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ARTICLE INFO ABSTRACT
Editor: Sergi Sabater The importance of interactions among stream hydrology, morphology, and biology is well recognized in studies of
stream ecosystems. However, when quantifying the impacts of altered flow on aquatic habitat, results are often
Keywords: based either on combined changes in topography and flow, or with altered flow over static topography. Here, we

Sediment transport

Regulated and unregulated flows
Riverine habitat

Salmonids

study the potential beneficial effects of restoring unregulated flows on salmonid habitat and separate the relative in-
fluences of changes in flow vs. topography. We hypothesize that flow restoration will increase topographic complexity
and that the coevolution of topography with altered streamflow will produce stronger changes in habitat than
predicted for static topography. We address this hypothesis by quantifying spawning and juvenile rearing habitat
distributions for Chinook salmon (Oncorhynchus tshawytscha) from a set of quasi-three-dimensional hydromorphodynamic
models for two morphologically distinct reaches along the Lemhi River, Idaho (USA): an engineered, straightened, plane-
bed reach, and a less-altered, meandering, pool-riffle reach. Sediment transport was modeled with hydrographs predicted
for actual interannual variability of flow and for a synthetic annual flow representing the ensemble actual hydrographs for
60 years of regulated and unregulated flows. The actual and synthetic hydrographs predicted from the model produced
similar morphologic results, which implies that interannual flow variation and hydrograph order did not have a strong
effect on the modeled topography. Unregulated hydrographs enhanced the geometry and frequency of pools in the
meandering reach compared to regulated flows. These morphological changes did not increase habitat quality predicted
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from suitability indices, but the large growth of pools likely improved winter refugia for juvenile salmon. In the straight
reach, both regulated and unregulated scenarios resulted in a plane-bed morphology, suggesting that flow restoration
in highly altered reaches is not sufficient to improve ecological function.

1. Introduction

Human alterations of rivers have led to worldwide concern over degra-
dation of aquatic ecosystems and the need for stream habitat enhancement
(Geist and Hawkins, 2016). To aid in restoration design and site selection,
quantifying aquatic habitat and the processes of habitat loss are critical to
identifying potential impacts of restoration (Beechie et al., 2008; Roni
et al., 2008). The natural flow regime, which represents the quantity,
timing, and variability of flow, is a primary driver for physical habitat
and ecological integrity in river ecosystems (Poff et al., 1997; Richter
et al., 2003) and interruptions to functional flows can reduce physical and
biological diversity (Hayes et al., 2018; Wohl, 2012). Flow regulation has
been linked to an overall reduction in geomorphic complexity, decreases
in channel area, and losses in river longitudinal and lateral connectivity
(Brandt, 2000; Graf, 2006; Williams and Wolman, 1984). Reductions in
flow have also decreased the number and area of high bars, increased chan-
nel stability and river straightening, and reduced competent flows for sed-
iment transport (Church, 1995; Grant et al., 2003; Ligon et al., 1995). All
of these geomorphic effects, coupled with reduced flows, have generated
a decrease in fish abundance and habitat in human-altered rivers (Bunn
and Arthington, 2002; Garcia et al., 2011; Poff and Zimmerman, 2010).
Therefore, in rivers with modified hydrographs, it is important to consider
how channel morphology may adjust as the flow regime changes (Yarnell
et al., 2015) because physical habitat, specifically depth, velocity, and
bedforms, results from the interaction between hydrologic regimes, chan-
nel morphology, and hydraulics (Brierley and Fryirs, 2000; Pasternack
and Brown, 2013).

Although the importance of river morphology to physical habitat, and
specifically to salmon habitat, is known (Cram et al., 2017; Geist and
Dauble, 1998; Hanrahan, 2007; Montgomery et al., 1999), habitat is often
modeled in terms of altered flow over static topography (e.g., Bovee
et al., 1998) or based on combined changes in topography and flow
(e.g., Garcia et al., 2011). As topographic data and morphodynamic model-
ing become more accessible, some studies have considered dynamic topog-
raphy. Using repeat topographic surveys, Wheaton et al. (2009) monitored
a restoration project after a spring flood event and found that areas of scour
were associated with reduction in salmon spawning habitat and areas of de-
position led to improved spawning habitat. Another study used a coupled
hydraulic and sediment transport model to identify the unregulated flow
conditions needed to scour fines and expose coarse spawning substrate
for white sturgeon (McDonald et al., 2010). Despite these advances, results
tend to focus on short-term changes (1-10 years), warranting additional
studies that consider the long-term morphodynamics of a system and its in-
fluence on habitat (Kail et al., 2015), as well as separating the impacts of al-
tered flow regime from morphological changes on habitat under future
flow scenarios.

To study the effects of flow changes on topography, the hydrology in nu-
merical modeling and laboratory flume studies has been characterized by
either actual hydrographs depicting the full variability of a system or with
representative repeated hydrographs to simplify calculations and to better
constrain the impacts of specific hydrograph characteristics. Flume experi-
ments have shown that increases in discharge variability, represented by
multiple high flow hydrographs, increase channel width (Vargas-Luna
etal., 2019), whereas variation in the order of hydrographs affects bedform
morphology (Nelson et al., 2011). Duration and frequency of individual
hydrographs can affect channel slope and topographic variability (Plumb
et al., 2020), but conversely the shape and duration of repeated
hydrographs may have little effect on channel characteristics such as
slope and sediment transport rates (Nelson and Morgan, 2018; Wong and
Parker, 2006). The effects of hydrograph characteristics vary in the

literature and there is limited research directly comparing the morphologic
impact of variable vs. cycled simplified hydrographs (Huthoff et al., 2010).
Thus, work is needed to quantify differences between actual and synthetic
hydrograph inputs on modeled geomorphic response and consequent
aquatic habitat.

Altering flows in rivers also may have different effects depending on the
existing morphology, which mediates the effectiveness of flow restoration
strategies (Meitzen et al., 2013), highlighting the fact that the current mor-
phologic condition of rivers must be considered when studying the poten-
tial effects of deregulated flows. For example, aquatic habitat in river
reaches with more physical diversity, such as those with pools and riffles,
is generally more resilient to changes in flow than habitat in plane-bed riv-
ers (Hauer et al., 2012). Similarly, restoration of natural flow regimes may
not be successful in cases where humans have confined channels through
levees and other structures that alter the range of fluvial processes and
channel morphologies compared to historic conditions (Wohl et al., 2015;
Yarnell et al., 2015). Consequently, when assessing the potential effects of
changing flow regimes, it is necessary to consider the range of existing mor-
phologic conditions and how they may mediate the potential resulting to-
pography because the interaction between morphology and flow regime
impacts the temporal and spatial variability of local hydraulics with impor-
tant ecological implications (Gostner et al., 2013, 2017, 2021).

