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ABSTRACT

We investigated wind-wave and suspended-
sediment dynamics in Little Holland Tract and
Liberty Island, two subsided former agricultural
tracts in the Cache Slough complex in the
northern Sacramento-San Joaquin Delta which
were restored to tidal shallows to improve
habitat. Turbidity, and thus suspended-sediment
concentration (SSC), is important to habitat
quality because some species of native fishes,
including the Delta Smelt, are found preferentially
in more turbid waters. Data from October 2015 to
August 2016 show that average SSC was greater
within Little Holland Tract than in the primary
breach that connects the basin to surrounding
channels: approximately twice as great at a
shallower station farther from the breach and
15% greater at a deeper station closer to the
breach. Suspended-sediment concentration
within Little Holland Tract was directly related
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to wave shear stress and inversely related to
water depth, based on linear regression. We

used measurements of suspended-sediment flux
(SSF) through the largest levee breaches to assess
whether the enhanced SSC within Little Holland
Tract is exported to surrounding waters, thus
potentially increasing turbidity over a wider
region. Cumulatively, sediment is exported
through the Little Holland Tract breaches in
winter and imported in summer, consistent with
regional patterns in sediment flux, indicating that
wind-wave resuspension within the basin does
not control sediment flux from Little Holland
Tract on seasonal time-scales. Some sediment
was exported during wind-wave events, and
results show that sediment export is greater when
primary breaches are located downwind of the
basin rather than upwind.

KEY WORDS

sediment transport, suspended-sediment
concentration, sediment particle size, shallow
water habitat, wind waves, wind-wave
resuspension, Little Holland Tract, Liberty Island,
Cache Slough complex, Sacramento—San Joaquin
Delta


https://doi.org/10.15447/sfews.2023v21iss1art4
mailto:jlacy@usgs.gov

SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

INTRODUCTION

The Sacramento-San Joaquin Delta (Delta) is an
extensive tidal, freshwater region at the landward
boundary of the San Francisco Estuary which
has been highly modified by human activities,
including large-scale habitat restoration in recent
decades. The Delta ecosystem has deteriorated

as a result of loss of habitat complexity, water
diversion, contaminants, and invasive species,
and these effects are now exacerbated by a
changing climate and rising sea levels (Luoma et
al. 2015). Native fish populations, including the
Delta Smelt (Hypomesus transpacificus) have been
particularly affected (Nichols et al. 1986; Sommer
et al. 2007). The endemic Delta Smelt population
has declined enough to warrant their listing as
endangered and threatened by the California and
federal Endangered Species Acts, respectively
(Moyle et al. 1992; Hasenbein et al. 2013; CNDDB
2023).

The decline of Delta Smelt has been correlated
with a reduction in turbidity in Delta waters,
among other factors, such as competition from
introduced species (Moyle et al. 1992; Feyrer et
al. 2007; Sommer and Mejia 2013). High turbidity
benefits Delta Smelt by providing background
contrast for prey recognition and camouflage
from predation (Bennett and Moyle 1996; Sommer
and Mejia 2013; Bever et al. 2016). Turbidity,
which in the Delta is predominantly produced by
sediment in suspension, declined by about 50%
between 1957 and 2001 (Schoellhamer and Wright
2003; Wright and Schoellhamer 2004; Hestir et al.
2016; Work et al. 2021).

In recent decades, both the state of California and
the federal government have invested in large-
scale habitat restoration in the Delta. At numerous
sites, including Little Holland Tract and Liberty
Island, levees surrounding subsided agricultural
tracts were breached (either intentionally or not),
creating shallow tidal basins. The functioning

of these restored shallows has been a topic of
debate and research. An interdisciplinary study
in Franks Tract and Mildred Island in the central
Delta addressed phytoplankton dynamics,
hydrodynamics, and benthic grazing (Lucas et al.
2002, 2006; Lopez et al. 2006). Jones at al. (2008)
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studied wind-wave dynamics in Franks Tract, and
Lehman et al. (2010) reported seasonal variation
in the direction of flux of organic and inorganic
substances into and out of Liberty Island. The
suitability of shallows such as Liberty Island for
Delta Smelt is discussed by Sommer and Mejia
(2013). Our work was part of an interdisciplinary
study that investigated physical and biological
factors contributing to habitat quality in flooded
shallows and other Delta environments conducted
by the US Geological Survey with funding from
the Bureau of Reclamation.

This paper addresses wind-wave and sediment
dynamics within Little Holland Tract and Liberty
Island and the potential for elevated turbidity

in shallows to influence surrounding waters.
Shallow basins are likely to be more turbid than
the surrounding channels because their broad
expanse allows for the development of wind
waves which, in shallow waters, resuspend
sediment. These turbid, shallow basins might, in
turn, improve habitat over a larger area, but only
if the export of suspended sediment is sufficient
to increase turbidity in the surrounding waters.
Depth, bed sediment properties, wind exposure,
basin size, and breach location can influence
suspended-sediment concentration (SSC) within
basins and suspended-sediment flux (SSF) from
basins. Our goals were to determine what controls
SSC and sediment export in Little Holland Tract
and Liberty Island, to inform future habitat
restoration and construction projects. We focus
primarily on Little Holland Tract because its
levees are more intact than Liberty Island’s, so
that measurements of water and sediment flux at
the major breaches better represent the net flux
for the enclosed shallow basin.

We address three questions:

1. What is the range of SSC in Little Holland
Tract and Liberty Island, and how does it
vary seasonally and with wind and wave
conditions?

2. What conditions produce the greatest export
of suspended sediment and turbidity from



Little Holland Tract through breaches to
surrounding waters?

3. What are the modifiable features of shallow
tidal basins that influence the magnitude of
sediment export?

METHODS

Study Area

Humans have modified the Delta extensively since
the mid 19t? century, including diking and filling
wetlands for agriculture, dredging channels for
navigation, and redirecting and exporting water
for agriculture and municipal supply. The result
has been a dramatic increase in channelization
and a reduction in tidal wetlands. Management of
the Delta today is subject to competing demands:
protection of the source of fresh water for much
of California and protection of a productive yet
threatened ecosystem (Luoma et al. 2015).

