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Some like it slow: a bioenergetic evaluation of habitat quality
for juvenile Chinook salmon in the Lemhi River, Idaho
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Abstract: Management and conservation of freshwater habitat requires fine spatial resolution and watershed-scale and life-
stage-specific methods due to complex linkages among land, climate, water uses, and aquatic organism necessities. In this study,
we present a valley-scale microhabitat resolution, process-based bioenergetics approach that combines high-resolution topo-
bathymetric LiDAR survey with two-dimensional hydrodynamic and bioenergetics modeling. We applied the model to investi-
gate the role of lateral habitat, stream morphological complexity, water use, and temperature regimes on aquatic habitat quality
distribution of juvenile Chinook salmon (Oncorhynchus tshawytscha) within the Lemhi River (eastern Idaho, USA). Modeling results
showed two key aspects: (i) a reduction in diverted flows is not sufficient to improve habitat quality potentially because of a
legacy of morphological simplification (directly due to straightening and wood removal and indirectly due to low in-channel
flows) and (ii) morphological complexity and connectivity with side channels and margin areas, which are key and vital elements
to support suitable habitats that meet or exceed energetic needs to sustain or promote growth of individuals and populations.

Résumé : La gestion et la conservation des habitats d’eau douce nécessitent des méthodes de haute résolution spatiale, a I'échelle
du bassin versant et pouvant cibler des étapes précises du cycle biologique, en raison des liens complexes qui existent entre le
paysage, le climat, les utilisations de I’eau et les exigences des organismes aquatiques. Nous présentons une approche bioéner-
gétique basée sur les processus appliquée a I'ensemble d’'une vallée et de résolution a I’échelle du microhabitat, qui combine le
relevé topobathymétrique par lidar de haute résolution a la modélisation bioénergétique et hydrodynamique en deux dimen-
sions. Nous avons utilisé le modele pour examiner le role des habitats latéraux, de la complexité morphologique du cours d’eau,
de I'utilisation de I’eau et des régimes thermiques sur la répartition de la qualité de I’habitat des saumons chinooks (Oncorhynchus
tshawytscha) juvéniles dans la riviere Lemhi (est de I'ldaho, Etats-Unis). Les résultats de la modélisation font ressortir deux
éléments clés, a savoir (i) qu'une réduction des débits détournés ne suffit pas pour améliorer la qualité de I’habitat, possiblement
en raison de la simplification morphologique persistante (découlant directement de la rectilinéarisation et du retrait de bois et
indirectement des faibles débits en chenal) et (ii) que la complexité morphologique et la connectivité avec les chenaux latéraux
et les zones marginales sont des éléments clés et d’importance vitale pour soutenir des habitats convenables qui répondent aux
besoins énergétiques nécessaires a la croissance d’individus et de populations. [Traduit par la Rédaction]|

Enhancement of stream habitat has begun to focus on more
process-based approaches for restoration to promote and sustain
function (Beechie et al. 2010; Wohl et al. 2015). Restorative natural
processes may require floodplain reconnection, side channel con-
struction or enhancement, and development of complex habitat
provided by wood or other structures to benefit multiple life stages
of target species (Bisson et al. 2009; Bennett et al. 2016; Roni et al.
2018; Bond et al. 2019). Improvement of modeling and monitoring
techniques is necessary to better characterize ecological uplift in
areas in which habitat enhancement has been conducted. The
shortcomings of current fish-habitat modeling techniques are
widely evaluated and documented, but our ability to understand
these links has remained intangible (Schwartz 2016).

Various methods to quantify aquatic habitat quality and quantity
have been employed in freshwater ecology and fisheries, including

Introduction

As global human population rise continues, pressure on fresh-
water resources increases (Davis et al. 2015). An ever-changing
climate scenario, coupled with human population growth and its
impacts, has begun to put strain on already vulnerable freshwater
ecosystems (Woodward et al. 2010). Worldwide concern for con-
servation of biological diversity and the necessity to limit species
loss across the planet has been recognized in both the scientific
community (Rand et al. 2012; Isaak et al. 2017) and legislation
worldwide (Hering et al. 2010). Native, anadromous fishes, which
access fresh water for portions of their life history (Healey 1992),
face analogous pressures to global freshwater ecosystems and are
in consistent decline, with some populations facing immediate
extinction threats (Gustafson et al. 2007). Likewise, local popula-

tions, such as those found in the Pacific Northwest of the United
States, may rest on tributary restoration and land use changes for
recovery (NOAA 2008; NOAA 2011; NMFS 2014). However, our abil-
ity to appropriately restore and monitor restoration success and
land recovery is uncertain (Bernhardt 2005; Schwartz 2016).

