017). Environmental flows are often implemented in regulated rivers through re-operation of large dams, but less attention has been given to rivers where flow is affected by other water management activities, including diversions from surface waters, springs, and groundwater sources. In particular, existing environmental flow programs and methodologies rarely account for the influence of groundwater withdrawals on river flows, despite well-recognized interactions between surface water and groundwater in many river systems (Rohde et al., 2017). Moreover, groundwater management programs are typically focused on urban or agricultural uses and rarely account for environmental water needs of groundwater dependent ecosystems (GDEs), defined as “terrestrial, aquatic, and coastal ecosystems that require access to, replenishment or benefit from, or otherwise rely on subsurface stores of water to function or persist” (Howard and Merrifield, 2010). New environmental flow assessment approaches are needed that consider surface-groundwater interactions and incorporate the role of groundwater in supporting the health of groundwater-influenced streams and their associated GDEs.
In California, one of the most geographically diverse states in the United States, groundwater-influenced streams are found throughout climatically variable regions and across varying geologies (Howard and Merrifield, 2010). In these streams, groundwater discharge via surface springs or shallow subsurface flow provides dry season baseflow critical for sustaining aquatic habitat when precipitation is low or lacking. Groundwater inputs typically create cool water upwelling in streams when hot temperatures and low flows in the dry season can limit instream productivity and physiologically stress fish and other organisms (Cunjak, 1988; Davidson et al., 2010). Conversely, during the wet season, groundwater can have a warming effect on physiological stressful low-temperature conditions (Davidson et al., 2010). Groundwater-influenced streams have also been shown to provide highly productive rearing habitat for salmon and other native fishes in California because of their naturally higher levels of nutrients, including nitrate and phosphate (Lusardi et al., 2016; Lusardi et al., 2020). The combination of optimal thermal regimes, high productivity, and stable hydrologic conditions make groundwater-influenced streams critical refugia for coldwater species in arid and semi-arid environments such as California (Lusardi et al., 2021).
Despite their high conservation value, most groundwater-influenced streams have been highly altered by human activities (Gomez-Baggethun et al., 2019; Tickner et al., 2020b). Because of their reliable flows and high water quality, groundwater-influenced streams serve as valuable water supplies for agricultural and municipal uses. As a result, surface water diversions, groundwater pumping, and drainage of riparian wetlands are ubiquitous and have substantially impacted groundwater-influenced stream habitats. Diversions from surface springs and groundwater pumping have also contributed to widespread flow depletion across the United States (Jasechko et al., 2021), particularly in the dry season when groundwater contributes a substantial portion of baseflow and when aquatic ecosystems are already stressed by high temperatures and low flows (Zipper et al., 2019). There is an urgent need to prevent further degradation of groundwater-influenced streams and their associated GDEs and to implement actions to restore and protect the surface water and groundwater sources that sustain environmental flows.
Many environmental flow assessments focus on developing flows that support the needs of one or more key aquatic species, such as PHABSIM for assessing hydraulic habitat requirements for salmon (Milhous et al., 1989; Spence and Hickley, 2000), with little consideration of other important ecological factors such as temperature or nutrient concentrations that can be strongly influenced by groundwater contributions. In contrast, holistic approaches go beyond the needs of single species and consider the role of flow variability on ecosystem processes and aquatic community response. For example, the Ecological Limits of Hydrologic Alteration (ELOHA) framework is an approach to identify ecological flow needs using relationships between flow and multiple ecological outcomes, including single species responses but also indicators of biotic community health (Poff et al., 1997). However, such approaches require high-quality coupled data on biological and flow conditions and may overlook mediating factors that can alter flow-ecology relationships, such as altered channel morphology or water quality impairments. To overcome these limitations, river scientists have called for a “functional flows approach” to freshwater ecosystem management. The functional flows approach aims to manage and restore discrete components of the natural hydrograph that support key ecosystem functions and drive geomorphic and ecological processes (Yarnell et al., 2015). By focusing on key seasonal flow components such as the spring snowmelt recession or peak flood flows, the functional flows approach holistically addresses the needs of all aquatic species that are adapted to the natural seasonal variability in flow, but does not require the high density of data needed to develop ecological-flow relationships. Rather, the approach considers how flows interact with physical channel conditions, floodplains, sediment regimes, thermal regimes, and other physical processes, including groundwater connectivity, to support critical ecosystem functions (Yarnell and Thoms).
Here, we describe an application of the California Environmental Flows Framework (CEFF), which uses a functional flows approach to determine environmental flow needs, in two groundwater-influenced streams in California. We demonstrate how the influence of groundwater on stream functions can be incorporated in CEFF through 1) an evaluation of groundwater sources contributing to streamflow, 2) consideration of channel morphology controls on surface-groundwater interactions, and 3) assessment of groundwater effects on stream water quality. We also discuss management actions that could be expected to sustain surface-groundwater interactions that are critical to stream ecosystem health. CEFF and other holistic environmental flow assessments that account for influences of groundwater are likely to become increasingly important for restoring the ecological health of rivers and maintaining ecosystem resilience in the face of climate change.