The Sacramento and San Joaquin rivers supply
sediment to the Delta, mostly during high flows,
which occur in winter and spring (Conomos

et al. 1985; Wright and Schoellhamer 2005).
Between 1957 and 2001, sediment delivery to

the Delta decreased by about 50% (Wright and
Schoellhamer 2004). Causes for the decrease
include construction of reservoirs, diking

and riverbank armoring, urbanization in the
watershed, and long-term effects of the end of
hydraulic mining in the Sierra Nevada in the late
19th century. Turbidity in the Delta has declined
over the same period, which is attributed to the
reduced sediment supply as well as the increasing
prevalence of invasive vegetation (Jassby et al.
2002; Hestir et al. 2016; Work et al. 2021).

Little Holland Tract and Liberty Island are located
in the North Delta in the Cache Slough complex:

a suite of sloughs and channels connected to

the Sacramento River. Tides in the Cache Slough
complex are mixed semidiurnal, with a mean
range of 1.2 m. In dry conditions, tidally averaged
SSF in the Cache Slough complex is directed
landward (Morgan-King and Schoellhamer

2013). Periods of high winter flows intermittently
increase water levels in the Cache Slough
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complex, reducing tidal influence and producing
unidirectional downstream currents. When
flows in the Sacramento River are elevated, flow
can be routed through the Yolo Bypass to reduce
flooding of the Sacramento metropolitan area.
The Yolo Bypass terminates at the northern end
of the Cache Slough complex, and intermittent
flows through the Yolo Bypass deliver water and
sediment to the Toe Drain, Little Holland Tract,
and Liberty Island.

Little Holland Tract and the adjacent, much larger
Liberty Island are connected to the rest of the
Cache Slough complex and Sacramento River by
a network of channels (Figure 1). The shallow
depth and relatively long fetch of Liberty Island
and Little Holland Tract along the prevailing
southwest wind direction make them susceptible
to sediment resuspension by wind waves. Large
breaches allow for sediment flux to connecting
channels. The subsided Little Holland Tract was
flooded in the 1980s when the surrounding levees
were breached, but it remains bordered by mostly
intact levees. The largest breach is located at the
southern end (South Breach), and a second large
breach in the northwest (North Breach) connects
to the Stairstep Channel (Figure 1). Little Holland
Tract is very shallow, and approximately 44%

of its area is intertidal: the surface area shrinks
from 3.5 x 10 to 1.95 x 10 m? between mean
higher-high water and mean lower-low water, and
the mean depth drops from 1.15 to 0.21 m. The
mean low-tide volume is 22% of the mean high-
tide volume (3,625,300 m3) (Snyder, Stevens, et al.
2016).

Winds in the area vary seasonally, with spring
and summer winds originating predominantly
from the southwest; wind direction in the winter
is variable. The orientation of Little Holland
Tract offers a relatively large fetch for winds from
either the southerly or northerly quadrants.

Data Collection
Inside Little Holland Tract and Liberty Island
We collected in situ time-series measurements of

hydrodynamics and turbidity from submerged
instrument platforms at four stations in Little
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o San Francisco

Figure1 Map of study area in the Sacramento—San Joaquin Delta with station locations. Sources: Aerial imagery from US Geological Survey (2014).
Bathymetry from Fregoso et al. (2017) displayed where aerial imagery was classified as water.

Holland Tract and Liberty Island (Table 1,

Figure 1). At all stations, we measured turbidity,
water depth, and wave height and period, which
are derived from high-frequency pressure
measurements (Table 2). At stations HVB and
LVB, we also collected high-frequency bursts

of velocity to determine tidal currents, wave
direction, and wave velocities. Data were collected
over a 27-month period, from August 2015 to
October 2017 (Lacy et al. 2016). Little Holland
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Tract station HWC replaced the nearby station
HWA after the initial 4 months of data collection,
and we treated HWA and HWC as coincident data,
and hereafter refer to the combined data set as
HWC.

We measured SSC with optical backscatter
sensors (OBS), which measure light scattered
by particles suspended in the water column,
producing a signal that is linearly related to
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Table1 Average measured water depth, coordinates, and dates of data collection for stations in interior of Little Holland Tract and Liberty Island. Source:

Lacy et al. 2016, 2019 revision.

Station ID Depth (m) Latitude Longitude Active dates

HWA 0.57 38°18'44.76"N 121°39'28.41"W Aug 4, 2015-Dec 7, 2015

HWC 0.58 38°18'30.73"N 121°39'31.46"W Dec 8, 2015-Oct 3, 2017

HVB 0.65 38°17'42.80"N 121°39'43.38"W Aug 4, 2015-Oct 3, 2017

LWA 0.67 38°17'2.06"N 121°4010.30"W Aug 4, 2015-Oct 3, 2017

LVB 1.37 38°16'2.38"N 121°40'26.99"W Aug 4, 2015-Aug 9, 2016
Dec 7, 2016-Mar 30, 2017

Table 2 Data types and sampling intervals and frequencies

Station ID Measured variables Sampling Burst Burst
frequency interval duration
(Hz) (min) (sec)
HWA, Pressure 6 10 170
HWC, temperature
LWA = Tssc 1 5 30
HVB, Single point 8 20 260
LVB velocity
SSC 8 20 260
Pressure 16 10 128
HVB Conductivity 10 10 s avg
temperature
pressure

SSC (Schoellhamer and Wright 2003). Optical
backscatter (OBS) sensors were equipped with
wipers that cleaned the sensor every 4 hours and
prevented fouling caused by growth directly on
the receiver.

Occasionally, vegetation caught on the frames
entered into the sampling volume, reducing

data quality. Water samples were collected at each
station throughout the deployment and analyzed
for SSC by filtration in the sediment lab at the
US Geological Survey (USGS) Pacific Coastal and
Marine Science Center (PCMSC). Calibration
coefficients for each OBS were determined

from linear regression between SSC and OBS
readings and applied to the OBS time-series.

