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Abstract

Decreases in shallow-water habitat area (SWHA) in the Lower Columbia River and Estuary (LCRE) have adversely affected
salmonid populations. We investigate the causes by hindcasting SWHA from 1928 to 2004, system-wide, based on daily
higher high water (HHW) and system hypsometry. Physics-based regression models are used to represent HHW along the
system as a function of river inflow, tides, and coastal processes, and hypsometry is used to estimate the associated SWHA.
Scenario modeling is employed to attribute SWHA losses to levees, flow regulation, diversion, navigational development,
and climate-induced hydrologic change, for subsidence scenarios of up to 2 m, and for 0.5 m fill. For zero subsidence, the
system-wide annual-average loss of SWHA is 55+ 5%, or 51 x 10° ha/year; levees have caused the largest decrease (54J_rf %,
or~50x 10° ha/year). The loss in SWHA due to operation of the hydropower system is small, but spatially and seasonally
variable. During the spring freshet critical to juvenile salmonids, the total SWHA loss was 631’%%, with the hydropower
system causing losses of 5-16% (depending on subsidence). Climate change and navigation have caused SWHA losses of
SJ_';G% and 4J_ré4%, respectively, but with high spatial variability; irrigation impacts have been small. Uncertain subsidence
causes most of the uncertainty in estimates; the sum of the individual factors exceeds the total loss, because factors interact.
Any factor that reduces mean or peak flows (reservoirs, diversion, and climate change) or alters tides and along-channel
slope (navigation) becomes more impactful as assumed historical elevations are increased to account for subsidence, while
levees matter less.
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Introduction

Seaward migrating salmonids and other fauna use tid-
ally influenced shallow-water habitat area (SWHA) in
river-estuaries for feeding and protection from predation.
As in most major US estuaries and tidal rivers (Hughes
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et al. 2005), wetland area has been greatly reduced in the
Lower Columbia River and Estuary (LCRE). To support
fish population recovery, restoration of wetlands is now a
major management focus. Nonetheless, restoration can be
challenging because multiple factors, including bathymet-
ric and hydrological changes, alter wetland extent but also
the hydrodynamic response of the system, including tides
and mean water levels (Helaire et al. 2019; Hoitink & Jay
2016; Jay et al. 2011; Talke & Jay 2020). Moreover, estua-
rine restoration presupposes knowledge of desirable system
states (Thom et al. 2010). The requisite knowledge includes
mapped data such as the historical location and extent
of wetlands, biogeographic information such as species
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distributions, and dynamics of historical currents, water
levels, salinity, and temperature, but also an understanding
of how and why processes and landforms have changed and
current trends (Gann et al. 2019; Palmer et al. 2016). Our
knowledge of past estuarine conditions and processes is
generally limited, though recovery of historical water level
datasets has become more widespread (see, e.g., Talke and
Jay 2013; Latapy et al. 2022). It is necessary to design meas-
urable indicators of past and present states to evaluate the
degree and importance of changes, and to assess whether
current management strategies for salmon recovery are
addressing the most important factors causing habitat loss.

SWHA is important to the survival of juvenile salmonids
migrating seaward, because they use this habitat to rest, feed,
and undergo smoltification (Johnson et al. 2015; Roegner
et al. 2016; Sather et al. 2016). A large fraction of potential
SWHA in the LCRE has been lost since the 1800s, and this
has been implicated in the decline of threatened and endan-
gered populations (Bottom et al. 2005). We say “potential”
here, because the inundation that creates SWHA is depend-
ent on river flow, tides, and other factors, not only upon con-
nectivity between the habitat and the larger system. Because
of its importance, restoration of SWHA is a primary reason
for the ongoing restoration of wetlands by the Columbia
Estuary Ecosystem Restoration Program (Diefenderfer et al.
2016; Ebberts et al. 2018). The program restored nearly 9%
of recoverable floodplain by the end of 2021 (Littles et al.
2022), and our work provides a basis for future analyses of
the SWHA effects of restoration as the impacts of sea level
rise and other climate-change-induced hydrological changes
become clearer.

Characteristics of inundation, such as variable frequency,
magnitude, duration, and spatial coverage, are used to define
wetlands and are amongst the most critical for wetland functions
(Bunn and Arthington 2002; Strayer and Findlay 2010; Wohl
et al. 2015). Inundation, as approximated from water lev-
els, is also one of few hydrologic processes with sufficient
historical data to permit detailed analysis of past system
conditions, and SWHA is an inundation metric based pri-
marily on water levels. SWHA for juvenile salmon in tidal
rivers and estuaries has been defined as the area inundated
to a depth between 0.1 and 2 m with a velocity <0.3 ms™!
(Bottom et al. 2005). Consequently, SWHA is a function
of spatially and temporally varying water depth and veloc-
ity. Here, we evaluate SWHA in terms of depth, given the
dearth of velocity measurements in wetland areas. We evalu-
ate SWHA for the middle and upper estuary through the
tidal river (the most landward 213 river kilometers [rkm] of
the system), because the higher high water (HHW) models
informing our SWHA evaluation are not suited for predicting
conditions near the river mouth where the effects of coastal
forcing, local winds, waves, and salinity intrusion are better
represented by hydrodynamic models.
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Conceptually, SWHA changes with water level relative
to local topography (Fig. 1). During flood conditions,
large parts of the floodplain are inundated to > 2 m depth,
and steep topography in the incised valley of the Columbia
River sharply reduces SWHA (Fig. 1A). With moderate
water levels, more of the floodplain is covered to <2 m
depth (Fig. 1B) than during high water levels (Fig. 1A).
For low river flows, most of the floodplain is not inun-
dated, thereby limiting SWHA (Fig. 1C). Comparison of
the three situations emphasizes that, as water levels rise,
SWHA shifts from low-lying areas near the channel, up
the floodplain to higher terrain nearer the upland. The
location of wetlands along the estuary-tidal river gradi-
ent also matters—seasonal high flows may lead to only
slightly elevated water levels (Fig. 1B) in the estuary but
much high-water levels in the tidal river (Fig. 1A), because
the range of water level variation is much larger upriver.
Finally, levees in the higher parts of the floodplain reduce
SWHA and leave remaining potential SWHA at lower
elevations closer to the thalweg. As we will see, reduced
flows have partially compensated for leveed SWHA habi-
tat high in the floodplain, especially in the tidal river. Spe-
cifically, low-elevation floodplain that would previously
have been flooded to>?2 m with spring snowmelt is now
sometimes SWHA under the prevailing lower spring flow
regime typical of rivers regulated for hydropower produc-
tion and other uses (Poff et al. 1997).

This study uses historical water level data to con-
struct a statistical model (per Kukulka and Jay 2003a, b,
henceforth KJ2003a,b; and Jay et al. 2011) of HHW for
each river-kilometer between rkm21 and the head-of-tide
at rkm234, from 1928 to 2004. These HHW values are
then used to estimate daily SWHA in the oligohaline and
freshwater parts of the LCRE, and to explore the reasons
for changes in SWHA. The long timescale of our analysis
allows evaluation of how spatially variable increases in
tides and reduction in river slope since the 1920s (e.g.,
Helaire et al. 2019; Jay et al. 2011; Talke et al. 2020)
impact SWHA. Similarly, the system-scale approach ena-
bles a comparison/contrast between fluvially dominated
reaches and those more influenced by tides. Thus, this
analysis broadens the spatial scope of prior SWHA analy-
ses: KJ2003a,b (between rkm50 and rkm90, from 1974
to 1998), and Bottom et. al. (2011; between rkm83 and
rkm120, from 1925 to 2004). The current study uses
updated bathymetry and topography derived from recent
LiDAR and hydrographic surveys and incorporates histori-
cal water level data from the 1940s that were not avail-
able to prior studies. For each river kilometer, daily val-
ues of SWHA for 1928-2004 are summed by time period
and over the system reaches (Fig. 2). SWHA changes for
each season (freshet, non-freshet, and annual) are then
attributed to five factors: levees, flow regulation, flow
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Fig. 1 Typical distributions of
SWHA over the floodplain for
A high flows and water levels, B

A) High-level water
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Flooded area

moderate flows and water levels,
and C low flows and water
levels. The SWHA part of the
flooded area is between 0.1 and
2.0 m deep

Marsh channels
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B) Moderate-level water
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C) Low-level water
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diversion, navigation channel development, and climate
change. Uncertainties are analyzed, and the effects of
assumed subsidence on the analysis are examined.

Setting

The LCRE extends 234rkm from the Pacific Ocean to the
head-of-tide at Bonneville Dam (Fig. 2). The system is
divided into four zones and eight reaches based on topog-
raphy, salinity intrusion, the balance of tidal and fluvial
forcing, and analyses of vegetation throughout the system
(Jay et al. 2016; Fig. 2; Table 1). Zone boundaries are
related to the predominant sources of energy dissipation
and topographic features, like constrictions. River flow is

FLOODPLAIN MAIN CHANNEL

the dominant energy source in the more landward reaches,
while tides and coastal processes predominate in reaches
near the ocean. Simenstad et al. (2011) reached similar
conclusions regarding classification, using a somewhat dif-
ferent methodology.

Hydrology, Geomorphology, Tides, and In-channel
and Floodplain Infrastructure

More than half of the historical (early 1800s) LCRE flood-
plain has been isolated from the fluvial system by levees,
earthen constructions that entirely or mostly prevent inun-
dation of the areas they encompass. In the Lower Columbia
River Estuary (LCRE), most levees are directly adjacent
to the main channel even under low river-flow conditions,
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Fig.2 LCRE zones and reaches
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isolating the entire adjacent floodplain from inundation and
limiting the potential extent of SWHA. Hydrologic change
is another primary factor that alters SWHA. Mean annual
flows are 15-17% below pre-1900 levels, primarily due to
climate change and water withdrawal for agriculture (Jay
and Naik 2011b; Naik and Jay 2011a, b). Additionally,
maximum spring freshet flows are down 40-45% on aver-
age, mostly due to flow regulation and irrigation. Autumn
and winter flows have increased in compensation. Since
the nineteenth century, these flow changes have increased
average wintertime water levels in Astoria (rkm25) by

0.03-0.04 m, and decreased May—July water levels by
0.05-0.15 m (Talke et al. 2020); further upstream in the
Portland/Vancouver region (rkm170), much larger average
decreases of ~ 1-4 m have occurred during the freshet sea-
son (Helaire et al. 2019). The seasonal shifts in hydrologic
change interact with other factors, especially the levee sys-
tem and changing tides. The levee system confines high
flows, raising water levels throughout most of the system,
relative to a connected system with the same channel depth
(Helaire et al. 2019), while tidal range varies inversely with
discharge in the tidal river.