In this study, to address the potential changes in physical habitat from
alterations in both flow and morphology, we developed a set of morphody-
namic models for two morphologically distinct reaches: (1) a straight,
highly-altered reach and (2) a meandering, more-natural reach on the
Lembhi River (central Idaho, USA). The Lemhi River is an ideal study area
because flows have been regulated for decades by irrigation diversion
throughout the system and the river supports anadromous fish species
listed under the U.S. Endangered Species Act (NMFS, 2019). Our goal was
to model the morphodynamic effects of regulated vs. unregulated flows
on salmonid habitat and to separately understand the effects of altered hy-
draulics and morphology. We hypothesized that the current regulated river-
bed morphology is subdued and that unregulated flows will increase
topographic complexity and, through this altered morphology, improve
the availability of suitable spawning habitat and juvenile overwintering
habitat. We also tested the hypothesis that interannual hydrologic variabil-
ity would affect the modeled morphodynamics; this was examined by com-
paring the results of predicted actual hydrographs (representing
interannual variability) to cycled synthetic hydrographs (no interannual
variability) for both regulated and unregulated flows. Improved under-
standing of geomorphic and hydraulic changes from flow deregulation,
and the impact of these changes on salmonid habitat, could be used to
help meet restoration goals through water management and dynamic chan-
nel response, as opposed to constructed habitat improvements, such as
placement of wood debris or channel realignment.

2. Methods
2.1. Study area

The Lembhi River is a 100 km-long gravel-bedded river draining a
3300 km? basin before flowing into the Salmon River in Idaho, USA
(Fig. 1). Like many streams in the western USA, it has a history of hydro-
logic regulation due to irrigation diversions that affect the magnitude and
timing of flows throughout the year, but primarily cause reduced spring
and summer flows. The entire river and its floodplain were mapped at
1 m resolution with the airborne topobathymetric LiDAR EAARL-B system
in October 2013 during low flow and clearwater conditions (Tonina et al.,
2019).



J. Duffin et al.

(b) —49°N

Idaho

I
117°W

Lembhi
River

Science of the Total Environment 878 (2023) 163016

- 42°N
111°W

Fig. 1. Map of the modeling extent for the (a) straight and (c) meandering reaches and their locations within (b) the Lemhi watershed in Idaho (USA).

We selected two morphologically distinct reaches to encompass the de-
gree of potential human alteration: an engineered straightened reach repre-
sentative of the highly altered sections of river, and a less-altered, more
natural and highly sinuous meandering reach (Fig. 1). The 350 m-long
straight reach is channelized and flows along the highway with an average
bankfull channel width of 14 m and a channel slope of 0.006 m/m. A sur-
face median grain size (Dso) of 46 mm was measured in the reach during
low flow in 2020 with (Wolman, 1954) pebble count, which was represen-
tative of the entire active area. The 650 m-long meandering reach, located
~20 km upstream of the straight reach, flows through a narrowed flood-
plain area confined by agricultural fields. This reach had a sinuosity of
2.8, average bankfull width of 15 m, and channel slope of 0.003 m/m.
Due to limited access, a grain-size distribution was not available for this
reach; instead, we used a Dsqy of 36 mm, which was measured with a
Wolman pebble count in 2020 in a naturally meandering reach with a sim-
ilar bankfull width, depth, and slope and was located 10 km downstream of
our reach with no tributaries between the two reaches. We collected grains
from subaerial and subaqueous topography, including bars, riffles, and
pools during low flow when most of the channel was wadable.

2.2. Hydraulic modeling

We developed two reach-scale morphodynamic models using the Flow
and Sediment Transport with Morphological Evolution of Channels
(FaSTMECH) software developed by the U.S. Geological Survey and hosted
by the International River Interface Cooperative (Nelson et al., 2016;
Nelson et al., 2003). FaSTMECH is a quasi-steady, quasi-3D solver, that sim-
ulates sediment transport and channel bed evolution and efficiently handles
long time scales. We input the 1 m resolution LiDAR point elevations into
FaSTMECH and used template mapping, a curvilinear inverse distance in-
terpolator, to interpolate the stream and floodplain topography. We se-
lected model grid sizes for each reach based on preliminary testing for a
resolution that created the most stable model. We used a 1 m by 0.4 m
(downstream by cross-stream direction) and a 1.5 m by 1 m-averaged cell
size for the curvilinear grid for the straight and meandering reaches, respec-
tively. To create a stable downstream boundary in each model, we used a
10 m grid extension and forced no recirculation at the boundary. The up-
stream and downstream boundary conditions were set by the flow dis-
charge and stage.

FaSTMECH requires characterization of the lateral eddy viscosity and a
roughness value quantified by a drag coefficient, which remains constant
for all discharges. The lateral eddy viscosity was quantified as 0.01uh,
where u and h are the reach-averaged flow velocity and water depth, re-
spectively (Tonina and Jorde, 2013). The drag coefficient was selected to
minimize the mean and standard deviation of the residuals between the

measured and predicted water-surface elevations and velocities. In the
straight reach, 15 measurements of depth and depth-averaged velocity
were collected with an ADV (acoustic Doppler velocimeter) along the chan-
nel centerline during low flow conditions (~2.3 m®/s). In the meandering
reach, field measurements were limited; therefore, the drag coefficient
was selected by comparing FaSSTMECH hydraulics with 30 depths and ve-
locities (at 1.5 m>/s) extracted along the reach centerline from a larger
whole-Lemhi River hydraulic model (Tonina et al., 2020). The whole-
river model was calibrated with widely spaced depth and velocity field
measurements, three of which were in our meandering reach and were
used to validate the selection of the drag coefficient. In the straight reach,
we selected a drag coefficient of 0.01, which resulted in a mean error of
0.01 m for the water-surface elevation and a standard deviation of
0.05 m. For velocity, the mean error was 0.13 m/s or 16 % of the mean rel-
ative error (mean of the residuals normalized by the measured velocity) and
a standard deviation of 0.22 m/s or 29 % of the relative error. In the
meandering reach, we selected a spatially constant drag coefficient of
0.015, which resulted in a water-surface mean error of —0.02 m and a stan-
dard deviation of 0.08 m, and a velocity mean error of 0.03 m/s or 10 % of
the relative error and a standard deviation of 0.10 m/s or 21 % of the rela-
tive error. These errors are similar to those reported in the literature for sim-
ilar river systems (Kammel et al., 2016; Tonina and Jorde, 2013).

2.3. Morphodynamic modeling

To simulate bedload transport, we selected the Yalin (1963) single-
grain-size equation based on Dsg, similar to Nelson et al., 2015b who
found that this equation produced similar bars compared to a mixed
grain-size model. This allowed faster and more reliable convergence of
the numerical solution than using a multi-size bedload transport equation.
For each model, we allowed the flow to develop fully before calculating
sediment transport by setting sediment transport to begin 60 m (about 4
bankfull channel widths) downstream of the upstream model boundary.
Due to a lack of bedload transport data for the reaches, we assumed that
the sediment input at the transect where sediment transport begins was
equal to the calculated transport rate at that location (e.g., Nelson et al.,
2015b). As the streambed evolved, the local flow depth changed, not only
as a function of discharge, but also from erosion and depositional processes.
These changes affect the numerical stability of the model if they occur too
suddenly. Thus, we ran the models with an initial time step of 8640 s (1/
10 of a day) that was adjusted with the automatic time stepping option to
limit change in water depth for each cell to 2 % of the previous time step.