individual-based models (IBM) (Goodwin et al. 2006; Railsback et al.
2013) assessing impacts and interactions of juvenile fish at dams or
restorations, microhabitat assessments of salmon nesting pat-
terns (McKean et al. 2008; Benjankar et al. 2016; Kammel et al.
2016), and macroscale, basin-wide analysis (Isaak and Thurow
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2006) and monitoring of habitat patterns and trends (Cohen et al.
1998; Newson and Newson 2000; Bond et al. 2019). Model inputs
have varied with model choice, where multiple univariate inputs
such as depth and velocity combined with empirical habitat pref-
erence or suitability curves (Maret et al. 2005) have been used to assess
aquatic habitat suitability for stream-dwelling fishes (Benjankar et al.
2015). Further, multivariate fuzzy inference approaches attempt-
ing to account for interactions of instream habitat characteristics
such as depth, velocity, and substrate distribution have also been
used for assessing aquatic habitat suitability (Jorde et al. 2001;
Noack et al. 2013). With recent advancements in understanding of
fish energetic balance, one emergent technique for development
of fish-habitat relationships has taken shape as bioenergetic mod-
eling, and in our study specifically we utilize a drift foraging bio-
energetics model.

Drift foraging models were originally developed for understanding
the mechanics governing habitat selection by salmonids (Rosenfeld
et al. 2014), assuming that fish will select habitat that maximizes
growth potential. This is achieved by occupying focal points in
slow-moderate current, which minimizes energy expenditure,
then foraging into adjacent faster currents, which have a higher
rate of drift food delivery, thus, maximizing energy gain and
growth potential (Fausch 2014). This behavior was first observed in
artificial streams in the mid-1950s and early 1960s by fisheries
biologists, where larger fish became territorially dominant
over areas that maximized their net energy intake (NEI) (Newman
1956; Kalleberg 1958; Chapman 1962; Mason and Chapman 1965).
Many bioenergetic models aim to assess the amount of suitable
habitat for stream-dwelling fishes through suitability calculations,
growth rates, or nutrient availability as indicators of the viability
of populations within a given watershed (Chittaro et al. 2014;
Keeley et al. 2016; Wall et al. 2016). Thus far, limitations in neces-
sary watershed-scale continuous data have restricted usage of bio-
energetics modeling to primarily channel-unit and reach-scale
analyses (Guensch et al. 2001; Hayes et al. 2007; Wall et al. 2016).
Recent advances in both remote sensing and numerical flow mod-
eling are eliminating some of these constraints. In remote sens-
ing, the advent of topobathymetric LiDARs allows mapping the
riverscape at the metre scale, over hundreds of kilometres of
stream length, with centimetre accuracy, removing the spatial
limitations on continuous coverage of stream geometry (Tonina
et al. 2018). Coupling highresolution bathymetry with two-
dimensional numerical modeling of flow hydraulics allows for the der-
ivation of continuous information of flow hydraulics and water
quantities over large domains (McKean and Tonina 2013).

Here, we applied these advances to support an energetic mass
balance modeling approach (Jenkins and Keeley 2010; Keeley et al.
2016) to assess and understand the impact of water use, water qual-
ity, and anthropogenic stream morphological changes (straighten-
ing and restoration) on aquatic habitat quality distribution. Our
goal is to present a new approach and further the science of bio-
energetics modeling with the support of bathymetric LiDAR, built
on process-based modeling to investigate aquatic ecosystems
broadly across watersheds. We applied this framework to three
distinct ~1 km long (60 bank-full channel widths) reaches of the
upper Lembhi River (eastern Idaho, USA). The Lemhi watershed is
an ideal study area to test such an approach because it supports
endangered populations of anadromous fishes, is under strong
anthropogenic influences of water use and habitat alteration, and
has readily and publicly available spatially continuous or spatially
explicit data, including LiDAR-supported bathymetry, discharge
measurements, macroinvertebrate drift density, stream tempera-
ture, and juvenile fish size.

Can. J. Fish. Aquat. Sci. Vol. 77, 2020

Methods

Study site

The Lembhi River is a tributary of the Salmon River, ~100 km
long between its origin near the town of Leadore (Idaho, USA) and
its confluence with the Salmon River, near the town of Salmon
(Idaho, USA). Its drainage area encompasses 3300 km? of forest,
range, and irrigated farmland. The basin supports wild popula-
tions of threatened Chinook salmon (Oncorhynchus tshawytscha)
and steelhead trout (Oncorhynchus mykiss), listed under the US En-
dangered Species Act (NMFS 2014). Chinook salmon of the Colum-
bia River basin (where the waters of the Lemhi eventually flow)
provide major socioeconomical benefit, including food produc-
tion such as commercial fishing, recreational fishing, subsistence
fishing, and nutrient cycling services, and are of important social
and cultural value (Morton et al. 2017). The Lembhi River supports a
full range of freshwater Chinook salmon life stages, beginning with
a return of spawning adults in the spring (spawning in the late sum-
mer - early fall), juvenile emergence in March, over-winter rearing
of juvenile Chinook salmon parr and presmolts, to an outmigra-
tion of age-1 smolts in the spring (Bjornn 1971). Yet, large water
withdrawal for irrigation during the agricultural growing season,
between May and October, have drastic impacts on stream habitat
and the ecosystem of the Lembhi basin, shifting flow timing, low-
ering critical summer flow, and potentially reducing habitat qual-
ity for key life stages (Walters et al. 2013). Anthropogenic activities
have also changed the stream alignment, via straightening and
loss of floodplain connectivity by removing and limiting lateral
channels.