Table 1 Zones and reaches of the LCRE, based on Jay et al. (2016). SWHA calculations were made for the six reaches from rkm21 to rkm234

Zone Reach Rkmrange  Features
Entrance Entrance 0-5 e Dominated by waves and tidal processes
e Sparse vegetation data
Estuary Lower Estuary 5-21 o Affected primarily by tides and salinity intrusion
e Landward boundary roughly corresponds to upstream limit of salinity intrusion during
typical spring high flows
Estuary Energy Minimum 21-39 o Widest part of estuary
o Tidal emergent wetlands have high vegetative cover with relatively low species diversity
Estuary Upper Estuary 39-87 e Convergent cross-section with increasing fluvial influence
o Fluvial influence strong enough that tides are considerably damped despite convergence
Tidal River ~ Lower Tidal River 87-139 e Steep topography
o Single channel through most of the reach
Tidal River ~ Middle Tidal River 139-196 o Extensive historical floodplain through confluence of Willamette and Columbia Rivers
o Seasonal-fluvial processes play large role
Tidal River ~ Upper Tidal River 196-229 o Cliffs on either side of river up to base of Bonneville landslide
o Tides are small
Cascade Cascade 229-234 o Steep bed slope due to the Bonneville landslide; high turbulence

e High seasonal mean water level fluctuations due to river discharge

@ Springer



Estuaries and Coasts

LCRE tides have evolved due to changing morphology
and river flows (e.g., Al-bahadily 2020; Helaire et al. 2019;
Jay et al. 2011, 2015, 2016; Talke et al. 2020). The larg-
est changes have been due to development of the Federal
Navigation Channel (FNC), which extends from the ocean
to Vancouver and Portland Harbor (Helaire et al. 2019; Jay
etal. 2011, 2016; Sherwood et al. 1990). The FNC includes
17 km of stone entrance jetties, an 18-m-deep entrance chan-
nel, a 13-m-deep channel from rkm5 to Vancouver (rkm170),
and a series of stone and timber pile dikes that direct flow
into the navigation channel. Compared to the nineteenth
century conditions, the FNC has straightened and approxi-
mately doubled the thalweg depth of the system, decreasing
frictional effects and reducing mean water levels, though
pile dikes introduce friction and prevent an even greater
decrease in water levels (Helaire et al. 2019, 2020; Jay et al.
2011). Reduced friction has increased tidal ranges in the
reach between Astoria (rkm25) and Quincy (tkm87) on the
order of 5-20% (Helaire et al. 2019; Talke et al. 2020). Tidal
changes are large upriver, especially for high river-flow lev-
els (Helaire et al. 2019; Jay et al. 2011). Off-channel areas
and wetlands have been filled as a result of dredged material
disposal and for development, and islands have been con-
structed to help train the flow and retain dredged material
(Marcoe and Pilson 2017; Sherwood et al. 1990). Overall,
lower low water (LLW) levels have decreased more than
HHW levels have increased, reducing the mean water level
(Helaire et al. 2019; Jay et al. 2011). Changing river flow
impacts tides, seasonally, and the largest increase in tidal
amplitudes has occurred during the spring freshet (Talke
et al. 2020), modestly counteracting decreased flows in some
reaches, in terms of providing inundation.

System Ecology and Habitats

The LCRE, and particularly its vegetated habitats includ-
ing both native and introduced plants (Borde et al. 2020),
provides important habitat for a large number of animals
(Callaway et al. 2012; Johnson and Simenstad 2015). The
many salmon and trout stocks represent culturally and eco-
nomically important species dependent on the LCRE food
web (Blumm 2002; Lichatowich et al 2018; Naiman et al.
2012; Pulwarty and Redmond 1997; Waples et al 2008).
Juvenile salmonids require off-channel LCRE habitat with
low salinity and water depths in a specific range, during their
migration to the ocean (Bottom et al. 2005). These habi-
tats can provide access to food, refuge from higher-velocity
flows, and cover from predation (Johnson et al. 2015; Maier
and Simenstad 2009; Roegner et al. 2010). Development of
the LCRE and the Columbia River Basin since the middle of
the nineteenth century has affected flow, water temperature,
connectivity between the main channel and side channels
and floodplains, sediment supply, and salinity intrusion and

stratification, all of which may alter the structure or function
of habitats in the river (Harding et al. 2020; Jay et al. 1990;
McKeon 2022; Naik and Jay 201 1a, b; Roegner et al. 2021;
Scott et al. 2023; Sherwood et al. 1990; Simenstad et al.
1992; Templeton and Jay 2013). Plant distribution itself
has been widely modified, with conversion from wetland to
agriculture and urbanization, ecological impacts of hydro-
logic change, and floodplain forest harvest and management
(Borde et al. 2020; Ke et al. 2013; Thomas and Bell 1983).
Since the 1870s, herbaceous wetland area decreased from
35,466 to 11,381 acres (68%), while forested and shrub-
scrub decreased from 39,439 to 12,289 acres (69%; Marcoe
and Pilson 2017). Virtually all of this loss is due to the levee
system, filling, and urban development. These wetland
losses have strongly affected habitat availability for migrat-
ing and temporarily resident juvenile salmonids (Bottom
et al. 2011; Johnson et al. 2015), but SWHA has also been
altered by changing hydrology and tides.

Topographic change is an important consideration in a
study with a 75 + yr scope, quite aside from the presence
or absence of levees. Sediment accretion rates have been
found to be positive in extant reference wetlands in the study
area, counteracting subsurface subsidence (Diefenderfer
etal. 2021). Also, some elevation changes in wetlands have
occurred because of tectonic processes, particularly near the
coast where uplift occurs (Burgette et al. 2009; Miller et al.
2018; Talke et al. 2020). Larger changes have been produced
by isolation of floodplains by levees, and the subsequent
elevation reduction due to spatially variable subsidence. By
comparing isolated and connected areas of the floodplain,
Cannon (2015) estimated a range of subsidence, with 0.4 m
near the Lewis River and 2.9 m near rkm80; however, 2.9 m
is more than twice the level of subsidence as the next near-
est measurement (1.4 m) and is recognized as an anomaly
explained by local conditions. Median subsidence was
0.80-0.89 m over the entire historical period since levees
were built. Similarly, Diefenderfer et al. (2008) found evi-
dence of a~0.7 m difference between an adjacent un-leveed
wetland and leveed pasture. Applying the LiDAR correction
factor, the likely median subsidence is~0.5-0.6 m, not all
of which has occurred since 1928. Diefenderfer et al. (2018)
showed that microtopographic relief, an important aspect
of wetland complexity that affects the spatial pattern and
location of SWHA at any given river stage, was reduced in
leveed agricultural areas. Floodplain isolation has resulted in
decreases in groundwater levels, soil consolidation, decom-
position of organic materials that are no longer replenished,
and agricultural activities such as grazing that can further
compact the soil (Cannon 2015; Torngvist et al. 2008).
Although most of the LCRE upstream of Astoria (rkm 25)
has likely subsided, some along-channel and urban parts of
the floodplain have been filled. Causes of filling include
land reclamation, disposal of dredge materials, and natural
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events such as catastrophic debris flows and subsequent
sedimentation in the LCRE following the eruption of Mt. St.
Helens in 1980 (Simenstad et al. 2011; Zheng et al. 2014).
Thus, while modern topography is reasonably well defined
(see below), historical topography is uncertain; therefore,
we consider the influence of assumed subsidence and infill
on our results.

Development of the Federal Columbia River Power
System (FCRPS) has greatly affected water levels through
upstream flow regulation for flood control and power gen-
eration, and water withdrawal for agriculture. Even though
irrigation withdrawal largely occurs through FCRPS man-
agement, it is evaluated here as a separate factor because it
results in a net loss of water supplied to the LCRE, unlike
power generation and flood control. The FCRPS and, to a
lesser extent to date, climate change, have greatly altered the
annual runoff hydrograph for the mainstem Columbia and
its LCRE tributaries, e.g., Willamette, Lewis, and Cowlitz
Rivers (Jay and Naik 2011; Naik and Jay 2005, 2011a).

Methods

This study expands on the KJ2003a,b approach for estima-
tion of SWHA. Daily SWHA is estimated from HHW and
system hypsometry. Specifically, historical tidal data are
used to construct a statistical model of HHW for every river
kilometer (rkm) of the LCRE between rkm21 and the head-
of-tide at rkm234 for the period 1928 to 2004. A statistical
model was employed, in lieu of a numerical model, given
a lack of an appropriate hydrodynamic grid for floodplain
areas, and the computation and memory costs of running
and storing model outputs for near-centennial time periods
and multiple scenarios. The domain modeled includes the
six most landward LCRE reaches (Fig. 2). Numerous factors
influence water levels in the LCRE, including bathymetry
and topography, tides, river discharge, and coastal processes
such as coastal upwelling and storm surges (Helaire et al.
2020), and could potentially be included in our statistical
models. Based on KJ2003a,b and Jay et al. (2016), HHW
is modeled using the following forcing terms: river inflow
from the Columbia River (2) and Willamette River (3),
Coastal Upwelling Index (CUI) (4), non-linear tide-flow
interaction (5), and datum offset (1); numbers in parentheses
refer to the terms in Eq.1:

HHW = aOk + aleg + Cl2kQ'v'VR + a3kCUI
N e N
1 2 3 4
iy Tru (1)
1+ 0+ 0pr)’

5

@ Springer

where:

Qp = Daily mean Columbia River flow at Bonneville
Dam or the Beaver Army Terminal, 1000s of m>/s

Qyyx = Daily mean Willamette flow at Portland, 1000s of m%/s

CUI = Daily Coastal Upwelling Index, in 10 m?/s, posi-
tive for upwelling (Bakun 1973)

Ty = Greater diurnal tidal range (m), or HHW-LLW, at
Hammond or Astoria

a; to a; = Regression parameters for each station and
model

k = Index for channel stations; varies with modeling time
periods (MTPs)

s = Tide-flow interaction exponent; varies with location
and model

m = Columbia flow exponent; varies with location and
model

n = Willamette flow exponent; varies with location and
model

r = Second tide-flow interaction exponent; varies with
location and model

a,;, - Datum offset

The model describes the effects of river flows and coastal
processes on water levels in the second through fourth terms,
and the effect of nonlinear interactions between flows and
tides in the fifth term. The constant first term accounts for
datum offsets. Future modeling efforts could include atmos-
pheric effects in more detail, assuming adequate availability
of historical pressure data or a proxy thereof, but the effects
are likely small compared to the effects of river flows, tides,
and coastal processes, especially in the more landward parts
of the system. Seaward of rkm90, the second term of the
regression uses flows at Beaver Army Terminal, the third
term is not used, and the fifth term uses flows at Beaver
Army Terminal and does not include flows for the Wil-
lamette River. Landward of rkm90, the second term of the
regression uses flows at Bonneville Dam, the third term is
included, and the fifth term uses flows at Bonneville Dam
and includes flows for the Willamette River.