The coefficient of determination (R2) was 0.83 or
greater for all sensors (Lacy et al. 2016). The OBS
data were post-processed using thresholding to
remove spurious values or values above 90% of

the instrument’s maximum voltage, and points
that were removed in this process were filled by
linear interpolation if the data gap was 3 hours
or shorter. Sporadic periods of clearly erroneous
or missing data—as a result of instrument fouling
or aerial exposure at extreme low tides—were
removed.

Surficial sediments were sampled near the
stations inside Little Holland Tract and Liberty
Island before the deployment in August 2014,
fourteen times during the deployment, and

six times in 2018-2019 to characterize the bed
sediment particle size distribution (Lacy et al.
2020). Sediments were collected either as grabs
with a small Ponar sampler (from August 2015

to April 2016), from which the top 1 to 2 cm were
retained, or as short push cores (in 2014 and from
June 2016 to August 2019). Cores were obtained
by manually pushing a 4.45-cm-diameter plastic
tube approximately 10 cm into the bed sediment
and were divided into 1-cm vertical sections. For
all samples, both the fine fraction (<63 um) and
sand fraction (63 um~2 mm) were analyzed with
a laser diffraction particle analyzer to determine
disaggregated grain size distribution at the USGS
PCMSC sediment lab.

Samples from August 2014, June 2016, October
2017, and the six sampling dates in 2018-2019 were
also analyzed for bulk density, as follows. Push
core sections were stored in sealed plastic bags
until weighed. Samples were weighed wet, dried
to a constant weight at 60° C, and weighed again.
Dry bulk density was calculated as BD=(1-P)p,,
where porosity P is the fraction of water by
volume and p,=2.65gcm™ is sediment density.

https://doi.org/1015447/sfews.2023v2lisslart4
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Wind and atmospheric pressure data were
acquired from hourly records at Travis Air

Force Base (Iowa State University 2018), located
approximately 23 km west of Little Holland Tract.
The topography between Travis and Little Holland
Tract is mostly flat, so we assumed winds there
represent wind conditions at Little Holland Tract.

Breaches

Water discharge, turbidity, and SSC were
measured continuously (15-min intervals) at
three levee breaches while we collected data
within Little Holland Tract and Liberty Island.

In Little Holland Tract, the stations were at

the South Breach (USGS site number 11455167,
Prospect Slough at Toe Drain) and the North
Breach, connecting to the Stairstep Channel
(USGS site number 11455143). In Liberty Island,
we used data from the long-term monitoring
station at the Liberty Island Breach (LIB; USGS
site number 11455315, Cache Slough at South
Liberty Island near Rio Vista, CA) (Figure 1).
USGS reports discharge and SSC representative
of the full cross-section at each of these breach
locations on the USGS National Water Information
System database (https;/waterdata.usgs.gov/ca/
nwis); US Geological Survey, 2020. For all three
breaches, positive denotes export (directed out of
the basin) for velocity, water flux (also known as
discharge), and SSF. USGS methods to compute
discharge follow Levesque and Oberg (2012) and
Ruhl and Simpson (2005). SSC was computed
from measured turbidity using site-specific
models between SSC in water samples and
turbidity (Morgan-King and Conlen 2021a, 2021b),
developed following Rasmussen et al. (2009) and
US Geological Survey (2016).

Data Processing

We used data from the period that spanned
September 2015 through September 2016 to
compare seasonal trends. In late March 2016,
elevated Sacramento River flows and a small
diversion through the Yolo Bypass produced large
downstream water and sediment flux through
Little Holland Tract, including several days in
which flow was directed downstream throughout
the tidal cycle. We defined winter (September 1,
2015 to March 12, 2016) and summer (April 1
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to September 1, 2016) to exclude the high-flow
period in March, when data quality within Little
Holland Tract was low, and discharge estimates
were likely not accurate because levees in the
region were overtopping. Within these two
periods, SSC data are not available for the South
Breach for September 12 to November 12, 2015,
and discharge data are not available for the North
breach for November 1 to December 15, 2015, or
for the summer period. Data from 2017 were not
used for the seasonal comparisons because of
the historic high flows through the Delta during
the winter of 2017. High river discharge produces
unidirectional flow in the study area, reducing
the importance of the tidal exchange processes
that are the focus of this paper.

Pressure data from the interior stations were
corrected for fluctuations in atmospheric
pressure measured at Travis Air Force Base and
converted to depth. Wave height and period

were calculated from the corrected bursts of
pressure data following linear wave theory, which
accounts for the depth of the sensor below the
water surface. Gaps in the pressure data occurred
sporadically, primarily when sensors were out of
the water during very low tides. Bed shear stress
from waves (t,), currents (7)), and a combination
of waves and currents (t,,) were calculated for
HVB following Grant and Madsen (1979), using
measured current velocities and wave statistics.
For HWC, we estimated velocity as

’ huwe
Unwc / huvs’

where h is water depth, to use along with
measured wave statistics from HWC as inputs

in calculating T, T, and .. The estimate for
Upye is derived assuming that the along-channel
gradient in water surface elevation and the drag
coefficient are equivalent at HVB and HWC,

and that the along-channel pressure gradient

is balanced by friction, as is typical for open-
channel flows.

Water flux at HVB was calculated at 15-minute
intervals as the product of measured velocity
(neglecting cross-channel variation) and the
flooded cross-sectional area of Little Holland


https://waterdata.usgs.gov/ca/nwis

Tract at the latitude of station HVB. The flooded
cross-sectional area was determined for each
time-step from water depth and a digital elevation
model of Little Holland Tract (Snyder, Lacy et al.
2016). Suspended-sediment flux was calculated

as SSF = Q x SSC, where Q is discharge. For both
Q and SSF, positive values denote transport in the
ebb direction (down-estuary or export from Little
Holland Tract or Liberty Island). Suspended-
sediment flux was calculated for station HVB
inside Little Holland Tract, and for the South,
North, and LIB breaches.

