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Abstract

In this study, we examine a novel levee breach experiment that reconnected a floodplain

along the Cosumnes River, California to determine the decadal impact of removing 250

meters of levee and assess the recruitment of large wood. This is the latest study in an ongo-

ing series of investigations 40 years in the making along the largest river on the western

slope of the Sierra Nevada without a major dam. We present the findings of this multi-modal

investigation here by first measuring the geomorphic alteration of the floodplain surface to

quantify the depletion and accretion of sediment across the excavated site. We then identify

and quantify the deposition of large wood. Results indicate initiation of anastomosing chan-

nel formation and distinct areas of large wood recruitment supporting a naturally evolving lat-

eral levee. Accretion resulted in more than 25,000 m3 of sediment deposition within the

original excavation site, the development of multiple sand splays, and natural recruitment of

native riparian tree species. We conclude by discussing implications following other

approaches to floodplain restoration as a Nature-based Solution. In episodic flow regimes,

like in California’s Mediterranean-montane hydroclimatic regime, restoring lateral hydrologic

connectivity facilitates ecosystem function. Large flood pulse events drive sediment dynam-

ics and geomorphic heterogeneity while enriching biodiversity through biogeochemical

fluxes and habitat creation on reconnected floodplains that store floodwaters and reduce

peak discharge. These findings support the importance of long-term monitoring efforts of

floodplain restoration.

1. Introduction

Within the aquatic terrestrial transition zone, floodplains support some of the most productive

and diverse ecosystems on the planet [1–3]. This zone is defined here to include the dynamic

channel characteristics [4] and flood pulse events [5] that create geomorphic heterogeneity [6–

8] and disturbances, which drive the mosaic of biodiverse riparian forests, floodplains, and
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other landforms that support complex ecological processes [3, 9–16]. These dynamics include

the transitional interface, primarily floodplains, where terrestrial landforms become aquatic

habitat [5, 10]. This transitional interface supports the biotic and abiotic processes necessary

for diverse habitat structure [17] and elevated ecosystem productivity [14, 18], while also pro-

viding a physical canvas for dynamic geomorphic evolution [19, 20].

Once a dynamic interface, anthropogenic land-use activities now conflict with riparian eco-

system functionality [21, 22]. More than 70% of humanity dwells on former floodplains which

cover less than 2% of land on earth [2, 23, 24]. Floodplains, though small in area, dispropor-

tionately contribute to global hydrogeomorphic cycling. It is estimated that floodplains pro-

vide or promote ~25% of all terrestrial ecosystem services [23], including flood mitigation and

nutrient cycling [24–26]. Recent studies also suggest, however, that some 90% of the world’s

floodplains are disconnected and/or developed [2, 22, 24], including up to 98% of floodplains

in the United States [27, 28]. Engineered infrastructure, such as levees, are constructed to

reduce flood risk. In turn, floodplains are converted for urban and agricultural land uses [28,

29], thereby preventing lateral hydrologic connectivity [2, 30], reducing or eliminating flood-

plain habitat and dynamic ecosystem feedbacks between geomorphic features and the biophys-

ical responses that drive them [2, 31–33]. Paradoxically, loss of floodplains and biophysical

feedbacks reduces floodplain capacity for temporary floodwater storage [24, 25], possibly

increasing flood hazards in other locations [25]. By preventing these functions, at least 41 mil-

lion people in the contiguous United States alone are at risk of serious flooding from pluvial

(rainfall) and/or fluvial (riverine) sources, with human populations at risk projected to rise

with climate change and expanding development [34].

Restoring active channel-floodplain processes through levee breaches [35–37] or setbacks

[38, 39] is a primary means for enhancing ecological functionality. This process-based flood-

plain restoration approach [40–43] is part of a broader effort to incorporate Nature-based

Solutions (NbS) into community resilience planning [44–48]. This so-called “green infrastruc-

ture”, and the related “Engineering with Nature" concept [39, 49], are intended to improve cli-

mate change resilience and provide protection from extreme flood events [46, 50]. Lateral

floodplain re-connectivity with floodwaters has several positive, cascading effects. Reestablish-

ing connectivity facilitates the transfer of nutrient-rich sediment to the floodplain [35, 51] and

the creation of heterogeneous landforms [11, 46], in turn supporting elevated biodiversity [45]

through niche differentiation [52]. It also has the added benefits of reducing the risk of levee

failures and increasing capacity for floodwater storage, reducing flood hazard risk to adjacent

or downstream communities [44, 53]. In diminishing human-induced disruptions to the con-

nectivity of riverine and riparian systems [39, 41, 48, 54], NbS can buffer against extreme

weather events [55, 56] and simultaneously help mitigate biodiversity loss [1, 46, 57–59].

The conflict between human-engineered land uses and subsequent floodplain disconnec-

tion has resulted in loss of ecosystem services over the last several decades [2, 32, 60]. More

recent design and implementation of green infrastructure [56, 61], such as the Engineering

with Nature [39, 62] approach, has resulted in a more critical evaluation of the potential syner-

gies between flood protection and enhancing NbS [39, 62]. After more than 91% of California’s

historical riparian landscapes were converted to human uses through river and floodplain

development [63], the state is now a focal point for floodplain restoration via reconnection

[29, 64, 65]. The Cosumnes River, in particular, has emerged as a test bed for experimental,

process-based restoration of NbS through intentional floodplain reconnection [46, 66, 67].

In this paper, we investigate the decadal evolution of a reconnected floodplain along the

Cosumnes River, California, and summarize the outcome of a series of investigations that

began in the mid-1990s. This floodplain reconnection restoration experiment included four

levee breaches with the primary site centered along 250 m of levee excavated to reconnect the
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channel to its floodplain. Nichols and Viers (2017) assessed both the pre-treatment floodplain

conditions and initial post-connection geomorphological responses as a function of levee

breach width. The analysis presented here extends beyond the first-year response to include 6

additional water years and 27 flood pulse events through 2021. In this study, we address the

following questions:

1. Since the 2015 study [68], how and where has floodplain topography of the site changed

over time, and what is the magnitude of change in surficial sediments?

2. Which geomorphic features have emerged across the study site since its reconnection, and

do these observed changes match the expectations set by prior conceptual models?