Our approach differs from Jay et al. (2016) in that the coastal
forcing variable (Coastal Upwelling Index) is averaged on a
year-day basis (every Julian day during the record is averaged
and applied to every year) from 1967 to 2011 and applied to
all modeling periods, because the relevant forcing data are not
available before 1967. Jay et al. (2016) found coastal forcing to
be relatively important in the estuary up to about rkm30, but
increasingly irrelevant further landward. Given a study area that
is mostly upstream of this point, the climatological approach used
here for incorporating coastal effects in the model is appropriate.

The HHW model (Eq. 1) is applied at water level sta-
tions throughout the system to estimate coefficients and
exponents, as listed in the Supplement (Tables S1 to S3).
Model coefficients and exponents are interpolated between
water level stations to derive HHW models at 1 km intervals
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for the entire system. SWHA, defined in hectares (ha) at
HHW, is then determined from hypsometry. The assump-
tions involved in using this approach to estimate SWHA are
that: (1) entrance tidal range (from Astoria or Hammond)
and river flow are the primary drivers of tidal-fluvial water
levels, with other variables playing a secondary role; (2) tide
gauges at channel locations provide reasonable estimates of
water levels over the floodplain; (3) the water surface slope
across the floodplain is smallest at HHW, making HHW the
most useful water level statistic; (4) time lags in inundation
and slopes across the floodplain are irrelevant for SWHA
estimation; (5) once-daily inundation is sufficient to render
a wetland functionally useful as habitat; and (6) tidal prop-
erties and water surface-slope vary slowly in space, so that
the spatial interpolation of the coefficients is valid. During
high-flow periods, there is very little difference in the tidal
river between LLW, mean water level (MWL), and HHW in
the tidal river landward of Quincy at rkm87, because tidal
ranges are small under these conditions. Thus, estimation
of SWHA from a HHW model is most accurate during high
flow periods when inundation and SWHA are extensive.
As a qualitative tool for evaluating historical change, this
approach is useful for all flow conditions. However, SWHA
is strictly an areal measure, not a measure of quality; thus,
SWHA may have different utility in different habitats, dif-
ferent seasons, and different eras.

We determined SWHA for a series of scenarios involving
the presence/absence of levees and naturalized, adjusted, or
observed flows (Table 2); we refer to these as the six basic
scenarios. SWHA for each scenario was summed over the
freshet season (May through July), the rest of the year, and
the full year (per KJ2003a,b; Bottom et al. 2005). GIS data
for levees were obtained from the “human cultural features,
infrastructure, and modifications” layer in the Ecosystem
Classification (Simenstad et al. 2011), a tool developed for
use by the Columbia Estuary Ecosystem Restoration Pro-
gram (Littles et al. 2022). Observed flows are instrumen-
tal records available on a daily basis, or estimates of the
flow that would have been observed had instruments been
in place; the latter are derived by flow routing (Naik and Jay

2005, 2011b). Adjusted flows are hypothetical flows that
would have occurred without flow regulation and reservoir
storage; these flows are still reduced by irrigation depletion.
Naturalized (or virgin) flows are the hypothetical flows that
would have occurred if there were no European settlements;
i.e., they have been corrected for flow regulation, reservoir
storage, and irrigation depletion. The naturalized flow calcu-
lation does not account for changes in land use such as agri-
culture, urban development, and forestry, though changes in
evapotranspiration may have changed Columbia River flows
by 1-2% on an annual average basis, with a larger influence
in some seasons (Matheussen et al. 2000). These changes
are small relative to observed changes since the nineteenth
century, which include decreases in annual average flow and
peak spring flow of ~ 15% and >40%, respectively.

Data

Model forcing data were taken from a variety of sources,
including (1) river flow data for the Columbia River at The
Dalles (1878—present) and Beaver Army Terminal (1991—pre-
sent), and for the Willamette River at Portland (1972—present)
from the USGS; (2) river flow data for the Columbia River at
Bonneville Dam (1949—present) from the BPA; (3) tidal range
at Hammond (rkm11) and Astoria Tongue-Point (tkm29), as
predicted using T_Tide (Pawlowicz et al. 2002) from time
series from the National Oceanographic and Atmospheric
Administration (NOAA); and (4) daily averaged CUI as pro-
vided by NOAA (1967—-present) and averaged by year-day
over all annual periods in the record and applied to the mod-
eling time periods (MTPs) defined below.

Measured HHW values at tide gauges located through-
out the system (Table 3) were used as a response vari-
able to determine the coefficients of Eq. 1 using robust
multiple linear regression; the forcing data were used as
predictor variables. Tidal data were available from more
than 20 NOAA stations along the system in 1940-1943
that we digitized; most have 20 months of data or more.
Relatively comprehensive water level data have been col-
lected since 1980, but data from between 1950 and 1980

Table2 SWHA basic scenarios evaluated for 1928 to 2004 where connected conditions represent floodplain connection assuming levees do not
exist, and isolated conditions represent floodplain isolation by the existing levee system

Scenario Levee condition Flow

1 Connected (without levees) Naturalized
2 Connected Adjusted

3 Connected Observed

4 Isolated (with levees) Naturalized
5 Isolated Adjusted

6 Isolated Observed
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Table 3 Water level data used in regression models where MTP represents model time periods

Station Rkm Availability Model period(s) used
North Jetty 2.6 1982 MTP3
Fort Stevens 13.2 1940-1943, 1981 MTP1,3
Hammond 14 1982-1988, 2011-2014 MTP3
Astoria 29.22 1925—date MTP1-3
Altoona 39.1 1940-1942 MTP1
Skamokawa 53.6 1940-1942, 1978, 1986—date MTP1-3
Cathlamet 63.57 1940-1942 MTP1
Wauna 67.4 1940-1942, 1972-1979, 1986—date MTP1-3
Eagle CIiff 81.97 1940-1942 MTP2
Beaver/Quincy 87 1991-date MTP3
Stella 90.6 1940-1942 MTP1
Longview 106.94 1940-1942, 1986—date MTP1,3
Rainier 109.7 1971-1981 (gaps) MTP2
Kalama 120.7 1940-1942 MTP1
Columbia City 134.3 1971-1981 MTP2
St. Helens 138.6 1940-1943, 1991—-date MTP1,3
Willow Bar 154.3 1940-1942 MTP1
Kelley Point 163.45 1940-1942 MTP1
Vancouver 171.5 1940-1942, 1972—date MTP1-3
Ellsworth 181.05 1940-1942 MTP1
Washougal 190.5 1940-1942 MTP1
Reed Island 198 2007-2009 MTP3
Prindle 217.6 1940-1942 MTP1
Warrendale 229.3 1940-1942, 1971-1988 MTP1,2
Bonneville 233 1966-2016 (gaps) MTP2,3

are sparse. Only one tide gauge, NOAA station #9439040
at Tongue Point (Astoria, OR, 1925—date) is available for
the entire period. Data used are identified in Table 4; see
Helaire et al. (2019) and Talke et al. (2020) for sources of
archival data and information about the history of tidal
measurements in the LCRE. To use the available water
level data as efficiently as possible, regression models were
developed for three MTPs: (period 1) 1928 to 1959, (period
2) 1960 to 1979, and (period 3) 1980 to 2004. Because of
data availability, different stations were used during each
period. Analyses were not carried out after 2004, because
the naturalized and adjusted flow estimates of Naik and Jay
(2005, 2011b) do not extend beyond 2004. BPA published

Table 4 Daily data for factors that affect water levels in the LCRE

naturalized flows for some stations through 2008, but not
all stations needed for this analysis; no-post-2008 data
are available. Also, floodplain-ecosystem restoration
begun about 2004 complicates later estimation of SWHA,
because associated levee breaching (Littles et al. 2022)
alters topography and hydrological connectivity between
the floodplain and the mainstem river. Though relatively
little breaching occurred before 2013, roughly 30 km? of
floodplain was reconnected by 2021 (Littles et al. 2022).
Thus, our evaluation of levees represents the largest (pre-
restoration) effect on SWHA. Analyses were not conducted
prior to 1928, the beginning of the adjusted flow record at
Bonneville Dam.

Factor

Auvailability

Columbia River Discharge at Bonneville Dam
Willamette River Discharge at Portland

Columbia River Discharge at Beaver Army Terminal, OR
Coastal Upwelling Index

Greater Diurnal Tidal Range at Hammond

1878—date, routed before 1949
1878—date, routed before 1972
1878—date, routed before 1991, ex. 1968—-1970

1967—date, climatologically averaged from 1967 to date for and applied
to all periods

1925-date
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Fig.3 SWHA hypsometric curves (solid lines) and flooded area (dot-
ted lines), by reach. SWHA hypsometry is shown for connected (no
levees) versus isolated (leveed) topographic scenarios, for the dif-
ference between the two, and for historical conditions (purple line)
assuming a uniform 2 m subsidence; 2 m subsidence is much larger
than has occurred on average but illustrates the effect of changing

Modeling Details

SWHA is determined by modeling HHW for each calendar
day and scenario in each reach and estimating inundated area
from the hypsometric curve for the reach, 1928-2004, tak-
ing into account the SWHA 2-m depth limit. A hypsometric
curve gives floodplain area as a function of water level for
a reach. Hypsometry for each reach is determined by sum-
ming hypsometric curves determined from a digital terrain
model (DTM) at 1rkm intervals over the reaches shown in
Fig. 2. The DTM used for the analysis was the modern 2010
Lower Columbia River Digital Terrain Model developed by
the USACE (USACE 2010). Separate hypsometric curves
are defined for isolated and connected conditions. SWHA
curves are then estimated, taking into account the SWHA
depth limit of 2 m (Fig. 3). As water levels rise, SWHA first
increases as water spreads out over the floodplain, but then
decreases as more area is inundated above the upper thresh-
old of SWHA (2-m depth); see also Fig. 1. The difference in
SWHA between connected and isolated conditions (Fig. 3,
leveed SWHA-un-leveed SWHA) is the loss of poten-
tial SWHA due to levees; this loss is concentrated in the
Upper Estuary, Lower Tidal River, and Middle Tidal River
reaches. SWHA for connected conditions is found between
the extreme low water and historical flood levels (Fig. 3,
arrows). Correcting for subsidence considerably alters
the elevation distribution of SWHA. Maximum historical
SWHA was likely at an elevation somewhere between the
bounding lines for connected conditions, and for connected

hypsometry on SWHA. Leveed areas do not constitute SWHA, even
when flooded. Arrows at right, from low to high elevations: Columbia
River Datum (extreme low water, blue); the modern 2-year flood level
(green); the 1933 flood (a large flood early in our analysis period, red);
and the highest flood since 1850 (1894; purple)

conditions with 2 m subsidence. These higher floodplain
elevations were reached by historic floods (1933 and 1894
arrows); modern floods do not reach those elevations (see
also Helaire et al. 2019).