2 METHODS
2.1 California Environmental Flows Framework
The California Environmental Flows Framework (CEFF) is a structured process for setting environmental flow standards following a functional flows approach. Functional flows are components of the natural flow regime that sustain the biological, physical, and chemical processes upon which native freshwater species depend (Yarnell et al., 2015; Grantham et al., 2020). The functional flows approach is founded on the principles of the natural flow regime paradigm (Poff et al., 1997), but recognizes specific dimensions of flow variability and their interactions with the landscape as being particularly important for supporting ecosystem processes. Unlike other environmental flow assessments, a functional flows approach does not rely on single species flow needs to determine appropriate flows, but rather focuses on the natural ranges of specific flow components that drive ecosystem functions, such as the spring snowmelt recession that provides spawning cues for fish or peak flood flows that provide channel-floodplain connectivity, and recommends preservation of those flow ranges as ecological flow standards. For California, five functional flow components have been identified that support key ecosystem functions—fall pulse flow, wet-season baseflow, peak flows, spring recession flow, and dry-season baseflow—each of which are quantified by a suite of functional flow metrics describing their magnitude, timing, frequency, and duration (Yarnell et al., 2020). CEFF provides a process for defining the ranges of these key flow components, taking into consideration potential mediating factors such as channel conditions, water quality conditions, and biologic interactions, and then developing environmental flow recommendations that balance multiple water uses (Stein et al., 2021).
CEFF is organized into three sections (Stein et al., 2021). In section A, initial ecological flow needs—flows broadly protective of ecosystem health and expected to support critical ecologic functions and native aquatic and riparian communities—are estimated from predicted natural ranges of functional flows using hydrologic modeling methods (see (Grantham et al.), this issue, for more information on the modeling approach). In section B, ecological flow needs may be revised if physical, chemical, or biological process have been altered and natural ranges of functional flows would no longer support ecologic functions. Revised ecological flow needs are based on additional site-specific information that describes the relationship between functional flow components and ecosystem response. For example, consideration of channel geomorphology (e.g. floodplain connectivity in incised channels) may require adjustments to the ecological flow ranges for peak flows to ensure inundated floodplain habitat and associated functions are provided. While flow needs for individual species of management or regulatory interest (e.g. endangered salmon) may also be evaluated to confirm that the functional flows provide suitable flow requirements, adjustments to the ecological flow ranges should not be made to meet only the singular needs of a species of interest (Obester et al., 2021). Rather, a range in flow variability for all key flow components should be retained to ensure ecosystem functionality is met. Section C of CEFF provides guidance on determining environmental flows—flows that consider both ecological flow needs and human water demands—and offers suggestions for implementing and adaptively managing environmental flows over time (Stein et al., 2021).
In this paper, we highlight how groundwater influences were addressed in application of CEFF to the Little Shasta River, a spring-influenced stream in northern California, and the lower Cosumnes River, a floodplain groundwater-influenced river in central California. At both study sites, we followed the guidance under CEFF sections A and B to determine ecological flow needs supportive of ecosystem functionality and provide ecological considerations for future development of environmental flow recommendations by watershed stakeholders via section C (CWQMC-EFW, 2021). Following section A guidance, we downloaded the predicted natural ranges of functional flows (quantified as a suite of functional flow metrics) for each study site from the California Natural Flows database (https://rivers.codefornature.org). Metrics are expressed as a range of values expected to occur at each location of interest under natural conditions over a long-term period of record (10 or more years), developed from models that rely on a network of reference gages in the region (Grantham et al., this issue). We then evaluated factors that may contribute to, or limit the effectiveness of, the natural range of functional flow metrics in supporting ecosystem functions to determine whether the range of metrics for any flow component should be refined per guidance in section B. In particular, we assessed the potential for contributions of groundwater to enhance surface flows at each study site, especially during the dry season when runoff from precipitation is limited or lacking and flows are often sustained by groundwater inputs. We evaluated existing studies and knowledge of known groundwater inputs, such as discrete spring volumes, and determined whether these contributions should be considered in our estimates of the natural range of dry season baseflow magnitude or other functional flow components.
Per guidance in section B, we also evaluated the potential of non-flow factors, including physical habitat and water quality, to affect the relationship between natural functional flows, surface-groundwater interactions, and ecosystem functions. For example, altered channel morphology, such as channel incision, can limit the functionality of several key functional flow components by modifying flow hydraulics and the spatial and temporal interactions of water and the landscape. Deeply incised channels require higher peak flows to inundate the floodplain during the wet season and to provide floodplain connectivity, riparian recruitment, and habitat availability for native fish during the spring flow recession (Yarnell et al., 2015). Reduced floodplain connectivity can limit functions such as groundwater recharge that support gaining stream conditions and extended riparian soil moisture for GDEs, and highly incised channels can cause groundwater levels to fall below riparian vegetation rooting depths, resulting in the loss of riparian vegetation and habitat (Loheide and Booth, 2011; Barlow and Leake, 2012). We evaluated existing studies and information available on channel morphology at each site to assess whether altered channel conditions may prevent floodplain inundation or decrease baseflow due to water loss (drainage) to the surrounding subsurface, and thus require higher peak flow magnitudes or higher dry season baseflow magnitudes, respectively, to achieve functionality.