After preliminary model runs, we found that the shear stresses on the
bed were likely overpredicted because they resulted in sediment transport
at low flows when no transport had been visually observed at the field
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sites and they created instabilities in the models at high flows. To reduce
the shear stress, we used shear stress partitioning to determine the stress
acting on the particles as opposed to that borne by topographic roughness
of the bed and banks (e.g., Yager et al., 2012). For a channel composed of
grain and bedform roughness, the ratio of the grain shear stress (t) to the
total shear stress (t,) can be determined from the following equation devel-
oped for dune-like bedforms (Bennett, 1995; Nelson et al., 1993; Smith and
McLean, 1977)

7/ 1

= 7 (l)
To . Cq A In 0.368A
22N 20

where Cjy is the bedform drag coefficient with a value of 0.2 for separated
flow, x is von Karman's constant with a value of 0.4, A is the height of the
bedform, A is the bedform wavelength, and z, is the gain-size roughness
height calculated as 0.2Dsq. No actual dune-like bedforms were present in
these reaches, but we found that a bedform height of 0.1 m and wavelength
of 0.8 m produced the minimum reduction in shear stress (~13 % reduction
in the straight reach and ~17 % in the meandering reach) needed for the
regulated flows (see next section) to maintain pools that were of similar
depths to those initially in the reaches which, in turn, improved model sta-
bility at high flows. The partitioning likely accounted for small-scale topo-
graphic variations in the bed that were smaller than those captured by
the LiDAR survey and discretized by the numerical mesh. The impact of
gravitational forces due to cross-stream topographic slope, e.g., bar and
pool slopes, on transverse bedload transport is parameterized in FaSTMECH
with a user-defined gravitational correction based on either a pseudo-stress
or a slope correction. We adopted the slope correction option and ran a set
of preliminary simulations with correction values ranging between 1.2 and
2 (Nelson et al., 2015a). Results showed that increasing the slope correction
value produced more subdued topographical features, e.g., less deep pools
and lower bars (Nelson et al., 2015a). We selected a constant value of 1.4
because it correctly simulated bed topography, i.e., pool sizes and pool
slopes, observed in the field for regulated flow conditions.

2.4. Hydrology

We represented the hydrology with regulated and unregulated flow sce-
narios from a basin-wide hydrologic model, the Lemhi River Basin Model
(LRBM), which was developed to evaluate diversion operations and tribu-
tary reconnections in the Lemhi River basin. The LRBM simulates daily
water allocation and in-stream discharge in the system from October 1,
2007, to September 30, 2017, by accounting for: catchment inflows;
routing of water within the stream network; and diversion operation, con-
sumption, and return flows from irrigation. The LRBM was built using the
DHI MIKE BASIN software (DHI, 2003, 2006) and included lumped
rainfall-runoff models (Nedbgr-Afrstremnings) to predict inflow to the sys-
tem, and a water allocation model to route water in the stream network and
account for agricultural water use. The stream network in the LRBM was
determined from the national hydrography dataset, with delineation of
catchments based on a 30 m digital elevation model (DEM) (DHI, 2006).
The agricultural irrigation network, represented by 322 water user nodes,
was constructed from known points of diversion, places of use, aerial pho-
tography, and consultation from local water authorities and stakeholders.
Historic diversion records or full water rights were used for water demand,
and consumptive rates were determined by crop coefficients and reference
evapotranspiration records reported by ETIdaho (Allen and Robison,
2017). The unregulated flow regime was reconstructed from the regulated
flow regime and historical water use information. Further details of the
LRBM can be found elsewhere (DHI, 2006).

We ran each reach-scale morphodynamic model for 60 years to ensure
that the models had enough time to reach dynamic equilibrium (defined
as volumes of aggradation and degradation varying around a quasi-steady
mean) and to model the long-term effects of the flow scenarios. To create
our 60-year hydrograph inputs for the morphodynamic models, we used a
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10-year LRBM simulation and repeated this sequence of flows six times
for the regulated and unregulated flow scenarios (Fig. 2). Hydrographs
were available for the straight reach, but not for the meandering reach. In-
stead, we used the hydrograph of the reference reach used to quantify the
Ds of our meandering reach. No tributaries that would affect the magni-
tude of the hydrographs existed between the two meandering reaches;
therefore, we used the available reference meandering reach hydrographs
as a proxy for our reach even though some differences may exist from diver-
sions. We define the hydrographs predicted from the LRBM as “actual”
hydrographs to differentiate them from a set of synthetic annual
hydrographs (see below). Comparison of duration curves for actual
hydrographs in the straight reach showed a 45 % mean increase in flow
for unregulated conditions compared to regulated flows. Unregulated
flow also increased the base flow (90 % exceedance probability) by
106 %, the median flow by 22 %, the high flow (10 % exceedance probabil-
ity) by 36 %, and flow variance by 30 % (Figs. S2a and b). In the meander-
ing reach, the actual unregulated flow regime increased the mean flow by
60 %, base flow by 87 %, median flow by 22 %, high flow by 38 %, and
flow variance by 24 %.

We ran each of our morphodynamic models with both actual
hydrographs and a cycled, synthetic, annual hydrograph for both regulated
and unregulated flows (Fig. 2). The topography resulting from the 60-year
simulation of regulated flows was used as a reference for comparison with
the other scenarios examined in the study. We also compared the results of
the 60-year simulation of regulated flows with current topography to en-
sure that the numerical model properly predicts the observed streambed to-
pography that has resulted from historic flow regulation. The actual
hydrographs were used to represent interannual natural variability of
flows, while the synthetic hydrographs represented the ensemble probabil-
ity of flows that occurred within the 10 years of LRBM simulations and were
repeated annually. We used these synthetic hydrographs to understand if
the variability and sequence of annual flows affected the resulting topogra-
phy. To create the synthetic annual hydrograph, we calculated the probabil-
ity of all 10 years of daily flows and then subsampled probabilities,
selecting a low flow at 97.5 % probability, then flows representing 5 % in-
crements of probability from 95 % to 10 % exceedance. High flows were
sampled with increasing frequency to accurately capture their occurrence
down to the smallest probability of 0.027 %, which represents 0.1 day or
the timestep of our model (for values see Supplementary Information).
The shape of the synthetic hydrograph was based on a time-averaged
(over 10 years) hydrograph for each of the actual regulated and unregu-
lated scenarios. We shifted each of the 10 actual hydrographs in the series
such that each annual peak flow occurred on the same day of the water
year and then calculated the average daily flow over the 10 years. We
used the shape of the averaged hydrograph for each scenario to create the
synthetic hydrographs by arranging the subsampled flows into the same
order of flows as the average hydrograph (see Supplementary Information).
For each reach, a synthetic annual hydrograph was created for regulated
and unregulated conditions and each synthetic hydrograph was repeated
60 times to create the full synthetic hydrograph time series.