3. What is the presence and magnitude of large wood accumulation at the study site, and does

it contribute to lateral levee development?

We present the findings of this multi-modal investigation by first measuring the geomor-

phic alteration of the floodplain surface, then evaluating depletion and accretion of sediment,

followed by identifying and quantifying the extent of large wood, and concluding with an eval-

uation of these observations in the context of previous studies and their implications for other

similar approaches to floodplain restoration.

2. Material and methods

The Cosumnes River has been the focus of several floodplain reconnection studies [14, 36, 52,

66, 68–70; Fig 1; Table 1] due in large part to its dynamic hydrologic regime. As the only large,

unregulated river on the western slope of the Sierra Nevada, the Cosumnes River hydrograph

exhibits high dynamism in its magnitude, frequency, and duration of flood pulses [71, 72].

Below we further discuss the dynamics of the Cosumnes River flow regime, various restoration

Fig 1. Study site within the Cosumnes River Preserve. A The study site is shown with USGS stream gage 11335000 at

Michigan Bar along CRP land management units [73, 74], and B levee breach sites (including a distinction between

intentional and accidental breaches) [75]. The Cosumnes River runs from the northeast toward the southwest. The

year of each breach is noted. The breaches that were part of planned treatments relevant to this study are identified as

“Excavated” and align with breach years in Table 1. The “Focus Area” for this study is also identified. It is primarily the

breaches labeled ‘2014’ in the northernmost area of B.

https://doi.org/10.1371/journal.pwat.0000132.g001
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activities, geomorphic evolution across a specific floodplain reconnection site, as well as the

presence and extent of large wood deposited post reconnection.

2.1. Study site

The predominantly rainfed Cosumnes River drains 2,460 km2 of the larger San Joaquin River

watershed in central California and is characterized by a Mediterranean-montane climate of

cool, wet winters and warm, dry summers [72]. With headwaters at the Sierra Nevada crest

(2400 m), and a confluence with the Mokelumne River at sea level, the 80 km Cosumnes River

is the largest unregulated river in the Sacramento-San Joaquin Valley.

Cosumnes River discharge is characterized by radical interannual variability with primarily

low flows regularly punctuated by peak flows that may be short lived or persist for an extended

duration, typically driven by multiple peaks in a given water year (see Whipple et al., (2017)

and Booth et al., (2006) for hydrological studies using USGS gage #113350000 at Michigan Bar

gage #113350000, identified in Fig 1A). Since records on the Cosumnes River began in 1907

[76], seasonal flows range from a record high of 2,634 m3s-1 (1997) to a dry stream bed, typi-

cally by mid-July. Average winter discharge is 411 m3s-1 while median daily discharge is 46

m3s-1 [71, 76]. Mean annual precipitation throughout the Cosumnes River watershed is

approximately 850 mm [68, 72] and is concentrated November–March, primarily in upper ele-

vations [71]. Flood waters connect adjacent floodplains at discharges of 20 to 25 m3s-1 [52, 66,

Table 1. Levee modifications and floodplain reconnection action across the Cosumnes River Preserve.

Date Outcome & Treatment Details Publications (Results & Studies) Area

reconnected

1985 Accidental Forest–levee failure prior to CRP acquisition Eaton, 1998 [93]; Huff & DiGaudio, 2000 [94]; Tu, 2000 [95];

Florsheim & Mount, 2002 [35]; Mount et al., 2002 [52]; Florsheim &

Mount, 2003 [51]; Swenson et al., 2003 [36]; Florsheim et al., 2006

[77]; Trowbridge, 2007 [96]; Jeffres et al., 2008 [85]; Swenson et al.,

2012 [66]; Hutchinson et al., 2020 [97]

15 acres (6

hectares)

1995 Intentional Forest–levee breach south of Accidental Breach, plot

graded & leveled

Eaton, 1998 [93]; Tu, 2000 [95]; Florsheim & Mount, 2002 [35];

Mount et al., 2002 [52]; Florsheim & Mount, 2003 [51]; Swenson

et al., 2003 [36]; Ribeiro et al., 2004 [98]; Florsheim et al., 2006 [77];

Trowbridge, 2007 [96]; Jeffres et al., 2008 [85]; Swenson et al., 2012

[66]; Hutchinson et al., 2020 [97]

130 acres (54

hectares)

1997 Corps Breach aka ‘Triangle’– 5.5 miles of levee abandoned, 2

breached levees, plot graded & leveled, a waterfowl pond created

within expected flooded area, setback levee construction

Eaton, 1998 [93]; Florsheim & Mount, 2002 [35]; Mount et al., 2002

[52]; Trowbridge, 2002 [70]; Florsheim & Mount, 2003 [51];

Swenson et al., 2003 [36]; Ribeiro et al., 2004 [98]; Ahearn et al., 2006

[88]; Florsheim et al., 2006 [77]; Sheibley et al., 2006 [99]; Jeffres

et al., 2008 [85]; Swenson et al., 2012 [66]; Hoagland et al., 2019

[100]; Hutchinson et al., 2020 [97]; Ogaz et al., 2022 [87]

200 acres (81

hectares)

2013 Cougar Wetlands– 2 levee breaches + earthen works to re-

establish slough topography, limited planting of individual native

species

Beagle et al., 2013 [101] 154 acres (50

hectares)

2014* Oneto Denier breach– 2 breached levees (1 large + 3 small

breaches) + swale

Nichols & Viers, 2017 [68]; Whipple et al., 2017 [71]; D’Elia et al.,

2017 [102]; Steger et al., 2019 [89]; Dybala et al., 2019 [26]; Hoagland

et al., 2019 [100]

1000 acres (400

hectares)

2017

+ TBD

McCormack-Williamson Tract– 3 levee breaches (1 intentional

degrading, 2 natural) + future breaches

Hammersmark et al., 2005 [103]; Beagle et al., 2013 [101] 1,489 acres (600

hectares)

TBD Grizzly Slough Florsheim et al., 2008 [104] 400 acres (160

hectares)

Table 1: The year, restoration information, resulting publications or studies, and the size of restoration treatments that have included levee breaches or alterations within

the Cosumnes River Preserve. The restoration treatment includes any relevant earthen works, planting, or relevant details for the site. *The restoration treatment for the

‘Focus Area’ in Fig 1B.

https://doi.org/10.1371/journal.pwat.0000132.t001
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71, 72, 77], and the floodplain wetting stage used in this study follows Whipple et al. (2017), as

depicted in Fig 2, of 23 m3s-1 [71]. For this study we consider water years 2016 through 2021,

as shown in Fig 2.