Time-series were tidally averaged using a low-
pass Butterworth filter (0.033-hour stopband;
0.025-hour passband) to distinguish low-frequency
variation from higher-frequency oscillations
produced by diurnal and semidiurnal tides and
short-term wind events. Tidally averaged SSF
was decomposed into a sum of advective and
dispersive flux. Advective flux, which constitutes
transport by the mean flow, is the product

(Q) x (SSC), where angle brackets denote tidal
average. Dispersive flux, which is produced

by tidal-time-scale correlation between tidally
varying SSC and discharge, is the product

(Q' x SSC'), where prime indicates deviation from
the tidally averaged value (Fischer et al. 1979).

To determine the relative importance of factors
that influence SSC in Little Holland Tract, we
constructed linear regression models with
combinations of predictor variables hypothesized
to be important to sediment resuspension and
compared them using Akaike Information
Criterion (AIC) and log evidence ratios (LER)
(Burnham and Anderson 2002, 2004). The
predictor variables were depth; tide phase

(flood or ebb); T,, T.and T, ; and the dependent
variable was SSC at HVB and HWC. We assumed
the predictor variables were independent,
although tidal phase, depth, and T, may not be
fully independent. We tested eleven models, some
with single-predictor variables and others with
combinations, excluding models that contained
multiple dependent shear stress values (t,,.and
either t_or T ). The LER indicates the strength

of evidence for rejecting the null hypothesis that
a model’s fit is equivalent to the “best” model
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(indicated by the lowest AIC value). Following
Kass and Raftery (1995), we classified LER

values as minimal (0 < LER < 0.5), substantial
(0.5< LER < 1), strong (1 < LER < 2), or decisive
(LER >=2). For this analysis, we used results from
April and May 2016.

RESULTS

Bed Sediments

The bed-sediment sampling near stations HWC,
HVB, LWA, and LVB encompassed periods of
drought (2015) and historic high flows (2017).
The top centimeter of core samples tended to
exhibit bimodal grain-size distributions, with

a peak in the fines fraction (<63 pm) and in the
sand fraction (63 um-2 mm; Figure 2). While
fines constituted more than 50% by weight of
most samples, the percent sand was frequently
greater than 10%, and varied considerably over
time (Figure 3). The temporal variation of the
grain-size distributions suggests active sediment
deposition and/or erosion during the study period.

To test whether river discharge influenced
particle size, we compared the mean percent
fines in the surficial sediments during the
drought conditions at the beginning of the study
(August 2015 to February 2016) to that after the
2017 high flows (May 2017 to August 2019). The
mean percent fines increased from 40 + 7.2%
(95% confidence interval) (drought) to 65 + 1.8%
at HWC, from 72 + 10% (drought) to 89 + 5.1% at
HVB, and from 67 + 4.4% (drought) to 80 + 2.4%

at LVB. At LWA there was no significant change
in the mean (74.1 £ 20.5% vs. 76.4 + 5.0%). The
greater increase in percent fines in Little Holland
Tract than in Liberty Island is likely the result of
the greater proximity of Little Holland Tract to
the Yolo Bypass. The depletion of fines during the
drought suggests the preferential resuspension
of fines by wind waves and subsequent export
(winnowing).

Dry bulk density was lower near the sediment
surface than at depth, and was more variable
over time, especially at the Little Holland Tract
stations. Bulk density was greater than 0.95 g cm™3
in all samples taken from below 4 cm beneath

https://doi.org/1015447/sfews.2023v2lisslart4
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Figure 2  Grain size distribution of surficial bed sediments from samples collected between August 2014 and August 2019 at (A) HWC, (B) HVB, (C) LWA,

(D) LvB

the sediment-water interface (Figure 4). After the
high flows (October 2017), bulk density in the top
2 cm of push cores from HWC, HVB, and LVB was
lower than in June 2016, whereas there was little
change in bulk density at LWA. The relatively
high percent fines at these stations after the 2017
high flows likely contributed to the lower bulk
density, because sediment bulk density is usually
inversely related to mud content (Flemming

and Delafontaine 2000). However, the gradual
increase in surficial dry bulk density in 2018 and
2019, when percent fines was relatively stable,
suggests that compaction also influenced bulk
density. Less compaction in late 2017 indicates
that deposition of either resuspended or imported
sediment (or both) occurred during or after the
high flows. Both the lower percentage of fines
and the higher bulk density in 2015-2016 than
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Figure 3  Percent fines (red) and sand (black) in surficial bed sediments from samples collected between August 2015 and August 2019 at (A) HWA or
HWC, (B) HVB, (C) LWA, and (D) LVB, with periods of discharge greater than 100 m3s! through the Yolo Bypass (near Woodland) indicated by shading.

in October 2017 suggest that the resuspension
response to wave shear stress is less in Little
Holland Tract during drought conditions than
after high flows.

Waves

Average wave height was greater during the
summer than the winter period (Figure 5). Wave
height was greater in Liberty Island than in
Little Holland Tract, consistent with the greater
fetch and greater water depth in Liberty Island.
Average significant wave heights at HWC and
LWA were 0.06 m and 0.11 m, and maximum
significant wave heights were 0.38 m and 0.55 m,
respectively. Wave period was directly related
to wave height, with maximum values of 2 s at
HWC and 2.5 s at LWA. In both embayments,

wave height was greater at the northern (typically
downwind) station (Figure 6). At all stations, wave
heights were greater at high than at low tide.
Wave orbital motions decrease with depth below
the surface, so at low water depths frictional
dissipation at the bed increases, reducing

wave height. This interaction with the bed can
resuspend sediment.