The SWHA determined for each reach and each day is
then summed over the year and over longer periods, defined
below. A major purpose of this work is to evaluate habitat
changes affecting juvenile salmonids, and there is strong
seasonal variability in salmonid use of SWHA, with the
spring “freshet season” (May to July) being the most impor-
tant (Bottom et al. 2005). Following KJ2003a,b, the freshet
season is, therefore, distinguished from the remainder of
the year (denoted as “non-freshet season”), and SWHA is
summed within the year and interannually by season.

Attribution

We use a process we call “attribution” to divide the total
loss of SHWA amongst the five major factors (“attribution
factors”) or stressors that have altered water levels and inun-
dation in the system:

o Levees and associated conversion of estuarine wetlands
to other uses

e Development and operation of the Federal Columbia
River Power System (FCRPS)

e Development of the Federal Navigation Channel (FNC)

e Irrigation diversion
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Fig.4 Relationship between the
attribution time periods (ATPs)
and modeling time periods
(MTPs)

1928

MTP ATP

1928

¢ Climate change effects on the seasonal hydrograph and
total annual flow

These factors were chosen because they are the largest
factors that alter tidal range and river flow, the major predic-
tor variables in Eq. 1. Models using these variables provide
a reasonably accurate representation of LCRE water levels
(Helaire et al. 2019; KJ2003a,b; Jay et al. 2011, 2016). Addi-
tional climate change effects such as relative sea level rise
are not considered, because historical changes have been
small—about 0.06 m in Astoria since the mid-nineteenth
century (Talke et al. 2020). Moreover, sea-level rise effects
on water level decrease in the upstream direction, particu-
larly during high river flow conditions (Helaire et al. 2020),
and MWL in the tidal river has actually decreased since 1900
due to navigational improvements and flow reductions. The
effect of the latter can reduce spring freshet water levels by
up to 3—4 m (Jay et al. 2011, 2016; Helaire et al. 2019). The
effect of climate change, therefore, is evaluated by compar-
ing SWHA for naturalized Columbia and Willamette River
flows between historical (pre-1900) and modern conditions,
with all other factors (i.e., tides, hypsometry, and coastal
processes) constant.

Attribution of SWHA losses over the 1928-2004 period
is based on a total of more than 20 scenarios in which topog-
raphy and forcing variables are systematically varied, e.g.,
the effect of levees can be estimated by comparing leveed
(disconnected wetland) and un-leveed (connected wetland)
scenarios, keeping other factors constant. Attribution further
requires the estimation of SWHA during different attribution
time periods (ATPs) to evaluate SWHA changes and their
causes over the past century. The time periods are:

e ATPI1 (essentially pre-alteration, except for some irri-
gation withdrawal, early navigational development and
some tributary dams, 1928-1945)

e ATP2 (FCRPS under development and irrigation in place,
plus an 11-m deep navigation channel; 1946-1975)

e ATP3 (the modern, altered system with a 13-m deep
navigation channel; 1975-2004)

Each ATP is analyzed using the three flow scenarios: nat-
uralized, adjusted, and observed flows. The ATPs were cho-
sen to provide an understanding of historical changes; they
cross MTP boundaries, which were chosen to make efficient
use of data (Fig. 4). We note that most LCRE levees were
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1976

2004
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constructed between the 1880s and 1930s, so were largely in
place during ATP1. To evaluate the effect of levees, scenarios
with and without levees (disconnected and connected habitat)
were used in all ATPs. See the Supplement for details of how
attribution was implemented for each attribution factor.

The above list of factors causing changes in SWHA is not
exhaustive—factors with smaller impacts such as deforesta-
tion and changing ocean tides are not included. Nor, with the
exception of levees, does the present study consider changes
that occurred before 1928, because we do not have suffi-
ciently high-quality, system-wide water level data to merit
an earlier MTP. Also, increases in SWHA due to restoration
efforts are not considered, because we lack an appropriate
set of hypsometric curves, which would need to account for
year-to-year changes in restored habitat since about 2004.

Our attribution strategy is to calculate the total loss of
SWHA and then compare the modern system to the unal-
tered system, before it was altered by the five attribution
factors. Factors are varied one at a time. For our purposes,
the unaltered system assumes connected topography, no
upstream irrigation diversion, no FCRPS, and no FNC (i.e.,
unaltered tides and mean water level); SWHA for the unal-
tered system is the unaltered SWHA. The unaltered SWHA
for each reach is calculated using ATP1 tides, naturalized
flows, and connected topography; the model used for com-
parison depends on the factor being evaluated against the
unaltered system. The total loss of SWHA 1is the difference
between unaltered SWHA and SWHA estimated for ATP3
using observed flows, modern tides, and isolated topography
for each reach. While the various components of the total
loss can be estimated by individual attribution factor (levees,
FCRPS, FNC, irrigation, and climate change), factors inter-
act or overlap, so that the total loss is not equal to the sum
of the individual losses by factor, contributing to the overall
uncertainty level. Finally, subsidence, poorly known in this
system, will emerge as the most important factor driving
uncertainties in SWHA losses and their attribution.

The above strategy was augmented for the FCRPS sce-
nario, because its effects overlap so extensively with the levee
system. Hence, FCRPS impacts on SWHA were evaluated
with both the connected (un-leveed) and disconnected (leveed)
hypsometry. Finally, our attribution procedure excludes leveed
lands as SWHA regardless of their actual inundation by tide
gates, culverts, or flood exceedance, because they are so
extensively altered from their natural condition and habitat
functions are reduced. Because leveeing is so extensive, this
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Table 5 Summary of attribution

Unaltered Altered

strategy. See the “Methods”

section for descriptions of Factor Model Flows Tides Topography Model Flows Tides Topography

model and attribution time

periods Levees MTP1 ATPl-n ATPl Connected MTP1 ATPl-n ATPI Isolated
FNC MTP1 ATPl-n ATPl Connected MTP3 ATPl-n ATP3+4 Connected
FCRPS MTP1 ATP3-a ATPl Isolated MTP1 ATP3-0 ATPI Isolated
FCRPS MTP1 ATP3-a ATPl Connected MTP1 ATP3-0 ATPI1 Connected
Irrigation MTP1 ATP3-n ATP1 Connected MTP1 ATP3-a ATP1 Connected
Climate change MTP1 ATPO-n ATP1 Connected MTP3 ATP3-n ATPI Connected
Total loss MTP1 ATPl-n ATPl Connected MTP3 ATP3-0 ATP3 Isolated
Subsidence MTP1 ATPl-n ATP1 Con.+Subs MTP1 ATPl-n ATPI Connected

a=adjusted; n=naturalized; o=observed; Con. + Subs. =connected + subsidence

departure from KJ2003a,b causes our conclusions to diverge
from the earlier study; other reasons emerge below.

The attribution strategy is summarized in Table 5. In
addition to the above five attribution factors, the possible
effects of subsidence and fill in leveed areas are explored
using a sensitivity analysis approach. While subsidence is
quite variable over the leveed floodplain, it is plausible that
its average value is between 0 and 2 m, based on the avail-
able measurements described above. Thus, we examine sce-
narios that add 0.5 m, 1 m, and 2 m to the LiDAR data in
leveed areas to correct for subsidence and subtract 0.5 m in a
fourth scenario to represent fill. The underlying assumption
is that the historical floodplain was higher (the subsidence
scenarios) or lower (the fill scenario) than the present flood-
plain described by the DTM. The effects of subsidence and
fill are then calculated using MTP1 and ATP1 conditions,
with connected topography.

Uncertainty

Sources of uncertainty in model results include instrumen-
tal errors, uncertainty associated with derived model inputs
such as the DTM, flow values, and water-level model param-
eters. The most uncertain inputs are bathymetry/topography
values (collectively, the hypsometry), irrigation withdrawal,
and routed flows. The modern DTM used in this study con-
sists of LiDAR and sonar data interpolated onto regular
grids. The LIDAR data RMSE is estimated to be approxi-
mately 0.05 m for hard-packed surfaces and greater for veg-
etated surfaces for point clouds prior to processing into a
DTM. Uncertainty in modern bathymetry may be as large as
0.1 m, given numerous data sources. Nonetheless, evaluating
hypsometry over 1 km increments reduces random errors,
as long as there are no systematic errors or strong topo-
graphic gradients within a reach (as is generally the case).
There is likely a much larger but unquantifiable systematic
uncertainty in the historical bathymetry and topography. The

analysis of subsidence, defined above and discussed below,
effectively evaluates the effects of hypsometric uncertainty.

HHW was modeled (Eq. 1) via linear regression with
flow, tides, and CUI as predictor variables. Model exponents
were iteratively optimized by minimizing the root-mean-
square error (RMSE) for combinations of model exponent
values within exponent ranges identified in Jay et al. (2016).
Parameter uncertainty estimates for the water level model
were assessed by regressing randomly resampled response
and predictor variable data using the optimized exponents
to bootstrap the underlying parameter distributions using
10,000 samples of the distributions. Error estimates for each
of the attribution scenarios and for total change in SWHA
were calculated by propagation of model parameter uncer-
tainty (95th percentile confidence interval) through the cal-
culation of HHW.