Prior to human modification, the Cosumnes River coursed along an anastomosing valley

floor [51], characterized by alluvial fans and a geomorphically heterogeneous riparian land-

scape [78]. Despite the unregulated hydrograph, seasonal river discharge is now impaired by

surface water diversions, groundwater withdrawals, land use change, and climatic shifts. Fleck-

enstein et al., (2004) found that groundwater withdrawal systems for municipal and agricul-

tural demands directly impacted stream flow [79, 80], lowering the local water table and

creating regional cones of depression [79]. Concurrently, Young et al., (2009) identified lessen-

ing snowmelt runoff as another major influence reducing stream flow [81, 82]. Levee building

and channel straightening coincided with widespread land conversion to agricultural uses in

the early 20th Century [93], and resulted in floodplain disconnection along much of the low-

land river in all but the highest flow events [83]. These findings emphasize the anthropogenic

influences that have collectively resulted in the current ephemeral winter wet and summer-dry

riverbed experienced in the lowest reaches of the Cosumnes River [72], the variation in river

flows are visually documented in Supporting Material.

The unregulated nature of the Cosumnes River, and its frequent winter flood events, has

had the paradoxical outcome of limiting urban development and, in so doing, preserving sev-

eral large riparian forests and adjacent working lands, thus promoting long-term biodiversity

conservation [29]. Beginning in 1984 [36], a consortium of land management entities have

organized to protect and manage over 20,000 hectares of freshwater, wetland, floodplain, ripar-

ian and upland habitats and their associated species [84]. This amalgamation of land parcels,

known as the Cosumnes River Preserve (CRP), is protected by a combination of ownership

and conservation easements, and has also been the focus of several major restoration efforts,

including experimental floodplain reconnection treatments (Table 1). Given these unique

Fig 2. Hydrograph of the USGS stream gage 11335000 at Michigan Bar. The Cosumnes River hydrograph for the USGS stream gage upstream located at

Michigan Bar for the duration of the study period (2016–2021). The floodplain wetting stage for the study site is shown as the threshold line at 23 m3s-1 [71].

https://doi.org/10.1371/journal.pwat.0000132.g002
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characteristics, CRP has served as an experimental test bed to investigate the multiple ecosys-

tem service benefits of floodplain reconnection, including enhanced biodiversity (e.g., birds,

fish) [66, 85–87], carbon sequestration [69, 88, 89], and groundwater recharge [90, 91]. The

underlying fundamental drivers of the observed ecosystem service benefits have also been

extensively studied, including hydrologic dynamism and geomorphic response [35, 51, 52, 68].

Coupled with restoration treatments implementing horticultural interventions, such as plant-

ing with or without irrigation and herbicides [29, 68, 92], decades of observation and monitor-

ing at CRP have provided the basis to quantify differential responses and benefits to

hydrogeomorphic connection [35, 36, 68], supplying insight into how floodplain reconnection

could benefit other lowland Mediterranean-montane river systems within and beyond Califor-

nia. An overview of floodplain reconnection actions as process-based restoration treatments

are provided in Table 1.

Many of the breaches in Table 1 are comparatively narrow (excavated levee sections < 55

m, levee failures < 30 m), whether naturally caused or intentionally excavated. The section of

levee removed in 2014 was substantially larger than previous breaches at 250 m wide, allowing

for further testing of floodplain reconnection dynamics and expanding previous theoretical

frameworks. The Oneto-Denier (OD) levee breach included excavating and leveling a large

levee section adjacent to the Cosumnes channel with three additional breaches along an inte-

rior “horseshoe” levee as depicted in Fig 1B. These four breaches reconnected nearly 400 hect-

ares of agricultural land (1000 acres) to the river channel [68].

2.2. Measure geomorphic change

In 2014, Nichols and Viers (2017) documented the excavation and leveling followed by the

assessment of the first year of reconnection across the ‘OD excavation’ site in 2015. Data col-

lection in both 2014 and 2015 occurred across the full extent of excavated levee and the area of

floodplain leveled during the 2014 excavation. To capture GIS and geomorphologic data, they

used a Topcon HiperLite + and HiperV real-time kinematic Global Positioning System

(rtkGPS) survey equipment alongside a Canon S100 to create a Structure-from Motion DEM.

In spring of 2016, and for each subsequent annual survey data collection, a Phoenix LiDAR

Alpha AL3-32 deployed on a DJI S1000 octocopter unpiloted aerial vehicle (UAV) and rtkGPS

survey equipment were used to capture geomorphic data and measure sediment accretion

across the excavation site and reconnected experimental floodplain beyond. LiDAR point

cloud based surveys are preferable to rtkGPS surveys because the detail made accessible via the

point cloud density possible with LiDAR is impossible to capture by hand [105].

LiDAR point clouds were classified by return interval with LASTools (rapidlasso GmbH,

Germany) and filtered for noise and/or error. Points classified as last returns were isolated and

used to form the Digital Elevation Models (DEM) for this study. For each year, 0.25 m and 0.5

m DEMs were created to align with the 2014 data format and resolution. Though data collected

after 2015 extended beyond the initial excavated levee and leveled area of reconnected flood-

plain, the DEMs were reduced to the extent of 2014 data coverage for direct comparison. The

extent of 2014 data limits the site coverage considered within figures throughout this study.

From 2014 to 2021, the DEM for each year was compared to all previous and subsequent

years to create a difference of DEM (DoD) using the approach put forth by Wheaton et al.