Wind

Winds predominantly originated from the
southwest, south, and southeast (Figure 7). The
strongest wind was from the southeast during
January 2016 at 18 m s~L. During the winter,
wind direction was variable, with many events
from the northerly quadrants. Wind was on
average stronger and more consistently from

https://doi.org/1015447/sfews.2023v2lisslart4
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the southwest during the summer, with far overall increase in wave activity, water level, and
fewer northerly events, consistent with regional SSC.

climatology. Sustained high wind speed correlated

with peaks in tidally averaged wave height in Suspended-Sediment Concentration

Liberty Island and Little Holland Tract, and the Suspended-sediment concentration varied on
increase in average wind speed and southwesterly the tidal time-scale at all measurement locations
origin in the summer corresponded with an within Little Holland Tract and Liberty Island,

with higher SSC values at either maximum ebb

10
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current (HVB) or at low tide (HWC). SSC was
usually higher inside Little Holland Tract than
Liberty Island, likely because of the greater
water depths in Liberty Island (Figure 8). On
longer (tidally averaged) time-scales, elevated
SSC correlated with periods of lower water depths
and prolonged wind-wave events. Average SSC
was greater inside Little Holland Tract than

at the breaches, and greater at HWC than at
HVB (Table 3). HWC is closer to the northern,
shallow part of Little Holland Tract, and so is
more influenced by wave-driven resuspension
than HVB, where mean water depth is greater.

03-02-2016

04-21-2016  06-10-2016  07-30-2016

11

and (B) water depth at HWC in Little Holland Tract and LWA in Liberty Island from November

Suspended-sediment concentration was greater in
summer than in winter at all sites that had data
from both periods.

The best predictive model for SSC in Little
Holland Tract (stations HVB and HWC) includes
the variables depth, tide (a factor that indicates
flood or ebb tidal phase), and t,. LER values for
all the other models are greater than 2, indicating
decisive support for the best model (Table 4). SSC
is inversely related to depth and directly related
to wave shear stress. Although, in principle,
resuspension is driven by combined bed shear

https://doi.org/1015447/sfews.2023v2lisslart4
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Figure 6 Time-series of (A) water depth, (B) significant wave height (H

Sig), and (C) wave period measured at HWC, LWA, HVB, and LVB, July 317, 2016

stress T, , the LER values indicate decisive than wave height as a factor. We attribute the

evidence for the model with T,,. improvement in predictive capability from
including depth as a factor to the reduction in

The single factor with strongest predictive vertical mixing at low water depths: in these

capability is T,, and depth alone accounted for shallow depths, resuspended sediment is

almost as much of the variation. Waves of a given distributed over the entire water column, and the

height and period exert greater shear force on volume available for redistribution decreases with

the bed in shallower water, but that effect is water depth (MacVean and Lacy 2014). Another

accounted for by using wave shear stress rather possible explanation is the advection of more

12
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Figure 7

turbid water from the northern region of Little
Holland Tract (where depth is lower and thus T,
is greater) during ebb tides, as water level at the
stations decreased.

Seasonal Suspended-Sediment Flux

The majority of water and sediment flux to Little
Holland Tract pass through the large breach

at the South Breach (Figure 1). Flow through

the numerous (uninstrumented) small levee
breaches is likely a significant component of the
water balance (particularly during high river
discharge) and may be important to the sediment
balance as well. Nevertheless, the mechanisms
of seasonal and event-scale SSF through the
South and North breaches can be used to identify
conditions conducive to sediment export and
import. Both the direction and magnitude of
tidally averaged water discharge and SSF at the

13

(A) Wind speed and direction (indicated by color) measured at Travis Air Force Base and (B) tidally averaged significant wave height at HWC

South Breach fluctuated with freshwater inflow
and wind events (Figure 9). To explore seasonal
patterns in flux driven by tidal and wind-driven
processes, we defined winter (November 15,
2015 to March 12, 2016) and summer (April 1

to September 1, 2016) periods, excluding the
high flows in late March 2016 (see “Methods”).
The winter SSF period starts later than the
period used for Table 3 because SSC data are not
available for South Breach from September 12 to
November 12, 2015. In addition, discharge data
(and thus SSF) are not available for the North
Breach from November 1 to December 15, 2015 or
for April 1 to September 1, 2016.

Cumulatively over the winter period, both the
South and North breaches exported sediment:
approximately 1,775 MT and 175 MT, respectively
(Figure 10). Cumulative (SSF) was primarily

https://doi.org/1015447/sfews.2023v2lisslart4
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Figure 8  (A) Suspended-sediment concentration (SSC) (B) significant wave height (Hsig) and (C) wave period at LWA in Liberty Island and HWC in Little

Holland Tract during 20 days in January 2016.

Table 3 Average and standard deviation (o) SSC for all (winter and
summer); winter (September 1, 2015 to March 12, 2016, or November
12, 2015 to March 12, 2016 at South Breach); and summer (April 1to
September 1, 2016), in mg L™

All Winter Summer
Station ID mean c mean c mean c
HWC 78 67 67 77 87 56
HVB 58 34 41 31 72 29
South Breach 48 36 36 39 60 30
North Breach 52 35 35 28 69 33
LWA 68 97 52 95 84 96
LVB 39 31 28 28 50 29

14

advective at the South Breach during the winter
period, when increased river flows produced net
down-estuary water discharge and elevated SSC
in the Toe Drain. The positive advective (SSF) was
somewhat offset by a negative (import) dispersive
component (—639 MT). At the North Breach, both
advective and dispersive (SSF) exported sediment
cumulatively over the winter period, although
there were periods of import for each component.
Cumulative dispersive (SSF) at the North Breach
(117 MT) was more than double advective (57 MT),
indicating the importance of export produced by
greater (SSF) within Little Holland Tract than in
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Table 4 AIC scores and log evidence ratio (LER) values for eleven models based on combined data from HWC and HVB, showing AIC value corrected
for sample size (AICc), the change in AICc compared to the best model (AAICc), the relative weight of AlCc values (w;), and the pseudo RZ value for each

model /. All models had non-zero intercepts.