Additionally, we reviewed existing studies on water quality conditions at each study site to determine whether groundwater contributions may affect water temperature or water quality conditions such that increased or decreased baseflow may be needed during the dry season. While groundwater-influenced streams provide reliable water supply during the dry season, they are particularly notable for providing high water quality with limited contaminants from their adjacent wetlands and deep aquifer sources (Lusardi et al., 2021). Groundwater-derived baseflows also typically provide relatively cool water during the dry season and warm water during the wet season, helping to mitigate physiologically stressful seasonal extremes in temperature (Davidson et al., 2010). In addition, spring-fed systems in particular provide high naturally derived nutrient levels that support high aquatic productivity relative to surface-dominated streamflows (Lusardi et al., 2016). During the dry season especially, considerations of baseflow volume alone may be insufficient to support suitable habitat conditions for aquatic biota as the quality of water, including temperature and nutrient conditions, are critical to species persistence and success.
The outcomes from section A and section B analyses determine ecological flow needs at each study site, which can then be used by watershed stakeholders seeking to develop environmental flow recommendations following guidance under section C.
2.2 Study Sites
2.2.1 Little Shasta River
The Shasta River, a large tributary to the Klamath River, was historically one of the most productive salmon streams in California (National Resources Council, 2004). Groundwater from cold, nutrient-rich springs provided nearly optimal aquatic habitat conditions that supported robust populations of Chinook salmon (Oncorhynchus tshawytscha) and coho salmon (Oncorhynchus kisutch). More than a century of aquatic and riparian habitat degradation along the Shasta River and its tributaries has resulted in dramatic declines of wild salmon populations, including upper Klamath/Trinity spring-run Chinook and the federally threatened Southern Oregon/Northern California Coast coho salmon (Moyle, 2002; Moyle et al., 2017). Diversion of surface and groundwater resources in support of irrigated agricultural activities throughout the Shasta Basin, including the Little Shasta River tributary, reduced the quantity and quality of cold-water habitat during juvenile rearing and adult migration in summer and autumn. Historical adjudication of water rights did not consider the quality and quantity of water necessary to support native fishes. As a result, surface water allocations prioritize agricultural and other human water use, with limited water remaining in the environment to support ecological functions needed by salmon and other aquatic species. While progress had been made reconciling ecological water needs and human uses in some of the highest priority reaches, stream flows are insufficient for supporting healthy ecosystem conditions in most of the Shasta River.
The Little Shasta River plays a vital role in the recovery of native fishes in the Shasta River watershed, and thus is of great interest to the regulatory community and other stakeholders. Originating at 1830 m in elevation and extending approximately 41.7 km west from the Cascade Mountains of northern California until its confluence with the Shasta River within the lower Klamath River basin (Figure 1), the Little Shasta River contributes to riverine habitat diversity within the broader Shasta River watershed because of its mixed source hydrology. While the mainstem Shasta River receives the majority of its flows from productive groundwater springs emerging from volcanic terrain, the Little Shasta River derives its streamflow from both surface runoff (snowmelt and wet season rainfall) over predominantly volcanic and metavolcanic terrain and groundwater fed from several springs. Three distinct stream reaches—headwaters, foothills, and bottomlands—have been identified in the Little Shasta River that reflect different geomorphic and hydrologic conditions (McBain and Trush, 2013) (Figure 1). The steeper and higher elevation forested headwaters are fed by surface runoff from winter rainfall and spring snowmelt and control the hydrologic and thermal regime of the river. The foothills reach is dominated by herbaceous and shrub land cover with a lower gradient (<4%) and wider channel, creating more diverse channel habitats, with flow that is fed by the headwaters and supplemented by discrete groundwater-fed springs. The bottomlands reach is the lowest gradient (<1%), dominated by agricultural and herbaceous land cover and exhibiting wide shallow channels with limited habitat complexity that creates warmer water temperatures and supports extensive riparian wetlands.
[image: Figure 1]FIGURE 1 | The Little Shasta River watershed, tributary to the Shasta River in Northern California. Streamlines reflect differing geomorphic and hydrologic conditions, including small tributaries and three primary stream reaches: headwaters, foothills, and bottomlands. Groundwater dependent ecosystems (GDEs) are shown as green shaded polygons. Locations of interest are shown as orange squares, and flow gages are shown as blue diamonds. Background images shows topographic map with elevation contours and private versus public (US Forest Service) land designation. LOI 3 is coincident with the LSR flow gage. USGS gage 11516900 in the upper watershed is no longer active; USGS gage 11517000 on the main Shasta River just upstream of the Little Shasta confluence is currently active.
Multiple groundwater springs and seeps contribute baseflow to the Little Shasta River and its tributaries throughout the upper headwaters reach and near Table Rock at the eastern edge of the Little Shasta Valley where porous volcanic rocks overlay less permeable Quaternary alluvium (Figure 2). Historical flow data prior to agricultural development and spring diversions are unavailable for the Little Shasta watershed, but information on spring discharge volumes and monthly flows dating back to the early decades of the 20th century can be found from Shasta Watermaster reports and was also summarized in Nichols et al. (2016). These historical accounts indicated that, collectively, springs contributed in excess of 20 cfs to the Little Shasta River (Adams et al., 1912). These spring-fed baseflows are augmented by surface runoff from winter rainfall and spring snowmelt in the headwaters, which contribute mean monthly flows ranging from less than 5 cfs during the dry season (typically June-October) to over 50 cfs during the wet season (Nov-May) and annual peak flows of 200–800 cfs (historical data, USGS gage 11516900). Together, rainfall and snowmelt provided seasonal hydrologic variability on top of the stable, cool groundwater-supported baseflows throughout the year.
[image: Figure 2]FIGURE 2 | Springs and estimated historic discharges (in cubic feet per second) based on early 20th century watermaster reports (reproduced from Nichols et al., 2016). Evans spring and Cold springs are shown on Figure 1, for location reference.