(2010) applying the Geomorphic Change Detection (GCD) Software, GCD 7, ESRI ArcMap

Desktop plugin (ArcMap 10.8.0.12790, Esri, Redlands, California, USA). The GCD tool has

two main outputs, raster and tabular data, facilitating comparison between relevant surveys as

depicted for 2014 to 2021 in Fig 3 [106]. The extent of Fig 3 demonstrates the limited spatial

extent of the 2014 survey.
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2.3. Large wood

To evaluate large wood (LWD) deposition and determine the extent of LWD present, a Mica-

sense RedEdge-M multispectral sensor was flown on a FinWing Sabre fixed-wing UAV con-

currently with LiDAR data collection discussed in the previous section. The area of interest

from the LiDAR survey is mirrored in the multispectral data collection. Raw data were pro-

cessed, orthorectified, and corrected with Pix4D processing options (Pix4D S.A., Prilly,

Fig 3. Difference of DEM of 2014 to 2021 within the excavated levee site. The extent of Fig 3 is contextualized

within the inset map, a reduced version of Fig 1B. Color represents areas of sediment erosion (blue) to deposition

(pink) in centimeters. The background was removed in favor of a uniform black. Elevation is provided by topographic

interpretation of the 2021 DEM in meters.

https://doi.org/10.1371/journal.pwat.0000132.g003
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Switzerland) designed for the RedEdge-M sensor. Concurrent flights for data collections were

possible in 2017, 2019, and 2020.

To measure the extent of LWD deposits, spectral bands 1, 3, and 5 (465–485 nm, 663–673,

712–722 nm) were combined to form a false color image that enhanced manual identification

and digitization of LWD across the floodplain. The spectral classification allowed for the iden-

tification and extraction of large wood features from the surrounding vegetation and sediment

in the Digital Surface Model (DSM) as seen in Fig 4. The extent of LWD was confirmed via

RTK field survey in 2020. LWD area coverage was calculated from the digitized LWD. The

Fig 4. Large wood identified across the reconnected floodplain in 2020. The extent of Fig 4 is matched in Fig 3. The

topographic lines may be used to directly compare the two figures and the locations of LWD compared to areas of

sediment deposition.

https://doi.org/10.1371/journal.pwat.0000132.g004
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digitized LWD area layer was used to extract the relevant extent of the DSM and DEM for

each year. Volume of LWD were determined for water years 2017, 2019, and 2020 by calculat-

ing the surface difference between the DSM and DEM with the ArcGIS Pro 3D Analyst Tools

(ArcGIS Pro 3.0.2, Esri, Redlands, California, USA).

3. Results

3.1. Geomorphic change

The difference of DEM (DoD) is a volumetric comparison between two surfaces. We com-

pared annual surface conditions for 2016 through 2021 against the 2014 floodplain surface

post excavation. Each year, floodplain wetting events influence the reconnected floodplain.

Flood events were considered to be any flow event with discharge that exceeded 23 m3s-1.

Flood events for the period of study are listed in Table 2 [76]. The duration and maximum dis-

charge of each flood event are also provided.

The heterogeneous nature of annual wetting events is also expressed in the annual sediment

dynamics across the reconnected floodplain in Fig 5. In the DoDs at the top of Fig 5, the ero-

sion and deposition patterns in each DoD sequentially depict the formation of secondary

channels, specific locations of sediment and debris, and multiple scours increasing at the

northern-most section of the floodplain where flows begin to traverse the bank onto the

floodplain.

DoD surfaces shown in Figs 3 and 5 depict geomorphic change across the study area, and

are supported by quantitative volumetric measurements of sediment change. For each study

year, DEMs were compared to the 2014 year-zero surface. Net accretion, depletion, and change

volumes were quantified for each surface comparison. Resulting net volumetric change are

shown in Table 3, and are restricted to the 2014 extent analyzed by Nichols and Viers [68].

Cumulative volumetric change began in 2016 with a net loss of more than 3,000 m3 of sedi-

ment across the site but, after two additional years, more than 20,000 m3 of additional sedi-

ment was measured in the 2014 to 2018 DoD. The maximum cumulative accretion since the

2014 baseline was in 2020 with almost 30,000 m3. When the 1,718 m3 of removed sediment is

considered, the 2014 to 2020 accretion is 27,073 m3 of new sediment within the original exca-

vated area. Depletion rates varied between DoDs with the largest net loss of sediment mea-

sured between 2014 and 2016 at 3,250 m3. When considering depletion, alone, the 2014 to

2021 DoD resulted in a 4,113 m3 depletion of sediment, though the net change overall still

accounted for 8,012 m3 of sediment gained since 2014. Interannual values are much more var-

ied. The interannual results do not consider year zero level ground, instead measuring only the

variability within a given water year. Resulting vertical changes predominantly range from -1.5

meters to 1.5 meters in any one place, depicted in Table 3 and Fig 5.

The initial assessment of this site included projecting expected flow paths [68]. Those postu-

lated channel delineations are replicated in Fig 6A DEM 2014 (thick line) and compared to

the 2014 channel center (dashed line). Since the 2015 study, annual elevation survey and DEM

generation has facilitated quantification of surface differences and identification of secondary

flow paths. Fig 6B DEM 2017 and 6C DEM 2021 depict initial expectations of channel forma-

tion (thin line) overlaid with the realized secondary channel locations developed during 2017

and 2021 flow events (thick line).

The 2014 survey of the excavated site only allows for comparison across a limited section of

the floodplain. However, in the near decade since, multiple floods have occurred sparking

interest in the connected floodplain beyond the excavation. While the 2014 data set only allows

for excavation site comparisons, the California Department of Water Resources, in conjunc-

tion with the National Oceanic and Atmospheric Association, surveyed the Sacramento-San
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Joaquin Delta with Airborne LiDAR in 2007 [107], prior to any levee or floodplain modifica-

tion, and provide public access to their resulting DEMs. Using this publicly available data set

and the methods discussed above, Fig 7A depicts the sediment erosion and deposition along

the excavated site and adjacent, reconnected floodplain in the DoD of 2021 compared to the

2007 landscape, when levees were intact. Fig 7B further articulates the change in channel forma-

tion by providing a cross section of the landscape following the red transect across Fig 7A. The

2007 profile can be identified by the spikes in elevation that mark the levee elevations in grey.