There is also systematic uncertainty associated with the
attribution strategy, for several reasons: (a) the list of fac-
tors evaluated is not exhaustive; (b) the evaluation approach
is not unique and a different strategy (e.g., systematically
evaluating SWHA in the presence of levees) might yield dif-
ferent answers, and (c) in the real world, factors interact with
one another, whereas we largely evaluate only one factor at
a time. A sensitivity analysis approach is used to evaluate
the effects of perturbations of the attribution strategy on
model results. For example, we evaluate the impact of the
FCRPS on SWHA assuming both connected and isolated
topography, both as a test of uncertainty, and as a guide to
management in the real, altered world.

Finally, we will show below that hypsometric uncertainty
related to subsidence is the most important factor affecting
our SWHA loss estimates and their attribution. In the absence
of a conclusive determination of average subsidence, we
report results for the zero-subsidence scenario, and use the
others to set uncertainty bounds, assuming that 2 m of subsid-
ence is an upper bound on average subsidence. As discussed
below, estimates of historical SWHA that account for subsid-
ence are larger than estimates that do not include subsidence.
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Results

Use of Eq. (1) to evaluate SWHA requires that this model
accurately reproduces HHW levels for a wide range of condi-
tions. Overall, model performance is good (in terms of R and
RMSE) for the tidal stations in Table 4, enabling an evalua-
tion of broad time—space patterns and attribution. The R? met-
ric increases in the upstream direction for all three MTPs; it
is 0.5-0.7 below rkm100, and greater than 0.85-0.9 farther
upstream (Fig. 5). RMSE for MTP1 remains in the range of
0.15-0.22 m. RMSE for MTP2 increases upstream, while
MTP3 has a local maximum at tkm-87 due to a known data
quality issue, but is otherwise < 0.22 m up to rkm-170. The
relatively large RMSE near Bonneville Dam in MTP2 and
MTP3 is likely due to several factors: (a) a large range of water
levels (> 12 m), (b) ongoing bed erosion that changed the water
level regime over the time period analyzed (Templeton and Jay
2013), and (c) daily power peaking that strongly influences
HHW immediately below the dam (Jay et al. 2015), but is aver-
aged out in the daily flow values used in Eq. 1. Overall, HHW
levels during high-flow periods are slightly under-estimated
near the dam, but there is little or no SWHA in this reach
under high flow conditions. Thus, the effect of model error
is negligible.

Long-Term Changes in SWHA

SWHA is highly sensitive to assumed flow conditions and
is strongly affected by flow management, so we revisited
the scenarios considered by KJ2003a,b by examining all
four combinations of naturalized vs. observed flows, and
isolated topography vs. connected topography (Fig. 6).
For naturalized flows, SWHA predominantly occurs dur-
ing the historical freshet period (May through July), while
under observed flow conditions, SWHA is more spread out
through the year, particularly toward the winter and since
about 1940. Alteration of the flow cycle from the 1930s to
the 1970s was the primary reason for the shift of SWHA
away from the freshet, but this shift also reflects warmer
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winters and earlier snowpack melt. SWHA for isolated
topography for both naturalized and observed flows is sub-
stantially lower than for connected topography; the levee
system has the largest impact on the loss of SWHA in the
system (Fig. 6). However, as noted by KJ2003a,b, there is
considerable redundancy in the system, in that both levees
and flow regulation/diversion reduce freshet season SWHA,
an expected feature of a system engineered in part for flood-
control in the LCRE.

Seasonal Variations in Habitat

A seasonal evaluation reveals several SWHA patterns that
have changed between ATP1 and ATP3 (Fig. 7A, B). ATP2
results (Table S2 and Fig. S2) more closely resemble ATP3
than ATP1. ATP1 represents the pre-alteration system,
ATP?2 differs from ATP1 due to construction of the FCRPS,
increased irrigation, and deepening of the navigation chan-
nel from 9 to 11 m. ATP3 represents the modern system
with a 13 m deep navigation channel, a warmer climate,
and somewhat altered hydropower management. For the
four most seaward reaches, isolated topography has 40-50%
less SWHA during both ATP1 and ATP3 than connected
topography. Our attribution analysis below will show that
differences between ATP1 (Fig. 7A) and ATP 3 (Fig. 7B)
are caused by a combination of factors, including changes in
hydrology, tides, river slope, and hypsometry. There are also
considerable differences in SWHA between reaches, even
under connected conditions in both ATP1 and 3 (Fig. 7A, B).
The Upper Estuary Reach has the largest amount of SWHA
(about 10,000 ha), followed by the Middle Tidal River Reach
(~ 8000 ha), and the Lower Tidal River and Energy Mini-
mum Reaches (both with about ~5000 ha). SWHA values in
the Upper Tidal River and The Cascade Reaches are much
smaller, regardless of conditions.

Seasonality is strong from the Upper Estuary through the
Tidal River, but there is a more complex temporal pattern
in ATP3 for most reaches (Fig. 7). The differences between
isolated and connected scenarios are particularly strong
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Fig.6 A 3D perspective of daily SWHA per year (ha/day) for 1928—
2004 based on MTP1. Connected topography is depicted in (A) and
(B), with isolated topography shown in (C) and (D). Naturalized
flows are depicted in (A) and (C) and observed flows in (B) and (D).

during the freshet season (May through July) in the Lower
and Middle Tidal River reaches in ATP1. The Upper Estuary
Reach exhibits the greatest and seasonally most consistent
difference between the isolated and connected scenarios;
note the extensive floodplain habitat potential for con-
nected topography (see Fig. 3). Both the Energy Minimum

The May through July freshet season is shaded in the x—y plane at the
bottom of each sub-panel. Scales for the connected and the isolated
topography differ. The boundaries between attribution periods (ATPs
1 to 3) are shown as black lines for 1946 and 1976

and the Upper Tidal River reaches show decreased SWHA
during the freshet season (see gray areas in Fig. 7A, B). This
occurs when high flows inundate large areas of the flood-
plain to>2-m depth (Fig. 1A), and steep upland topography
limits SWHA at the upper edge of the floodplain.
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The tidal river regions that are strongly forced by river
flow exhibit the largest change in water level variability over
time; however, the corresponding loss in SWHA depends
also on hypsometry, complicating the relationship between
altered water level variance and SWHA. Indeed, the strong-
est changes between ATP1 and ATP3 in SWHA seasonal-
ity patterns occurred in the Lower and Middle Tidal River
Reaches, not in the upper tidal or Cascade reaches. Specifi-
cally, the connected-topography + observed-flow scenario
is similar to the other connected scenarios for ATP1, but
different in ATP3 (Fig. 7A, B). In ATPI, freshet flows lead
to elevated SWHA in the Lower Tidal River, but with a
slight dip at peak freshet for all connected scenarios. For
the Upper Tidal River, all ATP1 scenarios lose SWHA dur-
ing the freshet season due to very high water levels, though
the losses are larger for the naturalized and adjusted flow
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scenarios. In ATP3, the situation changes, and the con-
nected + observed-flow scenario behaves much like the iso-
lated scenarios (Lower Tidal River Reach), or in a unique
manner (Middle Tidal River Reach) during ATP3 (Fig. 7).
SWHA increases during the freshet, rather than decreasing,
in the Lower Tidal River Reach.

Cumulative Impact on Habitat since 1928-1946

We evaluated SWHA for representative high, average, and
low flows for historical and modern conditions; the flows
were based on inspection of flow records at Bonneville
Dam. The net change in aggregate total SWHA for each
reach between historical and modern conditions for the
chosen events is typically a loss (Table 6), with minor
exceptions during low and average flows in the Cascade

Table6 SWHA for ATP1, ATP2, and ATP3 for representative low, average, and high flow events. Units are 10° ha

Period Flow Energy Minimum Upper Estuary Lower Tidal Middle Tidal Upper Tidal Cascade Total
ATP1 Low 11 10.2 5.6 9.3 0.8 0.0 28.7
Average 4.8 10.7 3.8 4.3 1.1 0.1 24.7
High 37 8.1 4.1 3.1 0.3 0.1 194
ATP2 Low 3.0 33 1.2 4.0 1.2 0.0 12.8
Average 4.7 6.4 2.7 3.7 1.1 0.1 18.8
High 2.6 43 2.6 35 0.6 0.1 13.8
ATP3 Low 22 3.6 1.0 1.9 1.1 0.0 9.9
Average 2.6 32 1.0 1.6 0.7 0.1 9.2
High 2.6 34 2.1 53 0.6 0.1 14.1
ATP3-ATP1 Low -0.6 -6.6 -4.6 -74 0.4 0.0 —18.8
Average -2.2 =175 -2.7 -2.8 -04 0.0 —155
High -1.1 -438 -19 22 0.3 -0.1 -54
ATP3-ATP2 Low -09 0.3 -0.2 =21 0.0 0.0 -29
Average -2.1 -32 -1.7 -2.1 -04 0.0 -9.6
High 0.0 -0.9 -0.5 1.7 0.1 0.0 0.3
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Fig.8 Total loss of SWHA by reach, including the effects of levees, and changes in flow and tides

Reach, and under high-flow conditions in the Middle Tidal
and Upper Tidal Reaches. Essentially, during ATP1, the
Cascade, Middle Tidal, and Upper Tidal Reaches are in
a state represented by a high-flow condition (Fig. 1A)
while in the modern period (ATP3), the middle and upper
reaches have shifted to the moderate-flow condition due to
changes in river flow through the system (Fig. 1B).

Long-Term Changes in SWHA by Reach

The largest decrease in SWHA occurred in the Upper Estuary—
almost three times as much as the Middle Tidal River, the
reach with the next largest decrease (Fig. 8). We show below
that the levee system plays the dominant role in SWHA loss
in the system, except within the Cascade and Upper Tidal
River reaches.

For the purpose of conveying the effects of flow changes,
model choice, and connectivity, we combined the six reaches
into three super-reaches—the Energy Minimum and the
Upper Estuary (EM + UE) (1st row, Fig. 9), the Lower and
Middle Tidal Rivers (LT +MT) (second row, Fig. 9) and
the Upper Tidal River and Cascade (UT + C; third row,
Fig. 9). The largest change in SWHA occurs in the middle

super-reach (LT + MT), and is shown by large positive
increases (blue coloring) in winter (Nov—March) after 1980,
and large decreases (red coloring) during the spring freshet
(shaded region). There are small but still significant differ-
ences between the two model periods (first and second col-
umns) for all three super-reaches. Overall, there is relatively
little change for the UT + C (Fig. 9C, F), although there is a
general shift toward more SWHA during the freshet season,
regardless of scenario. The increased SWHA for the UT +C
is smaller in the presence of levees (Fig. 9I); levees limit
SWHA to the lowest elevations, and are frequently covered
to more than 2 m in this reach.