Study reaches

We chose three reaches in the upper Lemhi River, each ~1 km
long, to model the bioenergetic profitability for juvenile Chinook
salmon (Fig. 1). The three study reaches were selected to represent
abroad range of morphologies typically encountered in a meadow
system, with a mix of straight, meandering, and multithread sys-
tems, including an engineered restored reach. These reaches are
also in close proximity to one another such that they have similar
discharge, stream water temperature, and macroinvertebrate drift
rates.

The most upstream reach, referenced as the Straight reach, is a
single thread, straight, nearly trapezoidal, simplified channel, con-
fined in parts by a highway that parallels this section. The middle
reach, referred to as the Complex reach, is a multithreaded channel
with side branches and meanders within a meadow setting. The
reach has variable amounts of streamside vegetation and in-
stream habitat conditions. The most downstream reach is an en-
gineered, restored channel that was completely redesigned as a
stream enhancement project. The engineered channel is a new
reach dug into the floodplain, and the prerestoration straight
channel was abandoned and closed off. For this restored section,
we modeled two scenarios: (i) a two-thread system with the pre-
restoration, straight channel functioning as a side channel, called
the Restoration Open reach, where the two channels are open and
functioning in parallel and (ii) a single thread system without a
side channel, called the Restoration Closed reach. In the former
case, flow splits between the two reaches depending on the local
geometry of the system. The natural diversion of the flow between
the two channels allowed us to quantitatively compare results
between these two restoration scenarios.

Each study reach experiences large amounts of upstream dewa-
tering via diversions for agricultural production. We chose to
model two temporal periods, which differ by flows (diverted and
undiverted) and water temperature for each reach of interest and
resulted in a total of four scenarios through four distinct reaches.
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Fig. 1. Map of the Lemhi watershed and spatial locations of each study site: Complex, Restoration, and Straight. The inset shows the location
of the Lemhi drainage within the state of Idaho, USA. The map is displayed over imagery from the National Agriculture Imagery Program;

coordinates are in GCS North American 1983. [Colour online.]

Modeled scenarios

To assess the effects of water use for all reaches, we modeled
both a diverted and an undiverted flow condition for two critical
periods: late summer (August) and fall (October) (Fig. 2). A late
August period was selected because all water diversions are typi-
cally in use, discharge is near the lowest amount of the year, and
water stream temperatures are high (weekly mean ~ 12 °C). Con-
versely, the last part of October has all diversions closed, hydrology
follows a natural flow regime, and stream water temperatures are
still warm and relatively mild (weekly mean ~ 7 °C) with fish feeding
and rearing. Late October has been suggested to be a critical pe-
riod, as many young, rearing fish leave the Lembhi as presmolts to
move to the Salmon River (Copeland et al. 2014), indicating that
habitat may not be suitable for presmolt fish.

To test the impacts of water management and flow hydraulics
on our study reaches (e.g., depth and velocity), we held all input
parameters constant except for discharge for two alternative flow
scenarios: (i) for a more natural flow regime during August, we
chose the same discharge volume as October, and (ii) to test an
alternative water management scenario for October, we modeled
a reduced discharge equal to that of August. These alternative
scenarios allowed us to estimate the change in suitable area as a
function of water management alone.

Modeling

The modeling can be explained as a two-step approach. First, we
developed and validated a two-dimensional numerical flow model
supported by high-resolution bathymetry to model depth and ve-
locity at a1 m resolution across each study reach. Second, we used
depth and velocity and combined them with available biological
information, including temperature, aquatic invertebrate drift
density, and juvenile Chinook salmon size distributions to popu-

late a spatially explicit bioenergetics model across all of our mod-
eling scenarios and reaches.

Hydraulic modeling

High-resolution topobathymetric surface

Bathymetric LiDAR data were collected in the fall of 2013 with
the Experimental Advanced Airborne Research LiDAR-B sensor for
the entire mainstem Lemhi River (Tonina et al. 2018). From the
original point cloud, a 1 m digital elevation model (DEM) was derived
for both stream and floodplain topographies. The DEM was exten-
sively validated by comparing LiDAR survey with a high-resolution,
high-accuracy differential global positioning system (D-GPS) real-
time kinematic survey instruments at three test beds with high
resolution (1.6 points-m~2). The comparison showed root mean
square error (RMSE) and median absolute error of 0.11 m for the
submerged topography (Tonina et al. 2018). The dataset was fur-
ther validated at 454 centerline points spaced evenly along the
upper 25 km of the dataset, with RMSE and median absolute error
slightly higher at 0.13 m. The test-bed ground survey was con-
ducted only a few months apart from the LiDAR survey without
any high flows between surveys; the measurements at the valley
scale along the centerline were collected 3 years after the LiDAR
survey. Thus, some topographical changes may have occurred be-
tween the LiDAR and the valley-scale ground measurements, but
changes are unlikely between the LiDAR and test-bed ground
survey.