3.2. Large wood

The sediment accretion and topographic heterogeneity beginning to form in 2017 (second

DoD from the left in the top of Fig 5) that expands in each subsequent year is also the site of

Table 2. Dates and max discharge flows (Q) by event and water year (WY) 2015–2021.

WY Start Date Days Exceeded Max Q (cfs) Max Q (m3s-1)

WY15 2014–12–12 2 2,240 63.43

2015–02–07 5 7,280 206.15

WY16 2015–12–22 3 4,190 118.65

2016–01–06 1 930 26.33

2016–01–18 9 2,240 63.43

2016–01–30 6 5,840 165.37

2016–02–18 2 1,190 33.7

2016–03–05 27 9,180 259.95

2016–04–09 4 1,150 32.56

2016–04–23 1 1,030 29.17

WY17 2016–10–17 1 852 24.13

2016–11–27 1 1,120 31.71

2016–12–10 12 9,340 264.48

2016–12–24 1 852 24.13

2017–01–04 132 49,700 1,407.34

WY18 2017–11–16 2 1,390 39.36

2018–01–09 2 2,090 59.18

2018–03–03 1 1,530 43.32

2018–03–13 43 22,500 637.13

WY19 2019–01–16 9 5,060 143.28

2019–01–02 133 13,500 382.28

WY20 2019–12–07 3 1,630 46.16

2020–03–15 5 5,210 147.53

2020–04–05 26 7,180 203.31

2020–05–18 2 844 23.90

WY21 2021–01–28 3 3,140 88.91

2021–03–19 2 1,100 31.15

Table 2: Date and flow information for each event that exceeded the lowest floodplain wetting stage during the study

period and the length of the high flow event. Length is the number of days that flows exceeded wetting stage at the

Michigan Bar stream gage, or “Days Exceeded”. When comparing Fig 2 to Table 2, the individual pulses or ‘spikes’ in

flow are not necessarily noted as individual flood events in Table 2. These are ‘flood pulse events’ with only the max

flow, or “Max Q”, of the largest pulse of a given flood event recorded here. Pulses generally take 18 to 24 hours to

travel from Michigan Bar (Fig 1A) to the upper-most section of the study site. Images of inundation on select dates

are provided in the Figs A & B in S1 Text.

https://doi.org/10.1371/journal.pwat.0000132.t002
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Fig 5. 2016 through 2021 annual comparison to 2014 DEM. 2016 through 2021 comparisons with 2014 (considered year zero) as difference of DEMs (DoD)

with elevation change ranging in scale from -1.5 m to 1.5 m along the blue to vermilion color gradient aligning with the hydrograph for the Cosumnes River

from 2016 through 2021. Each spike over the floodplain activation line (the gold line at 23 m3s-1) would influence the sediment and propagules as floodwaters

flowed across the floodplain. Annual accretion rates are depicted parallel to their annual timeline. The figure comparing interannual DoDs is available in the

Fig H in S1 Text.

https://doi.org/10.1371/journal.pwat.0000132.g005

Table 3. Difference of DEM volume measurements.

2014 compared to: 2016 2017 2018 2019 2020 2021

Accretion (m3) 457 11,207 22,458 17,575 28,791 12,125

Depletion (m3) -3,707 -2,630 -1,986 -3,502 -1,718 -4,113

Net Change (m3) -3,250 8,577 20,472 14,073 27,073 8,012

Interannual DoD: 2016: 2017 2017: 2018 2018: 2019 2019: 2020 2020: 2021

Accretion (m3) 15,903 10,276 2,088 12,096 525

Depletion (m3) -1,454 -389 -7,457 -397 -19,534

Net Change (m3) 14,449 9,887 -5,369 11,699 -19,009

Table 3: The net detectible volume difference, depletion, and accretion within the area of interest in m3 for each

monitored year compared to 2014 (year zero). In the top rows, ‘2014 compared to:’, each column should be

considered with reference of time between 2014 and the given column year rather than one column to another. The

value in a given column is the total change between 2014 and that year (i.e. 2018 is the total change after 2015, 2016,

2017, and 2018 compared to the 2014 baseline). ‘Interannual DoD’ values are the DoD for each set of years listed.

Unlike the top rows, which account for all change between the leveled excavation and the selected year, these DoDs

are only from a single year to the next year. Cation must be taken to interpret the top three rows as the total accrued

value up to the specified year while the bottom rows lack a baseline value.

https://doi.org/10.1371/journal.pwat.0000132.t003
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extensive large wood (LWD) recruitment. A major deposit also forms through the DoDs in

Fig 5 at the base of the southern junction of the crevasse and the channel. After identification

of LWD deposition, delineation of patches within the study site shown in Fig 4 resulted in

LWD extents of 627 m2, 2,804 m2, and 5,354 m2 for 2017, 2019, and 2020 surveys respectively.

Volumetric measures of LWD patches were 2,080, 7,807, and 22,234 m3 in 2017, 2019, and

2020. The accumulation of LWD in lateral positions, as depicted in Fig 4, corresponds to the

conceptual framework presented by Nichols and Viers (2017) wherein LWD accumulates

along emerging lateral levees of crevasse splays [80].

4. Discussion

In the original study design, Nichols & Viers (2017) hypothesized that as sand splay and cre-

vasse splay complexes formed and expanded, sediment and LWD would deposit toward the

channel progressively forming a lateral levee [68]. Following Florsheim and Mount (2002),

who focused on a series of levee breaches further downstream from this study site (see

southern extent of Fig 1B and Table 1), Nichols and Viers (2017) were only able to assess

initial splay complex and lateral levee development in 2015 [68]. Subsequent flood pulse

events have driven greater geomorphological evolution across the excavated site, depicted

in Figs 3–5, extending the geomorphic evolution across the reconnected floodplain, as

depicted in Fig 7A.

Hydrology during the study period was representative of extremes (Table 2). Discharge at

the MHB gage ranged from 0 m3s-1 (July 26 –October 11, 2014; August 6 –October 21, 2015;

and August 1 –September 22, 2021) to 1407.35 m3s-1 (February 10, 2017; 2nd in magnitude

since 1907), with 27 separate flood events that exceeded daily average flows greater than 23

m3s-1. These flood events lasted from 1 to 133 days in duration, for a total of 438 days of flood-

ing during the study period.