Changes in SWHA in the LT +MT are opposite in season-
ality to the UT +C. In the modeled absence of levees, there
are large net losses in SWHA between ATP1 and ATP3 and a
sharp redistribution of SWHA away from the freshet season
toward winter and early spring (Fig. 9B, E). This occurs largely
due to the flattening of the flow hydrographs in the system
from changes in snowmelt and upstream flow regulation. Flow
management causes much smaller changes in the presence of
levees (Fig. 9H), essentially because the remaining habitat is
low and frequently flooded. Similar to the UT +C, SWHA in
the EM + UE (first row, Fig. 9) shifts toward freshet season as
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Fig.9 A 3D perspective of monthly change in SWHA 1928-2004 by
decade, using year-day scale data. SWHA change (z-axis) was calcu-
lated by differencing SWHA with observed flows from SWHA with
naturalized flows using connected topography and MTPI1 for (A) the
Energy Minimum + Upper Estuary Reaches, (B) the Lower Tidal + Mid-
dle Tidal reaches, and (C) the Upper Tidal+ Cascade Reaches. SWHA
changes were also calculated using connected topography and natural-

flows are modified, though levees slightly increase the freshet
season loss (Fig. 9D vs. Fig. 9G).

A primary observation is that adding levees (Fig. 9G-I)
decreases the effects of flow changes (the FCRPS, irriga-
tion and climate change), primarily because there is much
less floodplain to inundate. Furthermore, flow management
causes, in the absence of levees, a large loss of SWHA in the
Lower and Middle Tidal River Reaches, but because levees
remove so much potential SWHA, flow-induced changes
to SWHA are much smaller in the modern leveed system.
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ized flows vs. observed flows, with MTP3 for (D) the Energy Mini-
mum and Upper Estuary reaches, (E) the Lower Tidal and Middle Tidal
reaches, and (F) the Upper Tidal and Cascade reaches. G-I were calcu-
lated as D-F, but with isolated topography. A positive value indicates
more SWHA with modified flows. Shading and lines are defined in
Fig. 6. The vertical axis depicts the change in SWHA as 10° ha

Attribution of Impacts on Habitat

Effectively, the attribution results indicate how levees, flow
changes, and changes in tides have altered SWHA (evalu-
ated using modern bathymetry), assuming zero subsidence.
The attribution strategy permits analysis of relative contri-
butions to changes in SWHA by the attribution factors in
both relative and absolute terms (Fig. 10). Relative changes
are percent changes between altered and unaltered condi-
tions for attribution scenarios (Fig. 10A). Absolute changes



Estuaries and Coasts
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(Fig. 10B) are summed over the season or year. Because the
freshet season is only 3 months long, absolute losses may
be smaller than for the non-freshet season, even if they are
larger in percentage terms. Relative changes (Fig. 10A) are
normalized by the total over the period, so that the effect of
season length is eliminated. Tables S4A-C provide a detailed
breakdown of attribution results by factor and season.

We first discuss attribution based on zero subsidence and
uncertainties therein, and then we compare results across
subsidence scenarios. Accounting for subsidence alters our
results in a systematic way. Considering these differences
as systematic uncertainties renders some, but not all, of our
estimates more uncertain than indicated by the sensitivity
analysis used in Fig. 10.

The levee system has produced the largest relative and
absolute impacts on changes in SWHA in the system, with
annual average losses of 24 X 10° ha/year in the Upper Estuary
Reach and 25 x 10° ha/year collectively between the Energy
Minimum, Lower Tidal, and Middle reaches, all reaches that

have been leveed extensively (Fig. 10). Levees have signifi-
cantly decreased SWHA in all reaches except the Cascade
and Upper Tidal River. In percentage terms, losses are rela-
tively uniform across seasons, though cumulative freshet sea-
son SWHA losses tend to be smaller than non-freshet losses,
because of the shorter duration of the freshet season.

Aside from levees, factors influencing SWHA differ
considerably between reaches, and often between seasons
(Fig. 10). The FCRPS, irrigation, and climate change all
influence water levels and SWHA by modifying the flow
cycle; climate change and irrigation both reduce total flow.
The FCRPS has a positive effect on SWHA during the
freshet season in the Upper Tidal River and Energy Mini-
mum, but a negative effect in the Upper Estuary, Lower and
Middle Tidal River, and Cascade reaches. Integrating over
all seasons and reaches, the net change due to the FCRPS
is essentially zero (0.021?%). However, losses during the
freshet season most critical to salmonids are extensive, with
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losses of up to 15% in the Lower Tidal River and 10% in the
Middle Tidal River.

Hydrological shifts caused by climate changes result in
generally small increases of SWHA in the more seaward
parts of the system but decreases of SWHA farther land-
ward. The net effect is an SWHA loss of 51;6%, which is a
symptom of decreased peak flows leading to large decreases
in SWHA in the river-dominated reaches. Irrigation has
minimal impact on SWHA integrated across all reaches and
seasons (0.4 + 1%) but causes minor decreases in SWHA in
several reaches during the freshet season. Finally, navigation
channel development (the FNC) also causes spatially mixed
results, with a net loss of about 41?% SWHA. The Middle
Tidal River stands out for having SWHA losses for all three
of the major factors (levees, climate change, and the FNC)
in all seasons, while the Lower Tidal River has losses due
to all three during freshet season (Fig. 10).

The net influence of the FNC (41(1)4%) is the result of
interacting factors that partially cancel one another: a long-
term reduction in the river surface slope caused by dredg-
ing and channelization is counteracted by spatially variable
increases in tidal range (see, e.g., Helaire et al. 2019; Talke
et al. 2020). Hence, HHW has increased much less than LLW
(Helaire et al. 2019; Jay et al. 2011). Also, the increased
conveyance capacity of the deeper modern channel moves
water more quickly out of the system during high-flow peri-
ods, counteracting the loss of storage due to levees (Helaire
et al. 2019). In the Upper Estuary, increased tides likely
explain increased SWHA (Helaire et al. 2019; Talke et al.
2020), counteracting decreases caused by the FNC farther
upstream (Fig. 10). For these reasons, net FNC effects are

limited, though in some reaches the nature of inundation may
have shifted to be more tidal than fluvial (Helaire et al. 2020).

The total change in SWHA for the entire system (the
sum of the six reaches) is an average annual decrease of
51 x 10° ha/year (55 + 5%). Uncertainty in absolute changes
in SWHA (Fig. 10B), particularly for attribution scenarios
that result in noticeable changes in SWHA (such as levees,
in general), fall well within the range of predicted values
of SWHA change. For attributions that result in small net
changes in SWHA, however, summing SWHA values of
opposite sign across reaches can result in an uncertainty
level that is high relative to the net change. We will see in
the next section, however, that uncertainty regarding sub-
sidence introduces systematic uncertainty larger than this
statistical uncertainty.

Effects of Subsidence

The above estimates assume zero subsidence of wetlands behind
levees. That is, the elevations used in connected scenarios for all
MTPs are derived from modern LiDAR data, though large parts
of the diked floodplain have likely subsided. We estimate the
sensitivity of our results to subsidence using altered-topography
scenarios, using ATP1 flow conditions, and the MTP1 model
(Table 5, Fig. 11). SWHA increases as the LiDAR-based
bathymetry is raised; the largest increase for historical SWHA
in ATP1 occurs by assuming that bathymetry was historically
2 m higher (effectively, this assumes that 2 m of subsidence
occurred between ATP1 and ATP3). In the Lower Tidal River,
for example, adding 2 m to bathymetry (the 2 m subsidence
scenario) results in a more than 125% increase in annual SWHA
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Fig. 11 Percent changes in SWHA in connected conditions, for sce-
narios of subsidence and infill that may have occurred inside leveed
areas (MTP1, ATP1). Corrections of 0.5 m of fill and 0.5 m, 1 m, and
2 m of subsidence are considered for each of the six system reaches.
A positive change in SWHA indicates that there is an increase in
SWHA between the modern DTM and the modern DTM subsid-
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ence scenario. See Table 5 for a summary of attribution strategies.
In symbolic form, the following expresses the relationship between
SWHA change, the modern DTM, and subsidence: Ay, =SWHA,
— SWHA 1+ subsidencer Where Ao is the change in SWHA and
SWHA 14 subsidence 15 the SWHA associated with the modern DTM
corrected for subsidence
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for isolated topography. More realistic subsidence scenarios
of 0.5 to 1 m subsidence result in freshet season and annual
changes that do not exceed 30% and 60%, respectively. Inter-
estingly, correcting for fill (assuming ATP1 topography was
lower) decreases SWHA in the Middle and Upper Tidal River
reaches, likely because water levels are >2 m during high flow
periods over a larger portion of each of these reaches. In contrast,
SWHA increases somewhat in the Energy Minimum Reach and
the Upper Estuary Reach, because lower topography is more
easily inundated, and the 2 m limit is rarely exceeded.

Overall, these results suggest that correcting for subsid-
ence increases estimated ATP1 SWHA, and that the changes
would be large in some areas. However, there is no objective
means to determine which subsidence or infill/uplift sce-
nario, or combination thereof, is most likely, so we assume
zero subsidence for the attribution analysis (Fig. 10).