2.5. Topographic analysis

For each reach, the models were run for 60 years of regulated and un-
regulated scenarios with both the actual and synthetic hydrographs for a
total of four scenarios per reach. For each model scenario, we saved the
stream topography at the end of each year and calculated the difference be-
tween each successive year's topographies to calculate the annual reach vol-
umes of aggradation and degradation. We compared the final topography
after 60 years among the scenarios by calculating the DEM of difference
(DOD). To visualize all of the topographic data, we detrended the bed ele-
vations by removing the reach slope from the topography and vertically
translated the data by 100 m to create only positive detrended elevations.

We also extracted thalweg profiles through the final, 60-year topogra-
phy of each model scenario. From these thalwegs, we identified pools by
their residual depths, calculated as the difference between the deepest
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Fig. 2. Hydrograph scenarios used for the morphodynamic models. Hydrographs for the straight reach: (a) 10 years of actual regulated and unregulated hydrographs
predicted from the LRBM (repeated six times for the model), and (b) the synthetic hydrograph for the regulated and unregulated water year (repeated 60 times for the
model). Hydrographs for the meandering reach: (c) 10 years of actual regulated and unregulated hydrographs predicted from the LRBM (repeated six times for the
model), and (d) the synthetic hydrograph for the regulated and unregulated water year (repeated 60 times for the model).

point in the pool and the downstream high point at the pool tail; features
with residual depths larger than the threshold value of 0.4 of the
reach-averaged bankfull depth (defined from the 1.5-year flow of a given
scenario) were identified as pools (as defined in Duffin et al., 2021). A com-
plimentary approach was used to identify bars from extracted longitudinal
profiles of the highest point within each grid cross section after deleting
points within a meter of the channel edge to reduce the effects of steep
banks on residual bar heights. The highest point on each bar was compared
to the downstream low point of the profile, with bars identified if they were
larger than 0.4 of the reach-averaged bankfull depth.

2.6. Habitat analysis

In each reach, for both regulated and unregulated conditions, we quan-
tified median flows in the fall (August and September) for both adult
spawning and juvenile rearing of Chinook salmon (Oncorhynchus
tshawytscha), as well winter flows (December and January) for juvenile
rearing (Table 1). Using the hydraulic models for each reach, depths and ve-
locities for each of these discharges were modeled on the final topographies
developed from regulated and unregulated flows respectively. The fully
regulated conditions represented the regulated fall or winter flows
(Table 1) modeled on the final topography produced by regulated flows.
Likewise, the fully unregulated conditions were the unregulated flows
modeled on the final topography from unregulated conditions. To assess
the relative impact of flow versus topography on habitat, the hydraulics
for regulated flows were also modeled on the static, final, 60-year

topography from unregulated flows and the hydraulics for unregulated
flows were also modeled on the static, final, 60-year topography from reg-
ulated conditions. The habitat was assessed on the final topography pro-
duced from the actual hydrographs (further explained in the Results). For
each reach and discharge, habitat quality was calculated for each model
cell, CSI (cell suitability index), using suitability index curves for Chinook
salmon that were empirically developed for the Upper Salmon basin
(Maret et al., 2005) (see Appendix B for curves).

For each habitat discharge (Table 1), the suitability index of the ith cell
within the model was quantified from the geometric mean of flow depth, d,
and velocity, v; CSI; = ¥/d;v;. We then grouped the CSI values into catego-
ries: 0 to 0.2 — no habitat, 0.2 to 0.4 — low quality, 0.4 to 0.6 — moderate
quality, 0.6 to 0.8 — high quality, and 0.8 to 1 — excellent quality habitat.
For each reach and scenario, we calculated the total available habitat in

Table 1
Habitat discharges based on median flows for each season for regulated and unreg-
ulated scenarios in each reach.

Reach Season Regulated discharge scenario Unregulated discharge
(m®/s) scenario (m®/s)

Straight Fall 3.5 7

Straight Winter 5.5 5.5

Meandering Fall 3.5 6

Meandering Winter 5 5
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terms of the weighted usable area (WUA) and hydraulic habitat suitability
(HHS)

n
WUA =) " A;CSI;, (2)
i=1
WUA
HHS = —— 3
E?:l Ai ( )

where A; is the area of each model cell. Note that CSI, WUA and HHS are all
functions of discharge.

Overwintering juvenile salmonids may have different habitat needs
from other seasons because low water temperatures and ice formation
may limit foraging behavior and growth (Brown et al., 2011; Huusko
et al., 2007). When water temperatures decline below 3-6 °C, fish shift be-
havior from rearing and foraging to conserving energy, resting, finding ve-
locity refugia, and hiding from predators and anchor ice. During this
period, their metabolism is quite slow, such that they may not fully digest
captured prey. Consequently, habitat suitability curves used to quantify ju-
venile habitat, which only consider foraging and rearing, do not fully ac-
count for juvenile winter habitat needs, such as access to low velocities
and deep water refugia (Favrot et al., 2018; Huusko et al., 2007). Therefore,
we also assessed winter juvenile habitat in terms of specific habitat features,
such as pool depths and volumes.

3. Results
3.1. Model validation: topographic change

All model scenarios for the straight and meandering reaches attained
dynamic equilibrium by the third decade for the unregulated flows, and

2000
i

1000
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within one decade for the regulated flows, shown by net zero sediment vol-
ume change each year or the balance between aggradation and degradation
(Fig. 3). After dynamic equilibrium was attained, only small topographic
changes occurred for regulated conditions. We repeated in-channel topo-
graphical surveys for the straight reach and for a meandering reach similar
to that studied here but with easy access between 2011 and 2013. Compar-
ison among years showed no in-channel elevation changes >10 cm. This
confirms that the lack of annual topographic change predicted for the reg-
ulated scenarios reasonably represents current river conditions, where the
Ds is rarely mobile, and the current channel morphology is mostly station-
ary due to a long history of flow regulation. No unregulated field sites were
available to test topographic results of the unregulated scenarios.

3.2. Sediment transport

The morphodynamic models only predicted substantial movement of
the D5, in more than just a few cells of the model, at the highest flows pres-
ent in each reach: flows above ~23 m®/s and 17 m®/s for the straight and
meandering reaches, respectively. These flows have recurrence probabili-
ties of 0.94 % and 0.10 % for unregulated and regulated conditions, respec-
tively, in the straight reach and 0.21 % and 0 % for the meandering reach.
Before the models reached dynamic equilibrium, there was sediment trans-
port at lower discharges, but after dynamic equilibrium was met only the
high flows resulted in substantial sediment transport. Cumulative curves
of annual aggradation and degradation increased smoothly for the syn-
thetic hydrographs and in a stepped manner for the actual hydrographs in
both reaches (Fig. 3). The latter resulted from the fact that sediment-
mobilizing flows occurred during three consecutive years each decade for
the actual hydrographs, whereas sediment-mobilizing flows occurred
every year (albeit for a shorter duration) for the synthetic hydrographs, pro-
ducing a relatively smooth increase in cumulative annual aggradation and
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degradation. In both reaches, unregulated flow produced substantially
more cumulative aggradation/degradation than regulated flows (Fig. 3),
but reach-specific differences in behavior were also predicted.