Numerical flow model

A calibrated and validated two-dimensional hydraulic model
(Danish Hydraulics Institute Mike 21; Danish Hydraulic Institute
2000) supported by a 1 m resolution DEM derived from the bathy-
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Fig. 2. Maps of the Lemhi River stream channel wetted area of each study site according to different restoration and modeling scenarios
during August (fully diverted, warm stream temperatures) and October (undiverted, cold water temperatures): (A) fully diverted Complex;
(B) fully undiverted Complex; (C) fully diverted Straight; (D) undiverted Straight; (E) fully diverted Restoration Closed; (F) undiverted
Restoration Closed; (G) fully diverted Restoration Open; (H) undiverted Restoration Open. [Colour online.]
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metric LiDAR survey, serving as the defined boundary condition,
quantified stream water depths, and depth-averaged velocities for
the modeled discharges. The numerical model solves the two-
dimensional Reynolds averaged Navier-Stokes equations with the
Boussinesq turbulence closure (Danish Hydraulic Institute 2000).
It has two coefficients that need to be assigned: lateral eddy vis-
cosity constant and Manning’s n. Both coefficients were set as
spatially constant, the former with a constant value of 0.15 m?-s!
and the latter of 0.025 s-m~"3 for the entire system. The Manning’s
n value was selected by minimizing the RMSE between measured
and predicted depth-averaged velocity and water surface elevation.
Its value was close to that quantified with the Strickler’s equationn =
0.026 s-m~3 = D¥°/21.1, based on the median diameter of the
stream bed material, D5, which was 0.03 m for these reaches of
the Lemhi River. The RMSE for velocity was 0.19 m-s~! and for
water surface elevation was 0.03 m at low summer discharges
(~2 m3-s7!) at the test-bed locations where the DEM was analyzed.

The selected Manning’s n was then validated by comparing mea-
sured water surface elevation to modeled water surface elevation
and measured depth-averaged flow velocity to modeled depth-
averaged flow velocity. These data were collected at different dis-
charges during late October (still low to guarantee safety during
measurements but higher, approximately double, from those of
the calibration) and locations along the upper 32 km of the Lemhi
River where the three study sites were located. Validation of the
model resulted in RMSEs of 0.11m, 0.18 m, and 0.2 m-s~!, for water
surface elevation, depth, and velocity, respectively. The larger
errors with respect to the test beds could be due to two sources:
topographic changes and less constrained discharge. This second
set of ground data was collected 3 years later than the LiDAR
survey, which supports the hydraulic modeling. During this time,
some bathymetric changes may have naturally occurred, which
could explain the higher errors between predicted and measured
bathymetry and water depths. Additionally, discharge was well
characterized in the test beds, but constraining it at larger scales

than the test beds was very challenging due to the large number of
diversion dams, which may be fully or partially withdrawing wa-
ter. Thus, some of the error in predicting the depth and velocity
may be a result of a less constrained discharge imposed on the
hydraulic model that may have been different from the real one.
However, these calibration and validation results were near pub-
lished acceptable values for numerical flow modeling (e.g., Kammel
et al. 2016).

Flow scenarios

The two-dimensional model was run for a set of representative
discharges, which spanned the daily mean hydrograph recorded
for the Lemhi River at Cottom Lane, Idaho Department of Water
Resources (IDWR) gauging station, located just downstream of
the study reaches. From this set of discharges, we selected those
closer to the mean weekly discharges of the last weeks of August
(2 m3-s71) and October (5 m3-s7%; Fig. 3).

Bioenergetics—-foraging model

Feeding locations

Feeding locations for juvenile Chinook salmon were simulated
using a geographic information system (GIS) software (ESRI Arc-
GIS 10.6). We interrogated cross-sections in the model grid perpen-
dicular to the centerline of all wetted channels (including main
and off-channel areas consisting of side channels and backwaters)
for each reach at 3 m intervals to reduce overlap in sharp meander
bends. We then interrogated points every 1 m along each individual
cross-section. We chose to interrogate points every 1 m to match the
1 m by 1 m resolution of the modeled depth and velocity output
rasters. We then performed an Extract Value to Point (ESRI, 2017)
with the feeding locations and modeled output rasters to extract
depth and velocity values at each individual point.
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Fig. 3. Daily average discharge (solid black line) and its 75th (upper black dotted line) and 25th (lower black dotted line) percentiles calculated
from all available discharge measurements at the Lembhi River at Cottom Lane Idaho Department of Water Resources gauging station just
upstream of the study sites where we modeled August at 2 m3-s~! and October at 5 m3-s~. The solid blue line indicates the daily average
temperature corresponding to the value on the right vertical axis where the temperatures chosen to populate the model were August at

11.93 °C and October at 6.97 °C. The solid black rectangles represent the modeled temporal periods of the last week of August and last week of

October. [Colour online.|
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Bioenergetics model