Fig 6. Flow path and alteration compared to Nichols & Viers 2017. 2014 DEM and flow path expectations post-reconnection as put forth by Nichols and

Viers (2017) based on Florsheim and Mount (2002), followed by the resulting path dynamics apparent in the 2017 DEM and the 2021 DEM. Bold lines in A are

the original flow path lines hypothesized and presented [35, 68]. B adapts the original flow projection to indicate the path flows followed (bolded blue line) in

the 2017 LiDAR survey compared to the original projection (narrow black lines). In a similar fashion, C indicates the flow paths present in 2021 (in bolded blue

lines) according to the 2021 DEM compared to the 2014 projection (narrow black lines).

https://doi.org/10.1371/journal.pwat.0000132.g006
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Fig 7. 2007 to 2021 DoD and synthesized cross-section profile. A: 2007 DEM with pre-excavation levees present

compared to the 2021 DEM. Most change occurs within the -1.5 to 1.5 meter range. The area excavated in 2014 is

boldly visible because of the continuous area of accretion. The perforated red line depicts the cross-section location

further described in the B profile of each DEM available for 2007, 2014, and 2016 through 2021. The distinct levee

features, both the levee and landscape adjacent to the channel and the levee further into the landscape, are prominent

in the 2007 profile. The 2014 profile provides a visual of the leveling performed while each subsequent year conveys the

various degrees of alteration across the excavated site and reconnected floodplain.

https://doi.org/10.1371/journal.pwat.0000132.g007
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4.1. Geomorphic evolution

Geomorphic evolution of the restoration site is shown in Fig 5, which compares 2014 flood-

plain surface conditions to subsequent years, indicating dynamic geomorphic surface changes

correlated with flood events from variable water year conditions. For the 2014 to 2016 time

period, Fig 5 depicts minimal sediment deposition and much higher erosion for a total net

change of -3,250 m3 (Table 3). Given that the site was only one water year removed from its

excavation and leveling in 2016, the lack of established vegetation and geomorphic structure

resulted in low surface roughness (inundated conditions on March 22, 2016, can be found in

Fig A in S1 Text). These conditions likely resulted in high water velocity and increased shear

stress during flow events, resulting in suspended sediment transport and erosion, given the

small particle size dominance of this reach [108]. The location where deposition was observed

included a rapid change in elevation and channel inflow (depicted in Figs 3–5), likely resulting

in turbulent mixing, allowing for the sediment deposition depicted in the northeast region of

the 2014 to 2016 DoD presented in Fig 5.

During water year 2017, flows exceeded 1,400 m3s-1 (Fig 2 and Table 2) and floodwaters

fully inundated the excavation site and reconnected floodplain for 128 days (inundated condi-

tions on May 3, 2017, are documented in Supporting Material). Flows prior to WY17 exceeded

250 m3s-1 once in WY16 (Table 2); however, like events preceding the 2016 DEM, most previ-

ous flood events were under 100 m3s-1, with minimal potential for sediment deposition, natu-

ral recruitment, or LWD build-up. In the 2014 to 2017 DoD comparison in Fig 5, erosional

features measured 1 m to more than 1.4 m, but also exhibited high accretion (0.2 to more than

1.4 m) in the southwestern corner of the study site. The spatial distribution of scour and depo-

sition remains across all later DoDs. The first geomorphic signs of lateral levee formation are

visible in 2017, with secondary channels starting to develop (as shown in Fig 6). The DoD

between 2016 and 2017 (Fig H in S1 Text) shows a similar deposition pattern and had a net

sediment accumulation of 14,450 m3. For the period from 2014 to 2017, LWD accumulated

over 627 m2 with a volume of 2,080 m3.

In the 2014 to 2018 DoD, sediment accretion exceeded 22,000 m3 (Table 3). Flood events

in 2018 were modest with the 637.13 m3s-1 peak daily discharge and a maximum 43-day dura-

tion flood event (Table 2). Erosional features extended from the cutbank feature in the north-

east corner, but the majority of the site underwent deposition (Fig 5). An elongated region of

non-uniform sediment deposition extends from the channel in the west-southwest direction

across the site. Other studies have found similar areas of non-uniform sediment deposition to

lead to secondary channels or flow paths [35]. In the 2017 to 2018 DoD (Fig H in S1 Text),

there was a net accumulation of 9,890 m3 across the excavation site.

Water year 2019 had longer flood duration than previous years (133 days) across 15 flood

pulses, though peak flow never exceeded 400 m3s-1 (Table 2). Sediment accretion volume was

greater than 17,500 m3, with spatial variation in depositional patterns along the west-southwest

lateral levee. Secondary channel features in the 2014 to 2019 DoD shown in Fig 5 are more pro-

nounced compared to those in Fig 6B. The erosion patterns at the cutbank expanded further

onto the floodplain, accompanied by increased scouring (depletion volume since 2014 is more

than 3,500 m3), thereby reinforcing the development of secondary flow paths between 2017 and

2021 in Fig 6. Sinuous channels begin to appear in the DoD as a result of sediment dynamics

between WY17 and WY19. Net sediment change was 6,000 m3 less between 2014 and 2019 com-

pared to the DoD results between 2014 and 2018. The DoD between 2018 and 2019 resulted in a

net loss of 5,370 m3, verifying the reduction in cumulative sediment from 2014 to 2019 DoD.

Field site observation and collected data verify the extended crevasse splay complex, the 7,807 m3

of LWD, and the additional 14,073 m3 of sediment deposits within the 2014 to 2019 DoD.
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In water year 2020, flood pulses facilitated the largest accretion measurements compared to

2014 yet at nearly 29,000 m3 (Table 3 and Fig 5) with max discharge reaching only 203 m3s-1

(Table 2). The longest wetted period was 26 days, additional information is provided in Table 2.