In the straight reach, the final aggradation and degradation volumes
were similar for the regulated flow scenarios (Fig. 3a). In contrast,
larger volumes of aggradation and degradation occurred for actual
flows than synthetic ones during unregulated conditions in the straight
reach (Fig. 3a). In the unregulated actual scenario, after the first decade
of model adjustment, the first high flow of each decade washed out a se-
ries of subdued bedforms (proto-bars and pools) and topographic undu-
lations, and then the second and third high flows rebuilt these subdued
bedforms, but the topography at the beginning and end of a given de-
cade was similar. This pattern of washing out and rebuilding subdued
bedforms in the straight reach did not occur with the unregulated syn-
thetic hydrographs, which resulted in less aggradation and degradation
over time.

In the meandering reach, the actual and synthetic hydrographs pro-
duced similar final volumes of aggradation/degradation for a given flow
scenario, with unregulated flow exhibiting larger cumulative volumes
(Fig. 3b). Fully formed pool-riffle topography in the meandering reach re-
sulted in a more stable bed (less volumetric change over time) and no ap-
preciable difference in the effects of actual vs. synthetic hydrographs
compared to the repeated washing out and rebuilding of proto-bedforms
in the straight, plane-bed reach during unregulated flow with actual
hydrographs.

3.3. Actual versus synthetic hydrographs: morphologic differences

Here, we compare the effects of actual versus synthetic hydrographs on
the final channel topography for each flow scenario (regulated or unregu-
lated). The effects of the flow scenarios on channel morphology are exam-
ined in the next section.

In the straight reach, actual and synthetic hydrographs produced a sim-
ilar, final, plane-bed topography (Figs. 4g and h) with comparable thalweg
profiles (Fig. 5a). Specifically, 82 % and 97 % of the model cells exhibited
less than = 0.1 m difference in elevation between topographies developed
from actual vs. synthetic hydrographs for the unregulated and regulated
flows respectively. In the unregulated scenario, the larger differences in
topography between synthetic and actual hydrographs (Fig. 4g) resulted
from location differences in the pattern of the final topography rather
than development of different overall morphologic patterns. This is
highlighted by the thalweg differences between the actual and synthetic
hydrographs for the unregulated scenario, specifically at 200 m where a
subdued pool-like bedform created by the actual hydrographs is not
present in the synthetic hydrograph profile but is instead shifted down-
stream to 240 m (Fig. 5a).

Similarly, differences in elevation for the final topography of the
meandering reach were small for actual vs. synthetic hydrographs
(Figs. 6g and h) and the thalweg profiles were comparable for a given
flow scenario (regulated or unregulated, Fig. 5b). Most model cells exhib-
ited +~0.1 m difference in elevation for actual vs. synthetic hydrographs,
with aggradation and degradation localized to areas of forced pools and
bars. For example, in the unregulated scenario, only 0.2 % of the model
cells exhibited large differences in elevation (+~0.5 to 1 m) between to-
pographies produced from the actual and synthetic hydrographs, with
these differences caused by a shift in the location of the pools or bars
(Figs. 6a, d, and g).

The above results indicate that the interannual variability and sequence
of hydrographs did not greatly affect the final topography in either of the
study reaches and that both synthetic and actual hydrographs can be used
to represent the hydrology when modeling morphology for a given flow
scenario (regulated or unregulated). Consequently, to simplify the remain-
ing analyses, results will be based on the topography produced by actual
hydrographs from this point forward, recognizing that the findings would
be similar for synthetic hydrographs.
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Fig. 4. The final, 60-year, modeled straight reach topography for each hydrograph
scenario: (a) unregulated, actual hydrographs, (b) regulated, actual hydrographs,
(d) unregulated, synthetic hydrographs, and (e) regulated, synthetic hydrographs.
Digital elevation models (DEMs) of difference (DODs) between the different final
topographies are shown for (c¢) unregulated minus regulated actual scenarios,
(f) unregulated minus regulated synthetic hydrographs, (g) actual minus synthetic
unregulated scenarios and (h) actual minus synthetic regulated scenarios. Note
that the detrended elevations and DOD maps are shown on the same scale as the
meandering reach in Fig. 6, which has a wider range of elevations and depths of
change.

3.4. Regulated versus unregulated flows: morphologic differences

The final topography of the straight reach exhibited a plane-bed
morphology with no significant pools or bars for both regulated and unreg-
ulated flows. For all scenarios in the straight reach, the final detrended
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Fig. 5. Detrended thalweg profiles for the final topography in the (a) straight plane-bed reach and (b) meandering pool-riffle reach. The profiles for each hydrograph scenario

are shown in different colors; some lines are not visible where they overlap other lines.

thalwegs show 0.35 m of vertical range with a standard deviation of 0.07 m
(Fig. 5a). Comparison of the final topographies for regulated vs. unregu-
lated flows showed mostly small differences in elevation for actual and syn-
thetic hydrographs (Figs. 4c and f, respectively); 66 % of model cells had
differences in elevation less than =0.1 m, with some larger differences
(never larger than 0.6 m) due to either slight shifting in the topographic pat-
terns or to locations at the downstream end of the reach, which may be af-
fected by the downstream model boundary.

In the meandering reach, regulated flows formed more subdued pool-
riffle morphology compared to unregulated flows. Topographic variability
in the detrended thalweg profile increased from a vertical range of 1.00
to 1.55 m between regulated and unregulated flows and the standard devi-
ation increased from 0.18 to 0.27 m (Fig. 5b). The unregulated flows
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scoured pools deeper than the regulated scenario and the scoured sediment
built larger downstream bars, resulting in 8.6 % of model cells having dif-
ferences in elevation greater than = 0.1 m between topographies generated
from regulated and unregulated flows for both actual and synthetic
hydrographs (Figs. 6¢ and f). Pool and bar geometry (area, volume, and
maximum depth/height) all increased between regulated and unregulated
flow (Fig. 7), and a new pool formed during unregulated flow, resulting
in a 33 % increase in pool frequency. Total pool volume increased by
92 % and total bar volume increased by 43 % between regulated and unreg-
ulated flows.