Alce DAICe LER model Psuedo A2
38672 0.0 1.00 0.0 ssc ~ depth + tide + T, 0.45
38885 2130 <<le™ 46.3 ssc ~ depth + T, 0.42
38978 305.3 <<le™ 66.3 ssc ~ depth + tide + T, 0.41
39159 4861 <<le™ 105.6 ssc ~ depth + 1, 0.38
39357 685.0 <<le™* 148.7 ssc ~ depth + tide + T, 0.35
39360 687.3 <<le™* 149.3 ssc ~ depth + tide 0.35
39489 816.6 <<le™* 1773 SsC ~ T, 0.33
39585 912.8 <<le™ 198.2 ssc ~ depth 0.31
39746 1073.9 <<le™ 2332 SSC ~ T, 0.28
40735 20621 <<le™ NA SSC ~ T, 0.08
41082 2409.7 <<le™ NA ssc ~ tide 0.00

adjacent channels, and contrasting with the South
Breach where dispersive (SSF) imported sediment.

During the summer, there was cumulative import
of suspended sediment at the South Breach
(-1,321 MT) (Figure 11). Both advective and
dispersive components of (SSF) were negative,
and as in the winter period, advective (SSF)
dominated. This cumulative import of suspended
sediment is consistent with the landward
sediment-transport pattern that has been
observed throughout the Cache Slough complex in
dry conditions (Morgan—King and Schoellhamer
2013). The change in sign of the slope of
cumulative (SSF) in early May 2016—indicating a
shift from sediment export to import through the
South Breach—coincides with the onset of greater
wave heights (Figure 11).

For the combined winter and summer, there was
net sediment export at the South Breach (455 MT).
In addition, during the large river flow event in
mid-March 2016 (which was excluded), sediment
was certainly exported, because discharge at the
South Breach was continuously down-estuary. In
the winter, cumulative (SSF) was dominated by
short pulses of export (e.g., February 1, Figure 10),
whereas after May 1 (SSF) was relatively constant,
as shown by the slope in cumulative (SSF). The
winter pulses coincided with northerly winds

15

and net export of water (positive (Q)) (Figures 9
and 12). Northerly wind events also corresponded
to peaks in export from the South Breach in
summer, but they occurred less frequently
(especially after May 1) and, unlike in winter,
were not associated with increased river flow. The
summer export pulses were offset by long periods
of import, so they accounted for less of the total
(SSF) than in winter (Figure 12).

Cumulative seasonal (SSF) at the Little Holland
Tract South breach was dominated by regional
trends in sediment transport: export in winter
from increased river flows and import in summer.
The cumulative tidally averaged import in
summer—which is the season of strongest winds—
indicates that wind-wave resuspension coupled
with concentration-gradient-driven transport
does not dominate SSF dynamics. Instead, Little
Holland Tract was a sediment sink in summer.

Wind-Wave Events

We explored the extent to which wind-wave
resuspension exports suspended sediment on
event time-scales, despite its lack of influence on
the seasonal pattern of SSF. Three wave events
illustrate how winds and wind waves influence
the magnitude and direction of (SSF) at the two
Little Holland Tract breaches and the southern
Liberty Island breach, and the potential for short-

https://doi.org/1015447/sfews.2023v2lisslart4
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Figure 9  Time-series of tidally averaged (A) discharge (Q), (B) significant wave height (Hsig) at HWC, and (C) suspended-sediment flux (SSF) at South
Breach (S), North Breach (N), and HVB stations in Little Holland Tract. Export (ebb direction) positive; brackets denote tidal average.

term sediment export (Figure 13). We include
(SSF) from LIB in this section because Liberty
Island, as a result of its greater volume, has much
greater potential than Little Holland Tract to
influence surrounding waters. Other than during
large outflow events, (Q) shows that water is
consistently imported at LIB, which indicates that
there must be significant tidally averaged export
of water through other unmeasured breaches
and suggests that the consistent tidally averaged
import of sediment at LIB does not represent

the entire sediment budget of Liberty Island.

16

Nevertheless, the LIB data are relevant to our
focus on changes in magnitude and direction

of (SSF) attributable to wind-wave events.
Results from HVB are also included, primarily to
demonstrate consistency with South Breach.

During the first event, wave height peaked on
December 23, 2015, followed by two smaller wave
peaks on December 24 and 26 (Figure 13). The
first two peaks were produced by southerly winds,
and on December 26 the wind changed direction
to northerly (Figure 13, bottom panel). Sediment
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Figure 10 Cumulative total, advective, and dispersive suspended-sediment flux (SSF) at (A) South Breach and (B) North Breach in Little Holland Tract,

and (C) tidally averaged significant wave height (H
average.

sig

was imported (negative (SSF)) through the South
and LIB breaches during the first wave peak,

as tidally averaged import of water (Q) caused
by southerly wind and waves drove an increase
in tidally averaged water depth (set up). These
same conditions produced an increase in (SSC)
and a small export of (SSF) at the North Breach.
Note that maximum (SSC) in Little Holland Tract,
as represented by station HWC, coincided with
the maximum wave height, but occurred later
than the sediment import pulse at South. The
second (lower) southerly wave peak kept the
water level high, but the third northerly peak

17

) at HWC from November 2015 to March 12, 2016. Export (ebb direction) positive; brackets denote tidal

(December 26) produced a drop in water level of
more than 30 cm, which exported sediment, with
the greatest magnitude of the 7-day period. Wind
speed and wave heights during the final (SSF)
pulse were moderate: the pulse was produced

by the combination of Little Holland Tract
draining during wind relaxation and elevated
SSC from prior wind-wave resuspension. The

net flux for this 7-day period was low because
the initial import offset the subsequent export:
in Little Holland Tract net (SSF) totaled -19 MT
at the South Breach, and 37 MT at the North
breach. Although each peak was much greater in

https://doi.org/1015447/sfews.2023v2lisslart4
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(A) Cumulative total, advective, and dispersive suspended-sediment flux (SSF) at South Breach in Little Holland Tract and (B) tidally averaged

significant wave height (Hsig) at HWC during the summer period (April 1to September 12016). Export (ebb direction) positive; brackets denote tidal average.

magnitude at South Breach than North Breach,
the total for the period was greater at North
Breach. At LIB, (SSF) followed a similar temporal
pattern to South Breach, but the initial import
from set up was much greater, resulting in a net
sediment import.