Downstream of the foothills reach, the low gradient bottomlands reach includes multiple GDEs and wetlands, supported by both local groundwater sources and upstream baseflow contributions (Figure 1). Historically, these low-lying wetlands likely supported a diverse aquatic community throughout the year with a variety of warm surface-water and cool groundwater-influenced habitats through which native fish migrated during spring, summer, and autumn. Nutrients from upstream springs likely contributed to primary and secondary productivity in the bottomland reach, supporting higher order consumers such as steelhead trout (Oncorhynchus mykiss) and coho salmon (Lusardi et al., 2020). However, agricultural development, surface diversions, and groundwater pumping have now disconnected most of the lower Little Shasta River into isolated pools during the irrigation season, limiting access to high-quality, cold-water habitat in the foothills reach that may be conducive to supporting juvenile coho salmon (Nichols et al., 2016). Thus, restoration of each of the three reaches in the Little Shasta River, including both environmental flow allocations and physical habitat improvements, is considered a high priority for conserving threatened populations of anadromous fishes and the diverse aquatic and riparian communities in the watershed (Lukk et al., 2019).
To assess the flows needed to support ecological functions within the Little Shasta River, three locations of interest (LOI) were chosen that represented varying flow and habitat conditions within the watershed. The foothills reach (LOI 3) has an active stream gage and is downstream of Cold Springs (Figure 1). Flow in this reach is provided by surface runoff from the headwaters and spring flow from several key discrete groundwater sources. Inputs from the cold-water springs provide suitable temperatures and high nutrients for primary and secondary production crucial for rearing native fish, particularly under warming climate conditions that may adversely affect stream temperature conditions and limit salmonid habitat suitability (Isaak et al., 2015; Isaak et al., 2018). Two additional locations of interest were chosen in the upper and lower portions of the bottomlands reach where effects from surface diversions, agricultural use, and groundwater levels influence wetland habitat and streamflow during various seasons (LOI 2 and LOI 1, Figure 1). LOI 2 occurs where the stream transitions into the bottomlands reach and shallow groundwater interacts with surface water conditions and adjacent wetland habitat. LOI 1 is at the downstream end of the bottomlands reach, where the cumulative influence of runoff and groundwater accretion occurs in the watershed near its confluence with the Shasta River.
2.2.2 Cosumnes River
The Cosumnes River is the largest undammed river on the west side of the Sierra Nevada range in California. Located between the American and Mokelumne River watersheds and originating at 2,315 m in elevation, the Cosumnes River flows from the granite-dominated forested Sierra Nevada mountains 130 km westward to the San Francisco-Bay Delta via its confluence with the Mokelumne River in the Central Valley (Figure 3). The lower Cosumnes River in the Central Valley is a low gradient alluvial floodplain stream that is supported by unregulated surface runoff (winter rainfall and spring snowmelt) from the upper mountainous watershed and a complex of shallow perched aquifers and a deep expansive aquifer underlaying the entire Central Valley (Robertson-Bryan, 2006). The lower river and its connected floodplain include extensive GDEs, including the largest remaining Central Valley riparian forest, that support a diverse native fish assemblage and hundreds of species of migratory birds (Kleinschmidt Associates, 2008). In addition, the lower watershed supports thousands of acres of productive agricultural land and several local communities.
[image: Figure 3]FIGURE 3 | The lower Cosumnes River watershed in Northern California. Groundwater dependent ecosystems (GDEs) are shown as green shaded polygons. Locations of interest are shown as orange squares. Background images shows topographic map with elevation contours and private versus public (US Forest Service) land designation. LOI 1 is coincident with USGS gage 11335000 in the upper reach and is currently active. LOI 2 is coincident with USGS gage 11336000 in the lower reach and is not currently active.
Prior to European settlement in the mid-19th century, the lower Cosumnes river system was comprised of a series of shallow anastomosing fluvial channels grading into a complex of stream channels, seasonal marshes, and “lagunitas” or perennial floodplain lakes near the confluence with the San Francisco-Bay Delta that supported a wealth of biodiversity (Wiener, 2021). However, agricultural development in the late 1800s and early 1900s leveled the floodplains, leveed the main stream channel, and converted the river system into a deepened single channel corridor with little floodplain connectivity. Decades of groundwater overdraft and uncoordinated stream diversions have contributed to diminished river flows in the lower Central Valley reaches, particularly in the summer and autumn dry season when some reaches periodically go dry (Wiener, 2021). For anadromous fish species, such as Central Valley Fall-run Chinook salmon (Oncorhynchus tshawytscha) and Central Valley steelhead trout (Oncorhynchus mykiss) that are key conservation priorities, a lack of suitable flows in the channel for migration and spawning in autumn and winter and limited access to an inundated floodplain for juvenile rearing in spring has contributed to precipitous population declines (National Marine Fisheries Service, 2014). As a result, resource agencies, agricultural entities, and other stakeholders are working under the auspices of the Sustainable Groundwater Management Act to address groundwater basin aquifer sustainability, characterize surface-groundwater interactions, understand the related GDEs, and measure groundwater recharge and use. However, integration between groundwater and surface water hydrology is needed in order to inform the development of environmental flow standards supportive of the ecological functionality required by anadromous fish and other aquatic and riparian species.