For both the regulated and unregulated conditions, the meandering
reach showed more topographic variability and complexity than the
straight reach, which is highlighted by the final thalweg profiles (Fig. 5)

Actual DOD
Unregulated-Regulated

Regulated, Actual -

A
— (0 |
Regulated, Synthetic ~ Synthetic DOD
Unregulated-Regulated
y.
| )
_ /
Regulated DOD 100 200 300
Actual-Synthetic
Detrended DOD, depth of
Elevation (m) change (m)
101 ] 1
- 100.5 0.5
100 0
99.5
-0.5
- EE [
200 300
X axis (m)

Fig. 6. The final, 60-year, modeled meandering reach topography for each hydrograph scenario: (a) unregulated, actual hydrographs, (b) regulated, actual hydrographs,
(d) unregulated, synthetic hydrographs, and (e) regulated synthetic hydrographs. Digital elevation models (DEMs) of difference (DoDs) between the different final
topographies are shown for (c) unregulated minus the regulated actual scenarios, (f) unregulated minus the regulated synthetic hydrographs, (g) actual minus the

synthetic unregulated scenarios and (h) actual minus the synthetic regulated scenarios.
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and by comparing the elevation ranges for the final topographies, where
the straight and meandering reaches had total detrended elevation ranges
of 1.05 and 2.32 m, respectively (Figs. 4 and 6).

In both reaches, differences in regulated vs. unregulated flow conditions
produced stronger changes in sediment transport and final reach topogra-
phy than choice of actual vs. synthetic hydrographs (Figs. 3-6). Further-
more, unregulated flow resulted in greater topographic variability in the
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meandering reach by scouring deeper pools and depositing higher bars
than the topography formed by regulated flow. In contrast, the plane-bed
morphology of the straight reach was less responsive to differences in
flow condition (regulated vs. unregulated).

3.5. Regulated versus unregulated flows: habitat differences

The fully regulated condition (i.e., regulated flows on topography devel-
oped from those flows) in the straight reach produced more suitable habitat
for fall spawning of Chinook salmon (HHS = 0.41) and a greater abun-
dance of high-quality habitat than the fully unregulated condition
(HHS = 0.15) (Figs. 8a and S3a-b). Regulated conditions produced lower
fall flows that improved the spawning habitat quality and availability com-
pared to higher flow velocities associated with unregulated flow. Further-
more, flow condition (regulated vs. unregulated) and the associated
channel hydraulics were a stronger control on habitat than the effect of
flow on the final topography; HHS values of 0.15 occurred for unregulated
flow in the straight reach regardless of whether the final topography was
produced from regulated or unregulated flow, and nearly identical HHS
values of 0.41 and 0.42 resulted from regulated flow over the respective
straight-reach topographies. In addition, the straight reach had little to no
available winter habitat for juvenile Chinook salmon (HHS = 0.01) for
all flow and topography conditions (Figs. 8c and S4a-b). The juvenile rear-
ing habitat in this reach was greatly limited by high velocities in both the
fall and winter, which were almost entirely outside the suitability range
for juvenile Chinook salmon for both the regulated and unregulated flows
regardless of the topography (Fig. S5b-d).

In the meandering reach, fall spawning habitat quality was adequate in
all tested flow and topography conditions, but was higher for fully unregu-
lated conditions (HHS = 0.84) than fully regulated (HHS = 0.79) (Figs. 8b
and S3d-e). This increase in modeled habitat suitability was not due to dif-
ferences in final topographies (i.e., whether they were formed by regulated
or unregulated flow), but directly to differences in the hydraulics of those
flows over the topography. High unregulated flows in the fall increased
habitat on both topographies (both HHS = 0.84), whereas the relatively
smaller regulated flows resulted in slightly lower HHS values of 0.79 for
both topographies. Although the HHS values for the regulated and unregu-
lated flows on the topography developed from unregulated flows were sim-
ilar, the unregulated topography resulted in a 2-5 % increase (depending
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on flow condition) in excellent quality spawning habitat compared to the
topography developed from regulated flows (Fig. 8b).

Availability of winter habitat for rearing of juvenile Chinook salmon re-
mained similar between the fully regulated (HHS = 0.09) and fully unreg-
ulated (HHS = 0.10) conditions in the meandering reach (Figs. 8d and
S4d-e). The regulated and unregulated winter flows were the same
(Table 1); therefore, these small differences were entirely attributable to
changes in the topography developed from each flow type. The high and
excellent-quality winter juvenile habitat was mainly on the margins of the
channel, where the velocities were low. In most of the meandering reach,
velocities were too high in both the fall and winter to produce suitable ju-
venile rearing habitat for both the regulated and unregulated flows regard-
less of the topography (Figs. S5f and h). However, slightly more juvenile
rearing habitat was available in the meandering reach than the straight
one (cf. Figs. 8c and d; cf. Figs. S5b and d to f and h).

4. Discussion

Our hypothesis of subdued topography for regulated flows was borne
out for the meandering reach, but not the plane-bed reach. However, the in-
creased topographic variability produced by unregulated flows in the
meandering reach did not substantially increase habitat availability and
quality, at least in terms of HHS values; nevertheless, increased pool depths
may provide important overwintering refugia for juvenile salmonids that is
not detected by the HHS analysis. Surprisingly, the largest increases in
spawning habitat availability and diversity were driven by lower velocities
for the regulated flow in the plane-bed reach despite no substantial changes
in topography, underscoring the relative roles of flow vs. topography and
the fact that results can vary with channel type (plane-bed vs. pool-riffle).

4.1. Actual versus synthetic hydrographs

Our results show that actual hydrographs (representative of the natural
interannual variability of flows) and synthetic hydrographs (a single, cy-
cled, representative hydrograph) both produced similar morphologic pat-
terns in each of our study reaches. Flume studies assessing the impact of
the shape and duration of cycled hydrographs have found varying results;
in some cases, those factors had little influence on bedform and channel
characteristics (Nelson and Morgan, 2018; Wong and Parker, 2006),
whereas other studies have found hydrograph shape and duration had an
impact on bedload flux (Redolfi et al., 2018) and channel morphology
(Waters and Curran, 2015; Zhang et al., 2020). Another study addressed
the effect of flow order and found that changing the location of a uniform
high-flow period within low flows resulted in similar bedform geometry
(Nelson et al., 2011). A morphodynamic modeling study looking at the ef-
fects of cycled hydrographs found that a single, repeated, representative
hydrograph produced aggradation and degradation outside of the range
produced by hydrographs representing variability in discharge (Huthoff
et al., 2010), but suggested the representative hydrograph may have been
oversimplified by not including the full range of flows. Phillips et al.
(2018) showed that bedload flux resulting from a variety of hydrograph
shapes scaled with transport capacity, suggesting that maintaining trans-
port capacity between hydrograph comparisons may provide more similar
morphologic results; however, many of these studies did not hold transport
capacity constant between their compared hydrographs, which may ex-
plain the variation in results. Therefore, representative designed
hydrographs should preserve some physical properties of the hydrology,
such as the peak discharge, volume of flows, and hydrograph shape that ac-
curately represents the full probability of flows (Serinaldi and Grimaldi,
2011). The synthetic hydrographs presented in this paper accurately repre-
sented the full probability of flows present in the actual hydrographs and
reproduced the hydrograph shape, therefore producing similar final bed el-
evations and topographic features compared to those resulting from tempo-
rally variable hydrographs. Fully and accurately representing the high
flows in this system was important because the Dso only moved at the
highest flows, which is similar to what has been observed in other similar
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systems (Andrews, 1994; Maturana et al., 2013; McKean and Tonina,
2013).