Model Sensitivity

We next evaluate the significance of our results with regards
to systematic and random errors. Model sensitivity was evalu-
ated against flows, irrigation withdrawals, coastal upwelling,
and tides (as great diurnal range or GDR), in addition to the
above sensitivity analyses of subsidence/infill. Flows, CUI,
and GDR were varied by + 10% and irrigation withdrawals
were varied by +50%; all were applied to total change in
SWHA (ATP3-ATP1). These are relatively large fluctuations
in the parameters relative to expected error. It is unlikely that,
averaged over any extended period, the major forcing vari-
ables (flows and GDR) deviate from the reported measured
values by + 10%, and these are magnitudes more representa-
tive of random deviations. Irrigation withdrawal is, in con-
trast, poorly known, and substantial systematic errors are pos-
sible. Overall, the calculation is intentionally conservative.
Model sensitivity is larger for upstream reaches than
downstream reaches, particularly for flow-based variation
(Table 7). Variation in coastal upwelling produces small
changes in SWHA compared to either flow or GDR. Varia-
tion in GDR produces relatively larger variations in SWHA
in the upstream reaches. The larger variation in SWHA
farther upstream can be attributed to a generally stronger
response (per unit change in forcing) in water levels in the
Tidal River and Cascade for both flows and tides. Uncer-
tainty in coastal upwelling and processes has a relatively
small impact on SWHA because this study focuses on river
reaches upstream of salinity intrusion so coastal influences
other than tides are generally small. Note that the sign of
the SWHA response to a positive change to GDR and flow
varies with reach. Whether an increase in flow or tidal range
increases SWHA depends critically on the bathymetry and
hypsometry of the reach, because increasing inundation
can either increase or decrease SWHA (see Fig. 1). If the

Table 7 Relative change in SWHA due to a+ 10% perturbation in the
predictor variable

Reach Predictor variable  Effect on estimated change

in mean annual SWHA [%]

Energy Minimum  Flow +1.5/-1.8
CUI —-0.0/-0.0
GDR -0.8/-23
Irrigation -3.3/+25
Upper Estuary Flow -0.1/-0.2
CUI —0.0/+0.0
GDR +1.0/-4.8
Irrigation —-0.0/-0.3
Lower Tidal Flow +6.1/-6.7
CUI +0.2/-0.2
GDR +18.5/-24.2
Irrigation +1.8/-19
Middle Tidal Flow -3.8/+3.9
CUI +0.2/-0.3
GDR +19.1/-14.9
Irrigation +1.6/-1.6
Upper Tidal Flow +73.6/—86.0
CUI +0.5/-0.5
GDR +29.0/-25.8
Irrigation —-82/+4.38
Cascade Flow —26.5/+10.5
CUI -1.0/+0.9
GDR -2.8/+2.6
Irrigation —18.4/+18.5
Total Flow +0.9/-1.2
CUI +0.1/-0.1
GDR +7.3/-9.8
Irrigation +0.1/-0.4

floodplain cross-sectional topography varies linearly within
a reach from channel to shore, SWHA will remain con-
stant as a function of elevation. For many reaches, SWHA
remains approximately constant (relative to its average) for
many elevation bands, leading to only modest sensitivity to
FNC and FCRPS changes (Fig. 3). Because of differences in
response between reaches, the system sensitivity is less than
reach sensitivity. With the exception of varying GDR, the
net changes are close to or less than 1%, and GDR produces
variations of less than 10% for the entire system.

Another potential source of model uncertainty lies with
the attribution methodology used. Kukulka and Jay (2003b),
for example, assume that leveed areas are isolated when
water surface elevations fall below levee crest elevations,
but become SWHA at water levels above the levee crest
elevation. We assume that leveed areas are never SWHA,
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even when flooded. The effects of this methodological
choice vary throughout the system, but they are large. We
see an increase in the loss of SWHA of 112% (17 x 10 to
35x 10° ha/year) in the Upper Estuary Reach and a 247%
increase (9 x 10° ha/year of loss to 13 x 10° ha/year of gain)
in the gain of SWHA in the Middle Tidal Reach, respec-
tively, when FCRPS effects are evaluated with the levees in
place (Table S8 in the Supplement). This further emphasizes
the importance of the levee system on SWHA.

Hypsometric Uncertainty

We used the differences across the subsidence scenarios as
a measure of systematic hypsometric uncertainty in SWHA
loss (i.e., ATP1 minus ATP3 SWHA for connected condi-
tions). Five scenarios of assumed average change in the
elevation of presently leveed areas were evaluated: no fill/
subsidence (zero subsidence), 0.5 m fill, and 0.5 m, 1 m,
and 2 m subsidence (Table 8). Specifically, the 0.5 m sub-
sidence scenario assumes that leveed areas subsided 0.5 m
since 1928 due to leveeing. Accordingly, evaluating their
connected SWHA during ATP1 requires adding 0.5 m to
their elevation, as represented by modern LiDAR. Given
the LCRE subsidence values discussed above, we consider
that the 0, 0.5, and 1 m subsidence scenarios encompass a
realistic range; the two extreme scenarios (0.5 m fill and
2 m subsidence) are presented to allow understanding trends
with respect to hypsometric change. The zero-subsidence
scenario is the one that has been discussed previously.

We then evaluate the total uncertainty of our SWHA loss
estimates as follows. Each upper and lower bound is consid-
ered separately, and the larger of the values from the model
uncertainty analysis and subsidence scenarios is considered
to be controlling, with subsidence uncertainty controlling
the uncertainty sign. On this basis, our overall attribution
analysis estimates of SWHA loss are:

e Total: 55+ 5%; the model uncertainty and hypsometric
uncertainties are the same.

e Levees: 54i?4%; the upper limit is from the model
uncertainty, the lower from comparison of the 0 m and
1 m subsidence scenarios.

e FNC (navigation)s: 4ié4%; lower limit from the model
uncertainty analysis, the upper from comparison of the
0 m and 1 m subsidence scenarios.

e FCRPS (reservoir system): 0.021?%; as for the FNC.

e Climate-induced hydrologic change: 5+ ;6; as for the FNC.

e Irrigation depletion: 0.4 + 1%; the model and hypso-

metric uncertainties are similar.
The system-wide, annual average SWHA losses, and

uncertainties therein, do not explain all variability; sea-
sonal variability changes depending on scenario and
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Table 8 Annual average SWHA losses (ATP3-AT1) by factor and sea-
son for the five subsidence scenarios

Season Freshet Non-freshet Annual

0 m subsidence

Levees —54.40% —53.34% —53.55%
FNC -6.12% —3.59% —4.10%
FCRPS —-4.95% 1.19% —-0.02%
Irrigation 0.09% —-0.47% —-0.36%
Climate —-3.22% —4.99% —4.64%
Sum of factors® —68.60% -61.20% —-62.67%
Total change® —62.86% —-52.87% —54.88%
Infill 0.5 m (DTM —0.5 m)

Levees —52.60% —54.56% —54.18%
FNC -4.39% -10.11% -9.00%
FCRPS —0.40% 1.44% 1.10%
Irrigation 1.63% -0.27% 0.08%
Climate -0.13% —10.60% —8.68%
Sum of factors —55.89% -74.10% —70.68%
Total change —63.68% -61.45% -61.88%
Subsidence 0.5 m (DTM +0.5 m)

Levees -52.87% —-4797% —49.03%
FNC -10.29% -16.31% -15.01%
FCRPS —10.59% 1.07% -1.38%
Irrigation -1.77% -0.79% —1.00%
Climate -8.75% -19.79% —-17.45%
Sum of factors —84.27% —83.79% —83.87%
Total change - 63.89% —55.86% —57.60%
Subsidence 1 m (DTM + 1 m)

Levees —-47.31% -37.20% —39.52%
FNC —14.79% -18.71% -17.82%
FCRPS —15.62% 0.99% -2.72%
Irrigation -3.47% —1.00% -1.56%
Climate - 14.51% -23.02% -21.08%
Sum of factors -95.70% —78.94% —82.70%
Total change —59.63% —46.72% —49.68%
Subsidence 2 m (DTM +2 m)

Levees -30.59% —15.84% —-19.27%
FNC —-20.23% —-21.42% —-21.14%
FCRPS -17.33% 1.15% -3.05%
Irrigation —4.70% —-1.05% -191%
Climate -20.40% -25.13% —24.02%
Sum of factors -93.25% —-62.29% -69.39%
Total change —46.82% —28.60% —32.84%

#The sum of factors represents the sum of the levee, FNC, FCRPS,
irrigation, and climate attribution factors

The total change represents the difference between the base condition
and the Modern system with observed flows and isolated topography

factor (Table S6). Freshet season SWHA loss ranges nar-
rowly from 60 to 63% over the subsidence scenarios, but
FCRPS total losses range from~5 to 16%, and FNC and
climate total losses also reach ~ 15% in the 1 m subsidence
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scenario. Spatially, the zero-subsidence scenario suggests
SWHA loss of 59-76% in the Upper Estuary and lower
Tidal River, depending on season; both reaches have large
amounts of SWHA. Energy Minimum seasonal losses
decrease from 41-44% (zero-subsidence) to 26-29% (1 m
subsidence) for the 1 m subsidence scenario.

It is useful also to understand how the impacts of vari-
ous attribution factors vary as hypsometry is changed
(Table 8). As subsidence increases, factors that have
reduced mean or peak spring flows (the FCRPS, irriga-
tion, and climate change) produce a greater impact dur-
ing the freshet season and annually. Reduced flows cause
lower water levels, so that less SWHA can be inundated
as assumed floodplain elevations rise. Non-freshet sea-
son impacts of these factors are mixed, because of the
transfer of flow into the winter season in recent decades.
Also, the FNC reduces along-channel mean water slope
in all seasons, and this factor seems to be more impor-
tant than increased tidal amplitudes; thus, the FNC is
more impactful in all seasons as subsidence correction
increases. On the other hand, increasing the subsidence
correction reduces the estimated leveeing impacts in all
seasons, because the inundated area itself becomes smaller
as assumed historical floodplain elevation is raised, and
the floodplain cannot be inundated regardless of levees.

Finally, Table 8 shows that the sum of the individual
factors is larger, on an annual average basis, than the total
loss, because factors overlap and interact. This difference
increases from about 8 to 33% as the subsidence correction
increases from O to 1 m. For the zero-subsidence scenario
on which our analysis is primarily based, the sum of fac-
tors is 63%, compared to the total loss of 55%; we regard
this as support of the single-factor analysis approach
employed in this study.

Discussion and Conclusions

Changes in the processes and configuration of the LCRE
greatly reduced SWHA in the system 1928-2004. The larg-
est contributing factor to both the absolute and the relative
percent changes is the presence of levees that isolate the
floodplain from the Columbia River (Fig. 10). By reducing
available area for shallow-water inundation, levees decrease
the relative impact of the hydropower system on SWHA.
In the Upper Estuary and the Lower Tidal River, SWHA
has decreased by over 50% for all times of the year for the
zero-subsidence scenario (freshet, non-freshet, and annual—
Fig. 10). Seasonality is important to habitat function and,
with few small exceptions, all attribution factors (levees,
land subsidence and infill, the hydropower system (FCRPS),
the navigation channel (FNC), irrigation withdrawals, and
climate change) have contributed to decreases in freshet

season SWHA. Important exceptions are the FCRPS in the
Energy Minimum and Upper Tidal River, the FNC in the
Upper Estuary, and the FNC and Irrigation in the Upper
Tidal River (Fig. 10). These freshet season losses are par-
ticularly important, because this is the season when SWHA
use by juvenile salmonids is greatest.