Flows also occurred much later, compared to January in 2017 and 2019 or March in 2016 and

2018. Areas of deposition in previous DoDs display markedly increased cumulative volumes

across the excavated site in the 2014 to 2020 DoD with the center area measuring 140 cm or more

of deposition. Erosion measured at the channel is also less than in previous DoDs, a pattern that is

reasonable with higher deposition. Later floodplain wetting flows that are smaller and less power-

ful may have resulted in a swift decline of carrying capacity as flows traversed the cutbank and

velocity decreased. Results confirm 22,234 m3 of LWD in 2020 while multispectral data used for

LWD also confirm propagule recruitment, both of which could decrease flow velocity drastically.

When GCD between 2019 and 2020 was assessed (Table 3), there was 11,700 m3 of sediment

added. During field site visits, in 2020, the floodplain beyond the study site (extent of Fig 7A)

remained similar to WY2019, though the study site (extent of Figs 3–6) was much changed, indi-

cating sediment deposits during WY2020 remained primarily within the study site.

Water year 2021 was the most water limited with only two flow events high enough to wet

the floodplain, neither more than 90 m3s-1. In the 2014–2021 DoD, the erosion along the cut-

bank that had been somewhat filled in the previous year expanded to extend more than 150 m

onto the floodplain (Fig 5). Additionally, though the area does not depict erosion via a negative

value or when considered alone, when compared to the deposition in the previous DoDs, the

area north of the willows displays much lower deposition than all DoDs except the 2014 to 2016

(see Fig 5). Similarly, the southeastern region between the channel and developing lateral levee,

expresses marked absence of prior deposition. The secondary channel east of the center willow

patch is more defined as are several potential channels through the lateral levee formation and

the west edge of the study site. These impacts of wetting events in WY2021 may be due to the

small flood pulses with short residence time, 5 days total for the water year (see Table 3). As this

comparison is between 2014 and 2021, there is a net accumulation of 8,012 m3 since 2014. How-

ever, when 2020 is compared to 2021, there is a net loss of 19,010 m3 validating the areas of

removed deposition when comparing 2014–2021 DoDs to previous DoDs. The flood waters

may have been able to reach the floodplain, but it appears that they quickly drained off the site

and excised sediment with them. A similar phenomenon has been documented by Kondolf

(1997) known as ‘hungry water’ [109]. Upon field inspection, the erosion quantified in the DoD

aligns with visual assessments along with the identification of extensive LWD added.

The geomorphic evolution shaping the excavated landscape through time facilitated fea-

tures such as sediment deposits, propagule recruitment, and LWD deposition. The variable

and concentrated locations of such features have resulted in a heterogeneous landscape, even

within the limited extent of the study site. Ultimately, the resulting heterogeneity across the

excavation site in each DoD is only a small extent of the floodplain reconnected. With access

to public data prior to the site becoming integrated into the Cosumnes River Preserve and

levee manipulation, we directly compare current geomorphic characteristics to those in 2007,

the most recent DEM publicly available. In Fig 7A, the sand splays and additional sediment

deposits are visible in this 2007 to 2021 DoD. There was no land manipulation on the recon-

nected floodplain, only between the levee and the channel and the levee itself, within the study

site depicted in previous figures. The excavated levee section and full extent of the excavated

site are visible. The area excavated would appear as a uniform level of erosion in 2014, but vari-

ous sand splays and deposits reduce those erosion or loss values with varying intensity. The

area of highest deposition in Fig 7A provides the extent of willows that seem to have heavily

contributed to the surrounding sediment dynamics (detailed annotations are also provided in

Fig I in S1 Text). The profile of 2007 (with levee), 2014 (year of excavation), and 2016–2021
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(years covered in this study), in Fig 7B, provide further context to the evolution of the channel,

excavated landscape, and former working land through time.

Many of the resulting features were originally postulated by Nichols and Viers (2017) or

suggested in previous works such as Florsheim and Mount (2002). For example, the initial area

of erosion at the cutbank that extended onto the floodplain is indicative of the scouring postu-

lated by Florsheim and Mount (2002) that would expand to a secondary channel and accompa-

nying lateral levees. Nichols and Viers (2017) then expanded the hypothesis suggesting that

multiple sand splays, rather than a single lobe, would form and overlap. Fig 7A confirms the

existence of multiple sand splay lobes and diverse sediment deposit characteristics. They also

hypothesized that LWD would deposit and form a large lateral levee, increasing sediment

deposition and driving further natural levee expansion. The existing lateral levee follows below

the red hatched line across Fig 7A in the previously excavated area.

The hypothesized lateral levee of LWD and deposited sediment has since been realized in

the excavated site from the channel to the willows (LWD: Fig 4; Sediment: Figs 3, 5 and 7).

When Nichols and Viers (2017) postulated that the larger levee excavation would produce

multiple sand splay lobes and crevasse splay complexes, there was not a willow patch hindering

splay formation or additional levees impeding or concentrating flows further down the flood-

plain [68]. We cannot postulate what the outcome would have been had the willows been

removed at the time of excavation, but our results provide the context in which various splays

have formed since the excavation.

4.2. Large wood accumulation

In Fig 4, LWD is scattered laterally along the channel and then extends onto the floodplain per-

pendicular to the channel. As the number of wetting events has increased through time, LWD

has grown from no deposition to covering more than 5,000 m2 across the excavated landscape

and directly adjacent areas, including a large log jam at the cutbank. The area of LWD in Fig 4

aligns with the areas of highest deposition in Fig 3 and throughout Fig 5. Such consistent distri-

bution of LWD with high sediment deposition indicates a positive relationship between the

deposit types (see Fig I in S1 Text). Some areas within the study site provide more clarity on

this relationship, such as the lateral levee forming via increased sediment and LWD deposition.

Areas of correlated deposition align with the findings of other studies, such as Abbe and Mont-

gomery (1996) who documented LWD providing refugia for propagule deposition and refugia

for the development of riparian forest or Wohl and Scott (2017) who determined that sediment

accumulation positively correlates with LWD volume [110, 111]. Such a positive correlation

may be driven by LWD increasing surface roughness which could support sediment and propa-

gule deposition. Evidence exists in Figs 3–5 to support propagule recruitment or deposition in

areas of high sediment accretion. Converse to this point of aligned deposition is the cutbank

where erosion slowly extents onto the floodplain in Fig 5. That area is also the site of an exten-

sive log jam (northernmost area in Fig 4 and highlighted in Supporting Material). As the log

jam has grown, so has the volume of erosion at the cutbank, more than 1.5 m of erosion (see the

area of highest erosion in Fig 3). This erosion is also found in Fig 7B where the channel is pro-

gressively expanding west-southwest toward the floodplain. Such findings are paralleled in

other rivers where log jams may allow for sediment erosion but prevent complete bank destabi-

lization [111], as has been recorded here since the log jam began development in 2017.