We used a bioenergetic drift-foraging model to calculate the
rate of net energy intake (NEI (J-h) i.e., energetic profitability) of
each feeding station or point location on interrogated cross-sections.
The foraging model was originally developed by Hughes and Dill
(1990), further developed and tested by Guensch et al. (2001) and
Jenkins and Keeley (2010), and later applied by Keeley et al. (2016).
The model input variables consist of water depth and depth-
averaged velocity, juvenile Chinook salmon fork length and esti-
mated mass, drift density binned by size class, and stream water
temperature. The model assesses the amount of energy per hour
available in the stream as captured food, minus the cost of cap-
ture, swimming, metabolism, and excretion following the rela-
tionships described in Jenkins and Keeley (2010) and Keeley et al.
(2016). We leveraged Elliott (1975) for estimating maximum food
ration (C,,,,) that could be ingested by a salmonid of a given size
over an 8 h period of active foraging, such that NEI=C_,,, X E; - SC,
if GEI > C,,,,; otherwise, NEI is estimated with the following equa-
tion:

4
- E i-IMCA, x V.. x DD; x PC; x (E; — CC;) — SC

4
1+ 2 i1ty X MCA,; x V,,, x DD;

We calculated the maximum capture area for each prey size class i
(MCA,), mean water column averaged velocity at each feeding
station (V,,,), drift density for each prey size class (DD,), the prob-
ability of capturing prey (PC;), energy acquired from each food
item captured (E;), the cost associated with capturing the prey
item (CC)), swimming costs associated with holding a foraging
position at each feeding location (SC), and the time spent han-
dling the prey item (t;). In our study, we used four size classes of
prey. Further information on model details, calculations, and

equation sources can be found in Keeley et al. (2016) (also refer to
their supplementary table 2).

NEI accounts for all energy intake per hour through feeding minus
the energy expended for gathering and consuming the food, such
that a NEI = 0 means that all energy extracted from the food ingested
has been consumed and no energy is available for growth. To assess
the amount of surplus energy available for growth, we compared
daily NEI (DNEI (J)) with a maximum growth ration (MR) by divid-
ing DNEI by MR. We assumed an 8 h foraging duration to repre-
sent the amount of time a fish may forage each day, such that
DNEI = NEI x 8 h. To estimate the amount of required energy to
support a maximum growth ration, we used the empirically derived
equations developed by Elliott (1976) and modified by Jenkins and
Keeley (2010) to provide MR (J):

1.39M%7%e"*T if T < 6.6

MR = 0.58a x
{2.7111\42{3}31%“105" ifT > 6.6

where Mg, (mg) is the fish mass, T is the stream water tempera-
ture (°C), a = 18.5810 (J-mg™) is a constant, which converts mass to
Joules, and 0.58 is the energy assimilation as suggested by Gustafson
et al. (2007) and Elliott (1976).

Comparison between DNEI and MR quantifies whether the fish
captured enough food to promote growth at different levels. We
introduced the ratio (AE) between DNEI and MR as an index of
available energy for growth. A value of AE = 1 means that the
location provides enough energy for maximum growth potential,
and values less than 1 indicate reduced growth potential. For in-
stance, values larger than 1 provide more energy than needed by a
single fish for maximum growth potential. We quantified AE at
each feeding station for the modeled temperature of each scenario
and 50th percentile of observed fork lengths and used this value to
assess suitability throughout the entirety of the study areas. If the
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calculated ratio was equal to or greater than 1, the location was
labeled as suitable; conversely if the resulting value was less than
1, the feeding station was classified as unsuitable.

Temperature

Water temperature along the Lembhi River was collected with
in-stream deployed Onset Hobo Tidbits by the Columbia Habitat
Monitoring Program (CHaMP 2014). The nearest monitoring site
was ~1 km downstream of the study sites. We quantified the
weekly average temperature of the last week of August 2016 and
October 2016 from hourly temperature observations as input data
into the bioenergetic model. Each reach and scenario were mod-
eled with spatially uniform temperatures for both the August and
October scenarios.

Juvenile Chinook salmon length and mass

We obtained all length and mass information of juvenile Chi-
nook salmon from the publicly available dataset developed as part
of the Integrated Status Effectiveness Monitoring Program (ISEMP).
The dataset contains information collected from both summer-
time electrofishing mark-recapture studies and rotary screw op-
erations in the Lemhi River watershed. The fish sampling targets
juvenile Chinook parr and presmolts prior to overwintering and
migration in the spring as 1-year-old smolts. We calculated the
25th, 50th, 75th, and 90th percentiles of fork length (FL) for juve-
nile Chinook salmon from the available fish data to identify the
range of fish sizes to be modeled in the bioenergetic evaluation of
habitat quality for each study reach. We used a linear regression
model (Mg, = 3.18 x F, — 5.24, R? = 0.96) to quantify the relation-
ship between fork length and fish mass to calculate the mass of
each ith percentile of observed fork lengths, where F, is equal to
the measured fork length of interest, and My, is the mass of the
given fish at a given fork length.

Drift density

To estimate food availability for juvenile salmon, we used counts
and lengths of captured, drifting macroinvertebrates obtained
from the habitat evaluation program CHaMP (CHaMP 2014). The
captured drifting invertebrates were binned into four equal
length size class bins of 3 mm, with the smallest size class of less
than 3 mm and the largest between 9 and 12 mm (Table 1). The
total volume of water that passed through each net was used to
create a drift density of invertebrates, where the total number of
invertebrates captured in each size class was divided by the total
volume of water sampled (DD,). Our observed values of drift were
within the range of what others have reported in the literature
(Allan 1978; Wilzbach and Hall 1985; Leung et al. 2009; Jenkins and
Keeley 2010).