Unlike other Sierra Nevada watersheds, the Cosumnes River is not impacted by large dams that capture runoff and sediment. As such, the flow regime in the lower watershed reflects winter rain-dominated surface runoff with the influence of snowmelt from the upper watershed in spring, particularly in wetter colder years when the Sierra snowpack is more substantial. Summer baseflows in the dry season are sustained by a combination of low flows from the upper watershed and groundwater contributions from shallow perched aquifers and the larger underlying deep aquifer when conditions are appropriate.
Currently, the lower Cosumnes River can be described as three contiguous stream reaches with slightly differing conditions, constraints, and opportunities with regard to surface-groundwater interactions and flow functionality. The upper reach extends from the base of the forested foothills where the river emerges into the Central Valley to about 13 km downstream where herbaceous and shrub land cover dominates and channel gradient further decreases (Figure 3). Levees are less ubiquitous in this upper reach allowing for river adjustment during high flows and local in-channel deposition of sediments contributing to channel diversity. Channel flows seasonally connect to the primary underlying aquifer such that groundwater levels range from 0 m to approximately 30 m below ground surface (bgs) depending on the time of year and extent of river flow (Wiener, 2021). Low groundwater levels in late summer and autumn in particular contribute to drying of the stream channel in this losing reach such that when fall precipitation begins, elevated streamflows are often ‘lost’ to the underlying channel sediments until enough flow has saturated the subsurface and local groundwater levels have increased enough to limit seepage losses supporting higher sustained river flow. The middle reach of the lower Cosumnes River extends through predominantly pasture and agricultural land across the valley floodplain for approximately 27 km to the Highway 99 crossing where floodplain connectivity increases and tidal influences from the Delta downstream begin to affect flow conditions. Throughout the middle valley reach, channel levees are frequent, the river is deeply incised, and only the largest floods inundate the floodplain in the few locations with levee setbacks. Channel flows are fully disconnected from the primary aquifer, which is typically 12–30 m bgs throughout the year; however, seepage from the channel during winter and spring flows saturate the adjacent channel areas helping to support riparian vegetation and recharge local shallow perched aquifers (Wiener, 2021). Similar to the upper reach, channel flows in autumn only become sustained when enough flow has saturated the local subsurface and remains high enough in volume to overcome channel seepage rates. The lower stream reach extends downstream of the highway about 18 km to the river confluence with the Delta. The river is less incised in this reach with fewer levees that are set-back or breached from floodplain restoration projects to allow for more frequent floodplain inundation at lower flows. At its most downstream end, the river is comprised of multiple tidally-influenced channels that shift across the lower floodplain and support the most diverse aquatic and riparian habitat in the lower watershed. Due to higher groundwater levels (<10 m bgs) partially controlled by tidal backwater influences in the Delta, surface flows in this lower reach are seasonally connected to the primary underlying aquifer and support riparian and wetland vegetation throughout the floodplain. Frequent floodplain inundation during high flows contributes large volumes of water to groundwater recharge helping to maintain elevated groundwater levels and surface water-groundwater connectivity throughout much of the year.
To assess ecological flow needs within the lower Cosumnes River, two locations of interest were selected that represent various habitat conditions within the lower watershed. One location of interest (LOI 2) was chosen at the transition from the upper to middle reach where an active stream gage is located (Figure 3), providing long-term daily flow dating from 1908 to present. This upper location characterized the river where channel incision is high and groundwater levels are low, but perched aquifers help to support riparian vegetation and GDEs adjacent to the channel. A second location of interest (LOI 1) was chosen at the transition from the middle to lower reach, where floodplain restoration projects have increased floodplain connectivity and past research provides additional information on local groundwater conditions (Figure 3). This downstream location characterized surface flow, groundwater conditions, and habitats supportive of the extensive GDEs located throughout the lower watershed. A previously maintained flow gage was also located at this lower location, providing daily flow data from 1942 to 1982.
3 RESULTS
Comprehensive descriptions of the environmental flow assessments following CEFF are provided in technical reports for the Little Shasta River (Yarnell et al., 2021) and for the Lower Cosumnes River (Yarnell and Obester, 2021). Here we provide a summary of the outcomes from CEFF sections A and B at each study site, with a focus on how groundwater influences were accounted for in the determination of ecological flow needs that support stream functionality.
3.1 Accounting for Groundwater Contributions
The natural range of functional flows estimated from models in CEFF section A reflected a flow regime dominated by surface runoff hydrology. These models include predictor variables that characterize the climatic and physical characteristics of the contributing watershed area, including precipitation, temperature, geology, elevation, and drainage area (Grantham et al.). Although baseflow contributions are potentially accounted for in a groundwater recharge index in the models (Wolock, 2003), the predicted baseflow components were generally underestimated at the two study sites, indicating that the models were not capturing the effects of local groundwater or spring contributions. For example, at LOI 3 in the foothills reach of the Little Shasta River, predicted dry season baseflow magnitude ranged from 1–20 cfs, averaging 9 cfs (Table 1), which reflected the range in surface water runoff across wet and dry years. However, additional year-round groundwater discharge of 10 cfs from Cold Spring, just upstream of LOI 3 (Figure 2), would nearly double the estimates of natural summer baseflow. Downstream at LOI 2 and LOI 3 (Figure 1), cumulative additions of up to 20 cfs from upstream springs (Figure 2) would also substantially increase dry season and wet season baseflows. To account for groundwater contributions not reflected in the models, we added these discrete spring volumes to the predicted dry season and wet season baseflow magnitudes for the Little Shasta River in Section B. At LOI 3 in the foothills reach (Figure 1), we added 10 cfs from Cold Spring located just upstream (Table 1), and an additional 20 cfs to each of the two LOIs in the bottomlands reach, reflecting the cumulative spring contributions from the upstream headwaters and foothills reaches.