4.2. Regulated versus unregulated flows: morphologic differences

The meandering reach model showed that regulated flows resulted in
more subdued topography, whereas the unregulated flows produced larger
pool and bar geometry (i.e., greater area, depth/height, and volume), as
well as increased pool frequency than the regulated scenarios. The current
channel topography has adjusted to years of flow regulation with reduced
magnitudes and durations of high flows that are needed to maintain pools
and bars (e.g., Caamaio et al., 2009; MacWilliams et al., 2006; Sawyer
et al., 2010). The current absence of high flows in the Lemhi River com-
bined with our model results suggest that the river previously may have
had more topographic variability, with deeper pools and more pronounced
bars. Increasing the occurrence of high flows in regulated rivers will not
only improve topographic variability, but also has important ecological ef-
fects. The unregulated high flows help to create an active river bed, which
can remove fines and clean spawning gravels (Milhous, 1998; Reiser et al.,
1989) and can break up armor layers (Parker and Klingeman, 1982; Ryan
et al., 2005; Vericat et al., 2006; Yager et al., 2015). We did not measure
the subsurface grain size distribution and therefore could not determine
the extent of bed armoring. However, the median surface grain size only
moved during high flows in our models, which implies a relatively stable
surface layer particularly during the regulated flows. Given that the surface
layer usually protects the finer subsurface layer from erosion, we would ex-
pect more fines to potentially accumulate in the bed during regulated than
unregulated flows (Dikinya et al., 2008; Schélchli, 1992).

Topographic differences between the various flow scenarios were more
pronounced in the meandering reach, where pools and bars were already
present, than in the straight reach. The occurrence of topographic steering
(Whiting and Dietrich, 1991), flow convergence (MacWilliams et al., 2006;
Thompson and Wohl, 2009), or a combination of these effects (Brown and
Pasternack, 2014) over the initial pool-riffle topography helped to maintain
and further develop this topography in the meandering reach. In contrast,
such processes do not emerge in the straight, planar reach. Consequently,
restoration of flows alone may not be sufficient to regenerate or improve
channel morphology in highly altered reaches (Wohl et al., 2015) such as
the straight reach, where the existing variability in topography and lack
of channel curvature is not sufficient to develop pools and bars in our sim-
ulations.

Results from modeling studies like this have limitations based on how
the model is conceptualized and implemented. For example, we used a sed-
iment transport model based on a single grain size, ignoring the potential
effects of grain size interactions, such as particle hiding and size-selective
transport, that could result in errors in bedload predictions (Durafour
et al., 2014). Multi-size sediment transport may allow for the evolution of
armor layers and formation of textural patches that may impact bar, riffle,
and pool morphologies. However, the morphological effects of using a
full grain-size distribution compared to a single grain size when modeling
channel evolution may be minimal as shown by numerical modeling
(Nelson et al., 2015b). Similarly, the adoption of a spatially constant drag
coefficient may lead to the formation of bars with shorter wavelengths
and higher amplitudes than those with a spatially variable roughness
(Nelson et al., 2015b). Conversely, accounting for a full grain-size distribu-
tion with smaller sediment may reduce the modeled depths and volumes of
pools as a result of low-flow sand deposition in the pools (Thompson et al.,
1996). Including patch-based (e.g., riffle versus pool) grain-size informa-
tion is also important in accurately predicting sediment transport, but
may not be as important as the spatial variability in flow and shear stress
(Monsalve et al., 2016), which was included in these models. Nor does
our approach consider history-dependent critical shear stress values,
which can impact bedload transport based on the previous flow magnitudes
(Masteller et al., 2019; Reid et al., 1985; Turowski et al., 2011). Without
large flow events regularly mobilizing the bed, channel stabilization can
occur as the critical shear stress increases each year due to low and
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moderate flows (An et al., 2021; Masteller et al., 2019). The dependence of
critical shear stress on flow magnitude and flood sequencing could affect
the modeled morphological differences we saw between the synthetic and
actual hydrographs. The interannual variability in flows in the actual
hydrographs would affect the critical shear stress and the order of the
flows could be more important than we showed, whereas the synthetic
hydrographs, with annual high flows, would be less affected.

4.3. Regulated versus unregulated flows: habitat differences

Both regulated and unregulated flows produced moderate to high
amounts of spawning habitat in both reaches, except for the fully unregu-
lated scenario in the straight reach (HHS = 0.15). Furthermore, differences
in topography developed from regulated vs. unregulated flows had very lit-
tle effect on the availability of spawning habitat. The increased fall flows
under the unregulated scenario affected the spawning suitability differently
in each reach; spawning habitat was substantially reduced in the straight
reach and slightly increased in the meandering reach.

Previous studies have shown that juvenile habitat, specifically
overwintering habitat, is a limiting factor in the Lemhi River (Carmichael
etal., 2020; Copeland et al., 2014). Contrary to our expectations that unreg-
ulated flow would increase habitat abundance and quality due to less sub-
dued morphology compared to regulated conditions, we only predict a
1 % increase in habitat suitability for winter juvenile rearing between
fully regulated and fully unregulated scenarios in the meandering reach.
For all flow scenarios, the depth-averaged velocities were higher than suit-
able for juvenile Chinook rearing (Fig. S5), therefore no substantial increase
in juvenile rearing habitat was predicted based on suitability curves. Never-
theless, changes in predicted pool geometry and frequency may be impor-
tant. The 33 % increase in pool frequency, 36 % expansion in pool area,
92 % growth in pool volume, and 54 % increase in maximum residual
pool depth between the regulated and unregulated scenarios in the
meandering reach (Fig. 7) does not affect juvenile habitat suitability
(Fig. 8d), but may have local benefits not detected by the suitability curves.
In particular, diverse habitat with deep pools act as refugia from high veloc-
ities, create stable conditions during discharge changes (Moir et al., 2006),
and increase the probability of overwintering survival for juvenile salmo-
nids (Brown et al., 2011). Although the modeled HHS values for juvenile
rearing habitat are unresponsive to regulated vs. unregulated conditions
in the meandering reach, juvenile fish can use the lower velocities at the
bottom of these deeper pools (Favrot et al., 2018). A study of microhabitat
use in a similar stream found that Chinook parr disproportionally occupied
the deepest water available during fall and winter rearing, specifically deep
water areas >1.15 m (Favrot et al., 2018). During regulated fall flow
(3.5 m>/s) in the meandering reach, the area of the channel with depths
>1.15 m increased from 1.7 m? to 104.2 m? (6029 % increase) between to-
pographies developed from regulated vs. unregulated flow, and from
30.9 m? to 145 m? (372% increase) for the unregulated fall flow (6 m®/s)
on those topographies, highlighting the relative importance of the change
in topography compared to the change in flows. For regulated and unregu-
lated winter flows (5 m®/s) in the meandering reach, the streambed area
with depths >1.15 m increased from 13.0 m? to 130.5 m? (902% increase),
resulting in a substantial increase in deep-water juvenile refugia for topog-
raphy developed from unregulated flows.