The second event, which spanned January 30 to
February 3, 2016, had a single peak in wave height
produced by a short period of relatively strong
northerly winds. Water level dropped during

the wind event (set down), and SSC peaked at all
instrument locations, resulting in a large export
peak in (SSF) at the southern breaches of Little
Holland Tract and Liberty Island. Sediment was
imported—and the magnitude of (SSF) was much
lower—at the North Breach, where set down is

18

expected to produce net inflow. Cumulative SSF
totaled 634 MT at the South Breach, accounting
for about 40% of the cumulative SSF during the
winter, -30 MT at the North breach, and 492 MT
at LIB. Peak (SSF) was greater at LIB than at
South Breach because of the greater volume of
Liberty Island, but the sediment export was
offset by import before and after the wind event.
River flow increased during this winter event,
contributing to (SSF) export at South Breach

and LIB, and potentially supplying sediment
(through unmonitored breaches) to Liberty Island
and Little Holland Tract as well, so that some of
the (SSF) measured at South Breach may have
passed through Little Holland Tract rather than
originating there.
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During the third period, May 11 through 23, 2016,
there were two large southerly wave peaks, both
associated with pulses of (SSF) import at South
Breach (discharge data are not available from
the North Breach for these dates). Sediment was
exported at South Breach in between these two
peaks, when the winds and waves relaxed and
the water level dropped. The pattern of (SSF)
response to the wind events was the same at LIB
but superimposed on tidally averaged import

of sediment produced by flood-directed (Q) at
this site. Cumulatively, suspended sediment was
imported at South Breach during this period
(341.72 MT).

In summary, at South Breach, during southerly
wind events sediment export was driven by

basin draining as winds subsided after the event
and was offset by sediment import as wind and
wave set up filled the basin. These events either
imported sediment or resulted in near-zero

SSF, depending on the sequence of filling and
draining, and the persistence of the elevated SSC
due to wind waves. The same dynamics exported
sediment (during the December event) through
the North Breach where set up generates export
of water and elevated SSC within Little Holland
Tract can produce export through dispersive SSF.
Northerly wind-wave events cause set down rather
than set up, so maximum SSC and maximum
discharge coincide, exporting large quantities of
suspended sediment through the South Breach
and LIB.
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DISCUSSION

Mechanisms of Sediment Export from Shallow Basins
On a seasonal time-scale, tidally averaged

SSF from Little Holland Tract was dominated
by regional advective flux: export in winter,
driven by elevated river discharge, and import
in summer, driven by flood-dominated tidal
asymmetry and sediment trapping in shallows
(Morgan-King and Schoellhamer 2013). Sediment
transported into shallow basins such as Little
Holland Tract and Liberty Island by the flood-
dominated tides of summer tends to settle in
the lower-velocity basin waters, resulting in net
import.

In shallow basins such as Little Holland

Tract, strong winds produce wind waves that
increase bed shear stress, resulting in sediment
resuspension and higher turbidity than in deeper
waters. We observed two distinct mechanisms for
export of this suspended sediment from a shallow
tidal basin connected to surrounding waters by
discrete breaches, which operate on the time-
scale of wind-wave events (3 to 4 days). The first is
a dispersive mechanism: because of the turbidity
gradient between the basin and surrounding
channels, SSF is greater on ebb than flood tides.
The second mechanism is advective, driven by
wind and wave set up and relaxation.

We explored the relative importance of these

two mechanisms with a simple analytical

model of SSF through the breach of an idealized
basin-breach system (Figure 14). In this system,
flow through the breach is primarily driven by
semidiurnal tides (period 12.5 hours), and the
basin is well mixed, with no spatial variability

in SSC. During calm conditions, SSC during

both flood and ebb tides (representing outside
and within the basin) is 30 mg L-L. Starting at

0.75 days and persisting for 1.5 tidal cycles,

SSC during ebb tides increases to 70 mg L1,
representing windy conditions; and during the
following ebb tide SSC is 50 mg L1, corresponding
to the persistence of fine sediments in suspension
after resuspension (Figure 14B). In Case 1 (termed
waves only), the only effect of the winds is the
increased SSC during ebb tides, isolating the
dispersive mechanism of SSF. The other two
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cases include the advective mechanism of wind
and wave set up in addition to the dispersive
mechanism. In Case 2, a negative sinusoidal
surge in discharge (20 m3 s™! amplitude, 37.5-hour
period) is superimposed on the tidal flow in the
breach (Figure 14A, blue line), representing flood-
directed winds and set up. In Case 3, the sign of
the surge is switched, to represent ebb-directed
winds and set down; the amplitude of the ebb-
directed surge is half that of the Case 2 flood-
directed surge. In addition to affecting the tidally
averaged discharge, the surges affect the length of
the ebb tides, as seen in Figure 14B.

All three cases produce net sediment export
(positive (SSF)) over 3 days (Figure 14C). Case

1 produces continual export of (SSF), which is
entirely dispersive, since (Q) (and thus advective
flux) is zero. Maximum SSF coincides with the
ebb tide during or immediately after the strongest
winds and greatest SSC in the basin. In Case 2
(flood-directed surge), the net import of sediment-
laden water over the tidal cycle initially produces
tidally averaged import of sediment, even though
SSC is lower outside the basin than within. The
greatest SSC within the basin coincides with

the strongest winds and the highest water level,
but not with the greatest export. The relaxation
of the wind set up generates export of (Q) and
(SSF), which occurs after the maximum SSC. The
result is lower cumulative (SSF) over 3 days than
for Case 1 (127 MT vs. 170 MT). In Case 3 (ebb-
directed surge), maximum (SSF) coincides with
the maximum (SSC), so that the dispersive and
advective mechanisms reinforce each other to
export the most sediment of the three cases (3-day
net (SSF) of 201 MT), despite a surge amplitude
50% less than the Case 2 flood-directed surge.