TABLE 1 | Natural functional flow metrics from CEFF Section A and updated functional flow metrics from Section B accounting for spring contributions at LOI 3 in the foothills reach of the Little Shasta River. Values reflect medians and 10th–90th percentiles of functional flow metrics for all water year types combined. Values that were updated are in bold. Magnitude metrics are expressed in cubic feet per second (cfs) and timing metrics are expressed in day of Water Year, where day 1 = October 1).
[image: Table 1]We also evaluated the potential for subsurface groundwater inputs from locally adjacent high groundwater levels to support and sustain baseflow conditions during the dry season at each site. Although limited data was available to quantify the interactions between surface flow, groundwater, and the associated GDEs in both the lower reaches of the Little Shasta River and the lower Cosumnes River, groundwater modeling results from ongoing studies in both basins indicated that portions of these streams vary between gaining and losing conditions as they traverse their respective valleys. In the Little Shasta River, modeled losses to or gains from groundwater appear to be small relative to spring contributions (pers comm, L. Foglia), but additional study will provide insight to whether gaining reaches may prolong higher baseflow duration, support higher soil moisture in riparian areas, and contribute to healthier conditions for GDEs. Thus, no further adjustments accounting for subsurface flow were made at this time to the dry season baseflow magnitudes in the Little Shasta River (Table 1). Similarly, adjacent perched aquifers in the lower Cosumnes River may contribute to higher baseflow and extended baseflow duration during the dry season. Previous studies on subsurface stratigraphy, groundwater elevations, and surface water-groundwater connectivity in the lower Cosumnes watershed have linked lowered groundwater elevations to disconnection of surface flows in the channel, but the contributions of discrete local perched aquifers remains unknown (Wiener 2021). Thus, we chose to retain the predicted dry season baseflow magnitudes from section A as ecological flow needs in the lower Cosumnes River until further study can be completed (Table 2). Ongoing and new research in both study basins will help further quantify surface-groundwater connections and aid in determining groundwater levels needed to support stream functionality during the dry season. These future studies will also inform whether dry season baseflows should be adjusted in the future to account for shallow subsurface groundwater contributions, particularly in the lower Cosumnes River.
TABLE 2 | Natural functional flow metrics from CEFF Section A and updated functional flow metrics from Section B accounting for altered channel morphology at LOI 1 in the upper reach of the lower Cosumnes River. Values reflect medians and 10th–90th percentiles of functional flow metrics for all water year types combined. Values that were updated are in bold. Magnitude metrics are expressed in cubic feet per second (cfs) and timing metrics are expressed in day of Water Year, where day 1 = October 1).
[image: Table 2]3.2 Channel Morphology Controls on Streamflow Interactions
The Little Shasta River and Cosumnes River watersheds are less developed than many California watersheds in that they are free of large hydroelectric or water supply dams, leaving natural geomorphic and hydrologic processes largely intact. However, once the rivers reach their downstream valleys, the stream channels are incised to varying degrees throughout their lower reaches potentially affecting streamflow interactions with the floodplain and adjacent groundwater levels. In the Little Shasta River, much of the stream through the bottomlands reach is confined to a single asymmetric channel that constrains baseflow and moderate flows (such as the fall pulse flow) to limited connection with riparian areas. However, analysis of a LIDAR-derived DEM available for the Shasta basin (TerraPoint USA, 2008) suggests that channel incision is modest: peak flows, such as the 2-year flood of 143 cfs, inundate the adjacent floodplain and support riparian recruitment. Thus, the predicted natural range of functional flow metrics from section A for the wet season peak flows and spring recession flow would likely provide expected functionality, and we chose not to adjust the metrics (Table 1). However, as the stream was likely historically a multi-channel system typical of wetlands where lower flows provided greater lateral connectivity and supported GDEs, consideration of channel rehabilitation actions that promote habitat complexity and increase riparian interactions at lower flows is needed.
Conversely, in the middle reach of the lower Cosumnes River between LOI 1 and LOI 2 (Figure 3), the channel was incised such that only flows greater than approximately 8,000 cfs inundated the floodplain (USFWS, 2001). Given the predicted median 2-year flood flow was 7,158 cfs and the predicted wet season median flow was 560 cfs at LOI 1 (Table 2), we expected flows between 1,000 cfs (greater than the wet season median flow) and 7,158 cfs (less than the 2-year flood flow) to at least partially inundate the floodplain during most years. We therefore increased the 2-year flood flow magnitude to 8,000 cfs to ensure more frequent floodplain inundation and support for associated floodplain functions, such as groundwater recharge, riparian recruitment, and extended inundation of GDE habitats (Table 2). Additional results from USFWS (2001) also showed that a minimum of 180 cfs at each LOI in the lower Cosumnes River would be needed to allow salmonid migration and passage during autumn under current physical habitat conditions. This is comparable to the predicted fall pulse flow median magnitude of 212 cfs (range 65–671 cfs) at LOI 1 and 239 cfs at LOI 2 (Table 2). Therefore, we chose to revise the minimum magnitude for the fall pulse flow to reflect the minimum salmonid passage flow of 180 cfs, but retained the remaining range of fall pulse flows to support interannual flow variability.