4.4. Management implications

Our results show that unregulated flows could create more complex
habitat through scouring of larger pools and increased pool frequency in
the meandering reach. Instream restoration goals often include adding
stream complexity by manually creating deep pool habitat and bars, and
in regulated rivers, reintroduction of the highest flows may be an effective
way to complete widespread restoration of subdued topography with min-
imal instream disturbance (Groll, 2017). We found that only the highest
flows present in our reaches mobilized the Ds, and resulted in meaningful
morphologic changes. In the meandering reach, for the unregulated
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scenario, our models demonstrated that the pools developed quickly,
much of the scour occurred during the first high flow, and the pools al-
most reached their maximum depths after three high flow years. Each of
these high flows (larger than 17 m>/s) lasted approximately one day
each year. However, actual timescales for morphological change in nat-
ural rivers may differ from our modeled results due to factors not ac-
counted for in our analysis, such as bed armoring, sediment supply
effects, size-selective transport, and meander migration. Changes in ri-
parian vegetation due to climate change and land use may also impact
meander migration, which we did not model. Although caveats exist,
the results showing rapid development of deep, large pools are promis-
ing for water management.

Large, extreme, disturbance events have the potential to produce large
shifts in habitat (Reich and Lake, 2015). Consequently, avoiding diversion
during high-water years may be enough to substantially improve juvenile
habitat quality. Fulltime unregulated flows may not be necessary or benefi-
cial for improving habitat; Carmichael et al. (2020) modeled bioenergetics
for juvenile salmonids over multiple reaches along the Lemhi River and
found that regulated flows produced more favorable conditions for juvenile
growth than unregulated flows. Although Carmichael et al. (2020) did not
account for potential changes in channel topography, they highlight the im-
portance of slow water and lateral habitat refugia during unregulated flow
conditions. We also show that the impact of flow restoration on instream
morphology is not enough to reduce high velocities during fall and winter
flows, which highlights the importance of lateral habitat reconnection
and the potential addition of large wood to aid in velocity reduction if di-
versions were removed for extend periods of time.

Although we focused on the potential effects of unregulated flows on
two reaches along the Lemhi River, restoration of natural flows at basin
scales may have larger benefits. Our straight-reach model showed that
channelized, highly-altered reaches may not improve with flow restoration
(Groll, 2017; Wohl et al., 2015), but less altered reaches may have potential
for morphologic improvement. Specifically, in the meandering reach, pool
and bar volumes increased greatly from unregulated flows. To identify how
much of the Lemhi River could possibly result in improved habitat from res-
toration of unregulated flows, we calculated the portion of the river having
similar topographic variability to that of the meandering reach. A previous
study on the Lemhi River found that small-scale wavelet power quantifies
topographic variability of the thalweg and was representative of pool-
riffle topography (Duffin et al., 2021). Based on the observed, small-scale,
wavelet power of the meandering reach, we found that 93 % of the
Lemhi River has similar or higher topographic variability. This portion of
the river represents areas with existing pools, which are subdued from de-
cades of flow regulation, while the remaining 7 % of the river is composed
of highly-altered reaches without existing pool-riffle topography. Although
93 % of the river has similar (or better) topographic variability to the
meandering reach, only 65 % of the Lemhi River is meandering (sinuosity
>1.2) and it is unknown if the sinuous reaches have a stronger response po-
tential than less sinuous locations. The potential to improve juvenile
overwintering habitat through basin-wide flow restoration along this
river by increasing channel complexity and increasing pool geometry and
frequency is much larger than the potential effects of local, instream, habi-
tat improvements (e.g., woody-debris placement or channel realignment)
because of the considerable area that basin-wide flow restoration could im-
pact. Increases in deep pool habitat could also improve the resiliency of the
river to potential climate change stresses due to reduced flows (Walters
et al., 2013) by providing consistent hydraulic and thermal refugia
(Justice et al., 2017).

5. Conclusion

Hydromorphodynamic models can help to assess the effects of water
management strategies on both stream hydraulics and morphology. Our
analysis revealed the differences in reach topography, hydraulics, and hab-
itat between regulated and unregulated flows applied over a 60-year period
for an engineered, straightened, plane-bed reach and a more natural
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meandering reach. We tested a series of predicted hydrographs that repre-
sent the actual interannual variability of flows vs. a synthetic, cycled, an-
nual hydrograph that is a composite of the actual flows. The actual and
synthetic hydrographs after 60 years of simulation resulted in similar
final modeled topographies for both reaches. The Ds, was mobile only at
the highest flows present in these reaches, with both the actual and syn-
thetic hydrographs having the same probability for high-flow occurrence.
We find that the sequence and interannual variability of flows was not as
important as the occurrence of sediment-mobilizing high flows. Conse-
quently, both hydrograph types (actual and synthetic) produced similar to-
pographic results in a given reach.

For the straight reach, we found that the topography remained plane-
bed between the regulated and unregulated flow scenarios, and spawning
habitat quality for Chinook salmon was negatively affected by relatively
higher unregulated discharges. Juvenile rearing habitat in the fall and win-
ter was essentially non-existent for both the regulated and unregulated sce-
narios due to velocities that exceeded suitability.

In the meandering reach, unregulated flows resulted in more spatially
variable topography than occurred for regulated flows, with a notable in-
crease in pool depth, volume, and frequency. The change in topography be-
tween the regulated and unregulated flow scenarios had a negligible effect
on Chinook salmon spawning habitat, which was high for both flow scenar-
ios. Nevertheless, the increased pool geometry and frequency resulting
from unregulated flows may benefit juveniles by providing greater fall
and winter refugia.

Hydrologic restoration can improve subdued topography in currently
regulated rivers like those examined in our study. Because high flows are
capable of moving the Dsq at our sites, increasing the frequency and magni-
tude of high flows may have the potential to scour subdued pools and build
larger bars. Restoring unregulated high flows may improve in-channel mor-
phology where bedforms are present (e.g., meandering pool-riffle chan-
nels), but is likely to have limited effect in reaches lacking bedforms or
sinuosity, such as the engineered straightened reach. Instead, those sites
may need more intervention than hydrologic restoration alone. A complex
response between hydrology, topography and habitat exists; and the use of
morphodynamic models, and the analysis of both hydrologic and morpho-
logic changes together, can be a powerful tool to help water managers make
informed decisions that will have the greatest benefit to the ecological func-
tion of rivers.
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