Typically, two nets were deployed (1000 pn.m mesh, 40 cm x
20 cm mouth openings) side by side in the thalweg, where freely
drifting invertebrates within the water column and on the surface
were captured in the net and collected in a cup fixed to the back of
the net. Precautions during net deployment were taken to ensure
that benthic invertebrates did not crawl into the net by raising net
bottoms roughly 2 cm above the streambed. Additionally, deploy-
ment times occurred during optimal daytime conditions, avoid-
ing crepuscular periods (Weber et al. 2014; Wheaton et al. 2018).
The volume of water sampled by each net was calculated using a
measured depth averaged velocity (measured at 60% of the net
depth), water depth sampled by the net, and the width of the net
before and after net deployment. Those three measurements were
then multiplied by the duration of the sample to obtain a total
volume of water sampled for each drift net (m?3). Because of fund-
ing limitations and limited available drift data, we assumed a
constant drift rate for all modeled reaches and scenarios. Further
information on methods used for capturing drifting macroinver-
tebrates can be found in the CHaMP protocol (CHaMP 2014). We
used the available CHaMP data from the sampling site most
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Table 1. Prey size class bins and corresponding
drift density (DD,) values used to populate the

model.

Prey Drift density

size (mm) (no. of prey-cm~3)
0-3 2.004

3-6 0.9420

6-9 0.0856

9-12 0.0054

closely located to our three reaches to generate drift rates needed
to populate the bioenergetics model.

Analysis

The first step in analyzing the bioenergetic results was to calcu-
late the percentage of modeled feeding stations that either met or
exceeded the maintenance ration, AE > 1, to generate the percent-
age of each reach or scenario suitable for juvenile Chinook salmon at
all modeled fork lengths (Fig. 5). Further analysis was confined to
modeling the 50th size percentile (75 mm fish) because there was
little variation in the percentage of suitable feeding locations with
fish size, and model processing times were lengthy.

We analyzed AE both as statistical values via frequency distribu-
tion, which allowed comparison among sites, and as spatial informa-
tion as maps. The latter allowed us to analyze the spatial distribution
of AE and visualize correlation between hydromorphological variables
and AE values. We separated the analysis into the main channel and side
channels to gain an understanding of the contributing total area of
suitable habitat by the off-channel areas. We calculated the wet-
ted areas of main and off-channel areas and then multiplied these
values by the fraction of feeding locations that met or exceeded
the maintenance ration, AE > 1. This result provided us with an
estimate of suitable area for the main and off-channel habitat.
Lastly, we estimated the percentage of suitable feeding habitat in
each reach or scenario contributed by the off-channel.

Results

In the August scenario, AE equaled or exceeded 1 over more than 95%
of the total area in all reaches regardless of main and off-channel
location or presence of off-channel habitat. Suitability expressed
as percentage of area that met or exceeded a maximum growth
ration, with AE > 1 slightly increased with fork length for the
August fully diverted scenario in all reaches (Fig. 4). Conversely,
during the undiverted, late October scenario, the percentage of
suitable habitat decreased sharply for all fish sizes compared with
the results from the August modeled scenario. In October, the
percentage of suitable habitat also decreased with increasing fish
size in all reaches. The sharp decrease in areas with AE > 1 from
August to October is most notable in the main channel of each
study site (Fig. 5). During late October, the only remaining suitable
habitat was near the margins of the main channel and off-channel
areas, which are composed of side channel and backwater habitat.
The Complex and Restoration Open reaches had the greatest amount of
high-quality habitat (largest percentages of AE > 1 (and AE > 3)) for
both scenarios modeled, August and October (Fig. 6).

These two reaches had the highest percentage and amount (m?)
of suitable off-channel habitat for 75 mm Chinook salmon in both
August and October flow scenarios (Figs. 7 and 8). All three mod-
eled reaches that contained off-channel habitat exhibited a decline in
the area and percentage of suitable habitat from the August to the
October flow scenarios (Fig. 7). The Complex and Restoration Open
reaches had the greatest amount of off-channel suitable habitat,
followed by the Restoration Closed reach. Off-channel habitat did
not contribute to the total area of suitable habitat in the Straight
reach, because it had none. The Restoration Open reach had the
second largest area of suitable habitat, including in the off-
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Fig. 4. Calculated fraction of suitable habitat, defined as AE > 1, modeled daily net energy intake (DNEI) values meeting or exceeding the
required maintenance ration for a given fork length, drift abundance, and temperature. Results are grouped by reach or flow scenario and
shaded by modeled fork lengths of 65 mm (black), 75 mm (gray), 88 mm (hatched), and 102 mm (open), from left to right.
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Fig. 5. Spatially distributed results of all modeled feeding locations that either met or exceeded the calculated maintenance ration (AE = 1)
for each reach and scenario (August, October) and the 50th percentile (75 mm) fork length of measured Lembhi River Chinook salmon. [Colour