4.3. Applicability to other river systems

Multi-benefit floodplain restoration as NbS offers a balanced approach for managing large

river floodplains for ecological and human interests [50]. In the Sacramento-San Joaquin
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Delta region, including the Cosumnes River study site, flood resilience has increased by inte-

grating ecological restoration with flood management [112], despite implementation chal-

lenges such as land acquisition, funding, and regulatory hurdles. On a global scale, other large

river systems are trying to achieve climate resilience given recent hydroclimatic extremes. For

example, in the USA, the Mississippi River experienced its longest flooding period on record

in 2019 [113]. Similarly, in July 2021, Europe faced historic flooding challenges [114]. While

river stage set contemporary records in the Netherlands along the Rhine and Meuse Rivers

into the Rhine-Meuse-Scheldt delta, flood waters did not breach into urban areas or critical

infrastructure along the Rhine and caused comparatively limited damage along the Meuse, pri-

marily to the province of Limburg adjacent to the Belgium-Netherlands border [115]. This was

in stark contrast to the deadly flooding experienced upstream on the Ahr River, a tributary of

the Rhine River, through Germany and the Meuse River through Belgium [116]. A significant

component of the Netherlands’ flood management strategy is the "Room for the River" project

with strategic setback levees, expanded floodplains, and structural riverbed modifications

[117]. By creating more space within the floodplain to reduce the peak flood stage downstream

and facilitate faster drainage away from urban areas during high water levels, this innovative

design ensured that rivers like the Rhine and Meuse had ample room to expand [24, 118].

Further insights from global practices in river systems like the Tisza [119], Dijle [120], and

Murray-Darling [121] underscore the importance of restoring natural habitats as a founda-

tional element of their NbS strategies. A recurring theme across these and other regions is the

challenge and necessity of balancing human needs, such as agriculture and urban develop-

ment, with environmental conservation [118]. The dynamic nature of river systems, com-

pounded by the uncertainties of climate change, emphasizes the importance of adaptive

management, which involves ongoing monitoring and the flexibility to adjust strategies based

on evolving conditions and new insights. Collectively, the experiences from Sacramento-San

Joaquin, the Rhine-Meuse-Scheldt, and other global river systems highlight both the potential

benefits and inherent complexities of multi-benefit restoration in river floodplains aimed at

providing Nature-based Solutions to flooding, emphasizing its relevance in diverse geographi-

cal and climatic contexts.

5. Conclusions

This study builds on more than two decades of published research investigating process-based

restoration approaches via levee manipulation along the Cosumnes River in California, USA

[79]. With its natural flow regime signature, episodic and unregulated flood events, and adja-

cent floodplains, the Cosumnes River is uniquely positioned to study experimental NbS to

flooding. We evaluated the geomorphic response when a NbS was implemented. A 250-meter

section of levee along the Cosumnes River within CRP was excavated and annual DEMs were

compared to measure annual accretion rates, deposition volume, and determine the presence

and extent of LWD post-reconnection. Because of the natural flow regime of the Cosumnes

River, this research includes heterogeneous water years and flow events producing heteroge-

neous results within each DoD comparison.

Initial conceptual models postulated that upon breaching the levee, flows would scour at

the bank and lead to various morphological changes. However, as floodplain research pro-

gressed, it was hypothesized that the width of the levee breach would influence floodplain

response, potentially facilitating large wood and debris deposition to create a lateral levee

along the channel. Though there were limited initial findings of a crevasse and minimal sand

splay formation in the 2015 study, the results found here support the initial expectation of

overlapping sand splays, which now extend more than 700 m from the channel down the
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reconnected floodplain. Large wood has been deposited in a levee located laterally to the main

channel. This wood has initiated secondary channel flow paths both along sand splays and

through LWD deposits.

The implications of LWD and heterogeneous outcomes extend to habitat formation and

propagule recruitment. Native cottonwoods are propagating within the sand splays as well as

at the terminal region of the floodplain more than 1,000 m south of the excavation (Clifton

et al. in prep and documented in Fig J in S1 Text). Sediment accretion and native recruitment

serve as two key indicators of functionality, enhanced by reconnected flows. Ultimately, these

floodplain processes form the foundation for a functional riparian corridor. While this river

system faces numerous anthropogenic impacts, the results of this study show that sediment

transport, expressed through sand splay and crevasse complex formation, occurs within the

first few years of high flows. LWD deposition increases as surface roughness rises, and native

plants propagate when lateral connectivity is restored, allowing floodwaters to once again

reside in their floodplains. The outcomes observed in this river, characteristic of a natural flow

regime in a Mediterranean-montane climate, are relevant to rivers in California and other

regions with similar climatic conditions.

In an era where climate change and anthropogenic impacts pose escalating challenges to

sustaining Earth, multi-benefit floodplain restoration as a nature-based solution to both reduc-

ing flood risk and improving ecosystem functioning is essential. This study provided addi-

tional evidence that strategic interventions in river systems can lead to dynamic

hydrogeomorphic changes which play pivotal roles in habitat formation and species recruit-

ment. Such outcomes serve ecological purposes simultaneously with tangible benefits in flood

risk mitigation by attenuating floodwaters and diminishing peak flows. The long-term moni-

toring of this study site provides compelling evidence for the potential and efficacy of NbS in

addressing the pressing need for win-win outcomes in ecosystem management.

Study site access required an annual General Access Permit with The Nature Conservancy

through the Cosumnes River Preserve staff, which required annual renewal. This process pro-

vided general research access for properties managed by CRP including those areas owned by

other agencies. Each person also submitted an individual Release Form acknowledging the

limitations of use and access granted by CRP. Each site visit also required an itinerary and con-

firmation of access for each property included within the itinerary from CRP as well as safety

protocols from both CRP and the University of California, Merced.
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