3.3 Groundwater Effects on Stream Water Quality
Previous studies in the Little Shasta basin have explored the relationship between water quality conditions, including water temperature, and native fish habitat suitability in the foothills and bottomlands reaches, where impacts from grazing and flow diversions result in warm water temperatures, shifts in stream nutrients, and limited riparian cover in some locations (Nichols et al., 2016; Lukk et al., 2019). In the foothills reach under current conditions where spring flows are fully diverted and streamflow is predominantly surface runoff, water temperature and nutrient data from 2016 to 2018 showed that the number of over 20°C days (and thus physiologically stressful for salmonids) increased from upstream to downstream regardless of year, and that nitrogen was the limiting factor on productivity in the reach (Lukk et al., 2019). However, macroinvertebrate data showed water quality conditions were “good” in the upper foothills reach, based on the Hilsenhoff’s Biotic Index (Hilsenhoff, 1987). Below the diversions at the downstream end of the foothills reach, seasonally occurring low-flow and no-flow conditions disconnected the bottomlands from the foothills, and resultingly, macroinvertebrate data indicated “fairly poor” water quality conditions. Thus, while the upper foothills reach currently provides suitable physical, chemical, and biological conditions to support a healthy cold-water ecosystem under predominantly surface runoff conditions, limited productivity from low nutrient content and resulting limited food resources suggest that juvenile salmonids may be less able to tolerate elevated water temperatures in the reach, even for short periods. Increasing groundwater contributions from the springs to the channel will likely have a large impact on keeping water temperatures low and supplementing aquatic productivity. Therefore, we chose to retain the dry season baseflow magnitudes adjusted for spring flow contributions, with no additional adjustments for water quality considerations, presuming that cold nutrient-rich spring flow comprises the additional 10 cfs in dry season baseflow (Table 1).
Previous studies regarding water quality conditions in the lower Cosumnes River have primarily focused on nutrients and pollutants associated with agricultural runoff, point sources, and land uses, rather than water temperatures. While elevated water temperatures during the dry season have been noted as one of many causes of decline in native fishes throughout Central Valley streams (USFWS, 2001), the extensive riparian forest and connected floodplains in the lower reaches help buffer high water temperatures during the warm dry season when sufficient baseflow is available (Robertson-Bryan, 2006). The primary water quality concerns in the lower Cosumnes River are potentially high levels of nitrogen, phosphorus, suspended sediments, and mercury related to agricultural drainage and pesticide use (Robertson-Bryan, 2006). Previous studies on water chemistry showed that the majority of nutrients and suspended sediments in the lower watershed originated from both point sources (e.g. wastewater treatment facilities) and non-point sources (e.g. urban and agricultural runoff), with nutrient concentrations, conductivity, and pH levels generally increasing from upstream to downstream (Ahearn et al., 2005). During the dry season baseflow, in stream reaches that were not dry, nutrient concentrations increased as flows decreased and shallow groundwater contributions from perched aquifers became the dominant source of baseflow. However, sediment and nutrient levels remained within water quality criteria delineated by local regulations (Ahearn et al., 2004). During the early wet season in autumn, the fall pulse flow and early storm events flushed nutrients through the river system, and then in the late wet season as progressive flushing had occurred, conductivity and nutrient concentrations decreased with successive high flows. As a result, in most years, almost the entire annual load of nutrients and sediment moved through the watershed during the wet season (Ahearn et al., 2004). These studies suggest that while water quality may be a concern for aquatic species in the lower Cosumnes River under extreme low flow conditions, when sufficient baseflows occur in the dry season and periodic flushing flows occur during the wet season, water quality conditions likely remain suitable for native aquatic species. We thus chose to retain the natural predicted range of dry season baseflow magnitudes from section A (Table 2) as supportive of suitable water quality conditions throughout the lower reaches, particularly where riparian areas are intact.
4 DISCUSSION
Accounting for groundwater interactions in environmental flow development requires a holistic approach that encompasses evaluation of surface-groundwater interactions and their relationship with channel morphology, local geology, water quality conditions, and aquatic and riparian communities. Application of CEFF to the Little Shasta River and lower Cosumnes River provided a guided but flexible approach to determining ecological flow needs in these groundwater-influenced streams that more accurately reflected hydrologic conditions than other traditional methods that singularly focus on volumetric surface flow conditions or single-species habitat suitability approaches. CEFF provided an initial set of ecological flow needs that were centered around seasonal components of the flow regime that support ecosystem functionality and were derived from predominantly surface runoff characteristics and conditions. However, the flexibility of CEFF allowed for assessment and inclusion of spring flow contributions and groundwater influences, as well as detailed analysis of when and where groundwater influences were most important in each watershed. The focus on ecosystem functions in CEFF, and understanding the importance of groundwater to those functions, provides the opportunity for discussion of management strategies that specifically support groundwater conditions and address the surface-groundwater connectivity that supports groundwater dependent ecosystems.