Both the absolute and relative contributions of attribution
factors to loss of SWHA in the system have implications for
future management and restoration decisions. The dominant
influence of the levee system on SWHA loss provides a basis
for prioritizing reconnection of floodplains via levee breach-
ing, and Columbia Estuary Ecosystem Restoration Program
(CEERP) has in fact prioritized this method 2004—present
(Littles et al. 2022). Although FCRPS impacts on SWHA are
smaller than those of levees, relative losses are measurable in
four of six reaches during the freshet season (Fig. 10A), when
climate change, irrigation diversion and hydropower manage-
ment work in concert to decrease flows. However, FCRPS
impacts are spatially variable, and levees have isolated most
higher floodplain elevations, leaving only un-leveed portions
of the floodplain near the thalweg. This means that any pro-
posed changes to the flow regime in a leveed system need to
be carefully analyzed. Conversely, restoration planning needs
to consider present and likely future inundation patterns. For
instance, past climate change effects on the hydrologic cycle
produce relatively large impacts on SWHA in the Middle
Tidal River (Fig. 10); future analyses of restoration impacts
on SWHA in the Middle Tidal River should therefore con-
sider alterations to the hydrologic cycle from future climate
change. In addition to the stressors considered here, other
recent work suggests that co-seismic subsidence caused by a
magnitude 9 + Cascadia Subduction Zone earthquake would
alter or eliminate nearly all wetland habitats in the lower estu-
ary, until the system readjusted (Brand et al. 2023).

The largest absolute decreases in SWHA attributable to
levees occur in the Upper Estuary and Lower and Middle
Tidal Rivers, though substantial losses also occur in the
Energy Minimum. (Fig. 10B). The most noticeable increase
in SWHA caused by navigational development (the FNC)
is seen in the Upper Estuary, while climate change impacts
are strongest in the Lower and Middle Tidal River and Cas-
cade Reaches (Fig. 10). For all factors and periods, a com-
plex interplay between flows, tides, coastal processes, and
changing hypsometry determines SWHA in the system, a
fact dictated by the nonlinear nature of Eq. 1. Also, the 2 m
upper limit on SWHA and the non-monotonic nature of the
hypsometric curves (Fig. 3) sometimes affect the SWHA
response to flow in a counter-intuitive way, as increasing
water levels do not always translate into more SWHA.

For representative flow conditions—low, medium,
and high—patterns in the total loss of SWHA across
reaches highlight the importance of the unique physical
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characteristics of each reach (Table 6). The lower three
Reaches analyzed (the Energy Minimum through Lower
Tidal River) all see decreases of 20% or more in SWHA
for all flow conditions, whereas the more landward reaches
are more variable in their responses; for example, decreased
freshet flows have increased SWHA in the Middle and
Upper Tidal River during high flow conditions (Table 6).
With a general flattening of the flow hydrograph from the
earliest time period (ATP1, starting in 1928) to ATP3, mod-
ern high flows behave more like historical average flows;
this can increase or decrease SWHA, but net changes due to
the FCRPS are small compared to those caused by the levee
system and development of the floodplain through levee
construction and land conversion.

Accounting for subsidence and infill of leveed areas alters
estimated ATP1 SWHA for varying levels of land subsid-
ence (Fig. 11) and introduces systematic uncertainties into
results that are larger than statistical uncertainties for some
factors and seasons. Thus, correcting for 0.5-1 m of subsid-
ence since 1928 results in increased estimates of SWHA loss,
although the degree varies widely between reaches. While the
degree of subsidence in the system has not been ascertained,
the relationships between changing land surface elevation
and SWHA documented here may help provide guidelines
for target elevations in future floodplain habitat restoration.

Most of the estimated reduction in SWHA in the LCRE
is due to the levee system. Independent of the levee system
(Fig. 10), however, there is considerable spatial and tem-
poral variation of SWHA in the system (Fig. 9). For the
Upper Estuary and Lower and Middle Tidal River reaches
combined, SWHA availability has shifted away from the
freshet period in ATP3 (Fig. 10). This shift is due to altera-
tion of the flow regime, caused by the FCRPS (flood con-
trol and power generation), irrigation, and climate change.
The timing of seasonally reduced SWHA in these reaches
coincides with relatively high historical and contemporary
abundances of Chinook salmon fry in the LCRE—and in
the later months of the freshet, fingerlings (Bottom et al.
2005; Burke 2004; Dawley et al. 1985, 1986; Roegner
et al. 2016; Sather et al. 2016).

The sensitivity of upstream reaches to flow scenarios
occurs because water levels respond to river flow to a greater
degree farther from the Pacific, with correspondingly greater
variations in water level (Borde et al. 2020; Jay et al. 2015).
Changing hydrology (the FCRPS, irrigation, and climate
change) has caused generally small (and sometimes positive)
SWHA changes between ATP1 and ATP3 in the estuary
reaches analyzed (Table S6; see also Table S7). These are
related to both an altered annual hydrograph and a decrease
in flow variance. Another factor not considered here is the
impact of altered tidal monthly variations in water level that
result from the interactions of changing tides and altered
hydrology. Finally, we are unable to estimate the effects of
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changes in the flow regime on hypsometry due to altered
sedimentation patterns including reduced sediment supply
(Naik and Jay 2011b) and ensuing hypsometric effects (e.g.,
Templeton and Jay 2013; Jay and Simenstad 1996).

Key takeaways from the present study include the
following:

e SWHA in the LCRE has decreased by 55 +5%, or
51 x 10° ha/year. The primary factor driving this decrease
on an annual basis is isolation of the floodOplain by
leveeing and development (541? 4%). In aggregate, the
FNC reduces SWHA by 4+ é“%, climate change by 5 J_réé%,
and irrigation withdrawal by 0.4 + 1%. Uncertainty limits
on these estimates consider both model-parameter and
hypsometric sensitivity.

e The hydropower system (FCRPS) has only a small net
effect on annual average SWHA (0.02if%) for the system
as a whole. However, its effects are spatially and tempo-
rally variable, and as levees are breached for restoration,
the relative importance of FCRPS impacts will increase.

e In the modern system with extensive levees, floodplain
areas that remain are low and therefore subject to inun-
dation>2.0 m by very high flows, exceeding criteria for
SWHA. Present, reduced freshet flows accordingly produce
some gains in habitat in the leveed system in some reaches.

e  When high abundances of Chinook salmon fry and finger-
lings are in the LCRE during the freshet season, SWHA
in reaches from the Energy Minimum to the Middle Tidal
River (rkm21-196) has greatly decreased. These reaches
have been the focus of much floodplain wetland restora-
tion by CEERP, so changes and potential improvements
in SWHA warrant further analysis.

¢ Floodplain isolation by levees reduces SWHA throughout
the system and in all seasons, whereas the other attribu-
tion factors have spatially and seasonally variable effects.
Seasonal variation for the FNC and climate change are
more pronounced than other attributes for the Upper
Estuary and the Lower Tidal and Middle Tidal River.

e Failure to account for subsidence, i.e., using modern
floodplain elevations as an estimate of historical eleva-
tions, increases estimated historical SWHA, and the mag-
nitude of over-estimation increases with subsidence.

e Alteration of the flow cycle from the 1930s to the 1970s
was the primary reason for the shift of SWHA from
freshet season to the rest of the year, but this shift also
reflects warmer winters, earlier snowpack melt, and lev-
ees reduce freshet season SWHA.

e SWHA is a measure of habitat area, not quality, and this
study did not measure whether the lower elevation spring
SWHA now available has the same quality as the higher
elevation SWHA historically available, when spring
flows were much higher and dikes absent.
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The results of this study diverge considerably from those
of KJ2003a,b, in that the FCRPS is found here to be a rather
small factor in SWHA reduction on an annual average basis,
whereas it was a much larger factor in KJ2003a,b. This altered
conclusion is mostly caused by a change in the definition of
SWHA. KJ2003a,b included leveed areas in the calculation
of FCRPS effects, whenever water levels exceeded levee crest
elevations. Here, we only attribute FCRPS effects to regions
with currently viable habitat, and attribute loss behind lev-
ees to the construction of this infrastructure. The assumed
hypsometry constitutes another major difference between the
two studies. The topography used by KJ2003a,b represented
a system with a lesser degree of subsidence, was much less
detailed, and had higher uncertainty levels reflecting stand-
ards at that time. Without recreating their analysis, we are
unable to quantify the differences in results due to hypsom-
etry, but our analysis of subsidence scenarios suggests that
hypsometric uncertainty strongly impacts estimates of SWHA
loss. Finally, KJ2003a,b studied only a reach within the Upper
Estuary, a reach for which our results also show freshet season
losses of SWHA due to FCRPS operation.

Other methodological factors also constrain or influence
our conclusions. A primary factor is the definitional require-
ment per Bottom et al. (2005) that the water level of SWHA
not exceed 2 m; different depth limits may change results.
While the supply of spatially and temporally comprehensive
water level datasets in the system is a limitation, this is true
of any statistical or numerical approach used in a study on a
centennial basis and spanning hundreds of kilometers. The
primary advantage of the statistical approach used in this
study over a numerical approach is that it can be applied
over very large areas and time periods with minimal com-
putational expense. This enables multiple scenarios and an
assessment of uncertainty that would be difficult to carry
out in a numerical model. Finally, the attribution approach
considers the five major attribution factors individually;
however, FCRPS effects are evaluated with both isolated
and connected topography, to understand the interactions of
the diking and the FCRPS. The remaining attribution fac-
tors are also not completely independent; for example, some
FCRPS dams were constructed as irrigation projects, with
hydropower and flood control as secondary objectives.

The methodology used here should be broadly appli-
cable to evaluation of long-term changes in systems used
by migrating salmonids; i.e., along the West Coast of
North America and beyond (Bidlack et al. 2021; Bond
et al. 2018; Buijse et al. 2002; Opperman et al. 2010).
Countless anthropogenically altered systems have been
marked by secular shifts in floodplain connectivity, river
hydrographs, tides, and river slope. Examples include the
Hudson River (Ralston et al. 2019) and Saint Johns River
(Talke et al. 2021). Although hypsometric effects and
hydrodynamic change are individual to each system, our

method is potentially useful elsewhere where historical
water level datasets are available or recoverable for use in
mapping changes in SWHA.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12237-023-01229-3.
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