Net (SSF) for an ebb-directed surge equal in
magnitude to the Case 2 surge is 231 MT.

In the South Breach at Little Holland Tract,

the flood-directed surge case corresponds to
southerly and southwesterly winds, which occur
most days in summer. The ebb-directed surge
case corresponds to northerly wind events, which
were observed to produce the greatest peaks in
sediment export (Figure 11). In winter, northerly
events can be associated with local precipitation



and increased export, which increases export

at the South Breach, although elevated SSC
throughout the Delta during high river flows
(rather than resuspension within Little Holland
Tract) is likely an important contributor to the
largest export peaks in (SSF). Pulses of (SSF)
export during summer northerly winds are
likely produced by the mechanisms illustrated in
Figure 14. In the North Breach, southerly winds
produce (Q) and (SSF) export, but with much
smaller magnitude than at the South Breach (or
in the analytical model) because of the small
cross-sectional area of the breach (Figure 12, first
event).

Configuring Shallows to Optimize Habitat

The higher turbidity produced by wind-wave
resuspension in flooded basins in the Delta is
beneficial to some native fishes. Two possible
management goals for these shallow basins

are to maintain turbid conditions within the
shallows, or to maximize export of turbidity to
improve habitat quality in surrounding waters.
These two goals may be mutually exclusive,
because increased export of suspended sediment
reduces the pool of easily resuspended sediment.
Similarly, shallow basins can be designed to
maximize either sediment retention or export,
or perhaps an optimal design might result in
intermittent export during spring tides (Stumpner
et al. 2021). SSC in—and the direction of SSF
from—shallow basins such as Little Holland
Tract depend on interactions of meteorological
and hydrodynamic forcing, sediment supply, and
basin size and orientation. Among these factors,
basin shape, orientation, and depth—as well as
breach location—are the most controllable, and
sediment supply can also be managed.

Turbidity increases at low tide in shallow
basins, both because slower tidal currents
enhance deposition, and because more wave
energy reaches the bed, increasing wave-
driven resuspension. In the extreme, shallow
depth decreases habitat quality for fish, caused
by high temperatures or drying of intertidal
regions at low tide (Sommer and Mejia 2013).
Little Holland Tract, despite greater turbidity
than surrounding waters in the summer and
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fall, did not consistently export SSC through the
largest breach (South Breach), which was usually
upwind in summer. Little Holland Tract exported
sediment in winter, but mostly during periods of
high river discharge, when much of the exported
sediment likely passed through Little Holland
Tract rather than originating there. Thus, as
currently configured, Little Holland Tract is

not improving habitat in surrounding waters by
increasing turbidity. Export of SSC to surrounding
waters from basins like Little Holland Tract
could be increased by positioning large breaches
downwind of the more consistent summer wind
direction (at the northern end in the case of Little
Holland Tract). Tidal prism of the basin is also an
important consideration: tracts with larger tidal
prisms on the scale of Liberty Island have more
potential to influence surrounding waters than
smaller tracts such as Little Holland Tract.

Wind waves create turbidity in flooded
agricultural tracts in the Delta in part because of
the tendency for fine sediments, which are easily
resuspended, to accumulate in shallow basins.
Submerged aquatic vegetation (SAV), which is
widespread in Delta shallows (Hestir et al. 2016),
can affect this phenomenon in two ways. The
canopy of the vegetation reduces water velocities,
increasing sediment deposition and retention
within the SAV (Lacy et al. 2021). At the same
time, SAV reduces wave energy and bed shear
stress from waves (Madsen et al. 2001), decreasing
wave-driven sediment resuspension. Thus, in
some locations, SAV removal could increase the
potential for sediment resuspension and export.
Direct sediment addition is another option for
increasing the erodible pool of sediment.

CONCLUSIONS

Data collected over 2 years demonstrate that the
interior of Little Holland Tract and Liberty Island
are more turbid than waters flowing through
breaches in the surrounding levees, and that
wind-wave resuspension is a significant factor

in producing this turbidity. Suspended-sediment
concentration in Little Holland Tract and Liberty
Island varied on tidal, event, and seasonal time-
scales. Average SSC was greater within the basins
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than in levee breaches connecting to adjacent
channels and was greater in the summer than

in the winter period. Comparison of linear
regression models shows that the single factor
that accounted for most of the variation in SSC is
bed shear stress from waves, followed by water
depth, and that the best predictive model includes
these two variables as well as tidal phase.

Surficial bed sediments from Little Holland Tract
and Liberty Island comprise mud and fine sand,
with the proportion of the two varying between
sampling sites and over time. The temporal
variation in the composition and bulk density

of bed sediments suggests active resuspension,
redistribution, and supply during the study
period.

There was a net export of suspended sediment in
winter and a net import in summer through the
South Breach in Little Holland Tract, reflecting
regional patterns. Down-estuary SSF in winter is
driven by increased river flows, and landward SSF
in summer is produced by flood-dominated tidal
asymmetry and sediment trapping (Morgan-King
and Schoellhamer 2013). In summer, although
SSC in Little Holland Tract increased, sediment
was imported rather than exported, and thus
Little Holland Tract did not increase turbidity in
surrounding waters.

Sediment was exported from Little Holland
Tract on the time-scale of wind-wave events

(3 to 4 days), and we identified two mechanisms
for this export: dispersive flux, the result of an
increase in the spatial gradient in SSC when
waves resuspend sediment, and advective flux,
caused by wind and wave set up and relaxation.
When a breach is downwind of a basin, maximum
advective and dispersive export coincide,
enhancing the total. When a breach is located
upwind, the set up produces advective import,
offsetting the positive dispersive flux, and the
advective export during relaxation occurs after
the peak in SSC, resulting in a lower total export
than for downwind breaches.

Morphologic features—including breach location
relative to wind direction, basin tidal prism, and

24

VOLUME 21, ISSUE 1, ARTICLE 4

basin depth—affect sediment retention or export
from shallow basins, so habitats can be designed
and configured to enhance these processes.
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