In California and other semi-arid environments where development of groundwater sources for agricultural use and consumption is common, the loss of groundwater contributions to stream ecosystems can be particularly acute. In the case of the Little Shasta River, depleted streamflows during the summer dry season have impacted both aquatic and riparian communities, including high-profile wild salmon populations. The ecological flow needs analysis completed in CEFF not only provided specific baseflow values needed to improve stream functionality and associated habitat conditions, but also highlighted the critical need for a portion of baseflow to be supplied from nutrient-rich cold spring flow, rather than solely from other warm surface flow sources, in order to provide suitable water quality conditions for benthic invertebrates and native fishes (cf. Lusardi et al., 2016). Similarly, in the lower Cosumnes River, floodplain inundation that promotes groundwater recharge to the shallow aquifer may support seepage of cooler higher quality water to summer baseflow than warmer surface water from agricultural runoff. In both streams, holistic evaluation of the relative importance of groundwater contributions to stream ecosystem dynamics allows for more comprehensive evaluation than traditional species-based approaches and provides additional options for management decisions that support both human uses and sustainability of key refugia for native biota under a rapidly changing climate.
For the Little Shasta River and lower Cosumnes River, stakeholder discussions regarding how to best manage water allocations to provide environmental flow needs and meet agricultural water demands are ongoing. As outlined in section C of CEFF, these discussions include accurate assessments of water use and streamflow alteration, analysis of trade-offs between water use for agriculture and ecological needs, evaluation of management actions that support surface-groundwater interactions and connectivity, and development of monitoring and adaptive management plans. The streamflow alteration analysis in both basins indicated that dry season baseflows are depleted and likely altered (Yarnell and Obester, 2021; Yarnell et al., 2021). Depleted baseflow in the Little Shasta River likely reflects spring flow and surface flow withdrawals (all discrete springs in the basin are currently fully diverted to off-channel uses), small losses to groundwater due to underlying geologic conditions, and, in the bottomlands reach, decreased groundwater elevations associated with groundwater pumping. Similarly, depleted baseflow in the lower Cosumnes River likely reflects small losses to groundwater due to underlying geologic conditions and decreased groundwater elevations associated with groundwater pumping. Information from additional studies quantifying surface-groundwater interactions and contributions from perched aquifers and saturated conditions will help inform the groundwater levels needed to support stream functionality for aquatic species and GDEs during the dry season.
Based on varying hydrogeomorphic conditions throughout each of the reaches in the Little Shasta and lower Cosumnes River, particularly with respect to seasonal connections between surface water and groundwater, several potential management actions could be undertaken in CEFF Section C to improve ecological functionality and robustness. In the foothills reach of the Little Shasta River, where habitat is generally in good condition, actions might include limiting spring water diversions in an effort to support prolonged dry season baseflow with high quality, cold, nutrient-rich water, limiting seasonal groundwater withdrawals to maintain shallow groundwater levels and limit channel seepage losses, and funding support for supplemental water sources for agriculture, such as winter runoff diversions, use of recycled water, and voluntary water use efficiency improvements. In the bottomlands reach of the Little Shasta River, where habitat conditions are poor and a lack of summer baseflow has impacted the aquatic biota in particular, similar actions to those above could be taken as well as actions to reduce channel incision and improve lateral connectivity within riparian areas in an effort to support GDEs. In the lower Cosumnes River, Mount et al. (2001) presented a three-part strategy to improving baseflow conditions that included augmentation of surface flows, management of groundwater pumping, and restoration of natural flood regimes. Building on this strategy for the lower Cosumnes basin, additional management actions that support groundwater contributions may include: managed recharge to primary and perched aquifers, which would benefit surface water-groundwater connections and agricultural water supply; floodplain reconnection, levee relocation/set-backs, and habitat restoration projects to promote riparian and groundwater dependent habitats and improve flood management; and relocation of shallow wells next to the river channel, particularly in perched aquifers, and use of alternative water sources such as stored winter diversions, recycled water, and voluntary water use efficiency improvements. As discussion and evaluation of management actions by stakeholders in each basin continues, consideration of their potential effects on the desired ecological objectives identified in section A should be included. Further study and quantification of the ecological consequences of failing to satisfy ecological flow needs may help in evaluating trade-offs inherent in meeting ecological and non-ecological management objectives. Monitoring plans should, therefore, explicitly measure surface flow conditions, groundwater conditions in both perched and deep aquifers, changes in channel morphology, and the health and suitability of channel and floodplain habitats for aquatic species and GDEs linked to these conditions (Rohde et al., 2017). The ecological conditions and current management practices in the Little Shasta River and lower Cosumnes basin are representative of many groundwater-influenced streams in agricultural landscapes, and thus the management approaches recommended here could apply broadly to similar river systems.
5 CONCLUSION
Groundwater-influenced streams and their associated GDEs are key climate refugia for arid and semi-arid ecosystems, such as those in California. Under changing climate conditions where extreme hydrologic conditions such as floods and droughts are increasing, water management frameworks that explicitly integrate groundwater and surface water conditions are needed to meet ecological flow needs and determine environmental flows that will support functioning river ecosystems and the aquatic community, improve river health, and sustain the freshwater ecosystem services upon which human societies depend. CEFF provides a flexible framework that is focused on the functionality of flow and incorporates consideration of the interconnections between groundwater, surface runoff, channel morphology, and water quality conditions. We found that application of CEFF to two groundwater-influenced streams in California provided a means to determine ecological flow needs that accounted for groundwater contributions and their interactions with channel morphology and water quality to holistically support ecological functionality. The results will aid ongoing discussions of management actions that support groundwater contributions within each stream and ultimately help to support climate resilient habitats in these watersheds.
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