online.]
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channel, followed by the Restoration Closed scenario, and lastly
the Straight reach. The percentage of off-channel suitable habitat
contributing to the total area of suitable habitat in the modeled
reaches with side channels increased from the August to October
flow scenarios (Fig. 8). Both the Complex and Restoration Open
reaches had the largest percentages of suitable off-channel habi-
tat, with the largest percentage occurring in the Restoration Open
reach for both flow scenarios. The undiverted, late summer alter-
native flow scenario (increased discharge) decreased the area and per-
centage of suitable habitat in all reaches (Fig. 9). The Straight reach
exhibited the greatest percentage reduction, followed by the Res-

toration Closed reach and the Restoration Open reach. Similarly,
the late October undiverted flow scenario supported less suit-
able habitat area than the decreased, diverted discharge sce-
nario (Fig. 10).

Discussion

Similar to other studies, our results show that floodplain recon-
nection and side channel construction-reconnection may be neces-
sary to restore natural, sustainable processes and improve channel
function and habitat complexity (Bisson et al. 2009; Roni et al.
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Fig. 6. AE, defined as the ratio of DNEI to maintenance ration, for both (A) August (diverted) and (B) October (undiverted) modeled scenarios.
The y axis displays the proportion of habitat area that falls within each bin of AE (x axis). The bars are shaded by the corresponding reach for
the 50th percentile fork length. The dotted line marks a bin value of 1 or greater, which indicates feeding stations have met or exceeded the

calculated maintenance ration.
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Fig. 7. Total amount of suitable habitat (AE > 1) for the entire reach (black bars), its main channel (hatched bars), and off-channel areas (open
bars) for the 50th percentile of fork length (cm) for Lemhi River juvenile Chinook salmon.
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2018). The Columbia River basin has experienced a loss of flood-
plain habitat, and our results help support the assumption that in
general, watersheds throughout the western United States would
benefit from floodplain enhancements (Bond et al. 2019). Further,
restoring channel function through side channel construction or
reconnection will help mitigate habitat loss for juvenile Chinook
salmon (Figs. 5 and 8). Our study and similar analyses may also
provide insight into the cost-benefit of channel enhancement
through pre- and postrestoration modeling (Fig. 7).

The undiverted summer scenarios predict that as water is
returned to the channel through tributary reconnections, mini-
mum flow requirements, and reduction in irrigation diversion

Scenario/Reach

flows, an already simplified channel may not have the morphol-
ogy to substantially improve suitable habitat for juvenile sal-
monids. Simplified morphology includes small variation in depth
and velocity, associated with shallow pools and low amplitude
riffles, lack of lateral channel (off-channel) and margin habitats —
or connectivity between these and the main channel. Reaches
with complex features such as margin habitat and side channels
maintain suitable habitat at high flow and, in our case, buffer the
decline in overall habitat suitability from August to October. As
diverted flows are decreased, a simultaneous effort should focus
on restoring channel processes, including reconnection and engi-
neering of secondary and backwater channels (Wohl et al. 2015).
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Fig. 8. Percentage of off-channel habitat estimated as suitable (A) and percentage of off-channel contribution to the total suitable area (AE > 1)
of each individual study reach (B), where the black bars represent August and the open bars represent October.
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Fig. 9. Total percent suitable (AE > 1) habitat (A) and total suitable area (B) for the late August alternative flow scenario, assessing the impacts
of hydraulics by increasing discharge (all other variables held constant) modeled at the diverted August discharge (black bars) and the

undiverted October discharge (open bars).
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A previous study of fish bioenergetics showed that cutthroat
trout (Oncorhynchus clarkii) preferred slower, deeper pool habitat
(Jenkins and Keeley 2010). Further, 1-year-old salmonids showed
greater growth potential in deeper, slower water, potentially seek-
ing out habitat that promotes growth, including pools (Rosenfeld
and Taylor 2009; Rosenfeld and Boss 2011). Our results support this
finding, where areas of slower water and lower flows have a
higher calculated NEI and a greater amount of suitable habitat for
juvenile Chinook salmon. These suitable habitats are observed
when the engineered and the original main channel can function
as a two-thread system rather than diverting flow solely into the
engineered channel (Fig. 4 and 5). Further, our alternate water
management scenario demonstrates that when return flows are
moderated, this results in a greater estimated area of suitable
habitat (Fig. 10). Increasing channel flow should be accompanied
by a restoration of channel form (Palmer et al. 2010), and restora-

Restoration Closed

Restoration Open Straight

Reach

tion projects must consider multiple flow scenarios and life stages
of target species to better address limiting factors within water-
sheds (Schwartz 2016) (Fig. 9).

Several studies within the Lemhi River basin have shown that
streamflow is a good predictor of juvenile survival to the ocean
(Arthaud et al. 2010; Walters et al. 2013). In a climate change
scenario, modeled to 2040, Arthaud et al. (2010) estimated that
undiverted streamflow is projected to increase juvenile survival
by 42%-58%. In addition, tributary flow during early rearing is a
good predictor of survival and productivity, but mainstem Columbia
River flow was the best predictor (Walters et al. 2013). Conversely,
our study shows that high flows may decrease the amount of
available habitat or capacity for juvenile fish. From August (fully
diverted) to October (fully undiverted) discharge, the overall bio-
energetic suitability of our study reaches declined drastically,
mainly due to increase in water velocities rather than change in
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Fig. 10. Total percent suitable habitat (A) and total suitable area (B) for October, modeled at the diverted discharge (black bars) and the

undiverted discharge (open bars).
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water temperatures (Figs. 4, 5, and 6). Walters et al. (2013) assessed
change in habitat suitability by correlating the change in channel
unit area and flow from diversion removal with overall survival
and productivity. It is possible that our study may not properly
characterize all the mechanistic interactions between juvenile
fish and their rearing habitat, most likely due to the assumption
of uniform nondepletion of drift throughout our reaches. How-
ever, our model does incorporate not only spatially distributed
depths and velocities, but also temperature and food availability
in quantifying the habitat quality for juvenile Chinook salmon,
so our results may further help explain why mainstem flow is a
better predictor of survival rather than tributary flows. Our result
parallels what Jenkins and Keeley (2010) reported; fish in the
Salmon River basin can maintain high growth rates during the
summer months, but habitat suitability might decline in October.
The reduction in suitable habitat may explain the outmigration of
many juvenile Chinook salmon in the Lembhi basin in the fall as
presmolts (Bjornn 1971; Copeland et al. 2014) rather than the fol-
lowing spring as true 1-year-old smolts. This is another line of evi-
dence supporting why juvenile to adult return rates are better predicted
by mainstem river flow rather than tributary flow (Arthaud et al. 2010).

Limitations in this type of modeling have been documented,
and improvements to modeling have been suggested (Hayes et al.
2007; Jenkins and Keeley 2010; Wall et al. 2016; Dodrill et al. 2016;
Naman et al. 2017). Wall et al. (2016) overpredicted salmonid car-
rying capacity of their study sites when model estimates were
validated against measured fish densities, and they attributed this
to an assumption of constant drift densities throughout their study
sites. In our study, potential overestimations of habitat quality could
be due to the utilization of a non-Chinook salmon specific main-
tenance ration. However, habitat quality could be underestimated
using a maximum growth ration as opposed to a reduced mainte-
nance or growth ration for calculation of AE. The maintenance
ration equation used in this study was originally developed for
brown trout (Salmo trutta) and may not characterize the energetic
needs of Chinook salmon properly. Although, other studies have
used this technique (e.g., Jenkins and Keeley 2010; Keeley et al.
2016), incorporation of a Chinook-specific maintenance ration
may be necessary (Deslauriers et al. 2017). Parallel to Wall et al.
(2016), we assumed that drift (density) was spatially evenly distrib-
uted throughout all reaches, and it is likely that this is not the
case. We did not account for drift depletion due to foraging from
other species or competition among the same modeled species.

Restoration Closed

Restoration Open Straight

Reach

Yet, our measured drift densities were well within limits reported
by other studies of one to five invertebrates per cubic metre to as
many as 20 to 50 invertebrates per cubic metre (Allan 1978;
Wilzbach and Hall 1985; Leung et al. 2009; Jenkins and Keeley
2010). A more appropriate but time-consuming method may be to
model reaches and scenarios across a range of drift densities ob-
served in the literature for streams like the Lemhi. Additional limi-
tations may include inherent error in the numerical modeling
process and outputs, but studies have shown that the accuracy of
bathymetric LiDAR is sufficient to support two-dimensional hy-
drodynamic modeling with acceptable levels of error in the result-
ing modeled depths and velocities (McKean et al. 2014; Tonina
et al. 2018). Such errors associated with numerical modeling sup-
ported by topobathymetric LIDAR may be greater than traditional
measured depth and velocity or numerical modeling supported by
total station survey (the accuracy of which is less than 1 cm), dGPS
(accuracy ~3 cm), or cross-sectional analysis (Keeley et al. 2016;
Wall et al. 2016). However, traditional ground survey techniques
(e.g., dGPS, total station) are generally limited in extent to a few
channel widths in long reaches (Legleiter et al. 2011; Brooker 2016;
Kammel et al. 2016). These surveys may have high local topograph-
ical accuracy but low resolution (less than one point per square
metre) to capture large-scale topographical features. Thus, the
ability to model much greater distance and areas encompassing
all lateral habitats may outweigh the shortcomings of increased
local errors. Further, the resolution of our modeled depths and
velocities and ensuing feeding station spacing (1 m) were greater
than the maximum calculated reaction distances and did not al-
low for fish to move from one feeding station to another (Hafs
et al. 2014). Advances in remote sensing techniques are constantly
improving accuracy, resolution, and spatial coverage to provide
better support for the type of framework we have proposed here
(e.g., advent of image analysis, like structure from motion, from
unmanned aerial vehicles; Woodget et al. 2015; Dietrich 2016;
Tomsett and Leyland 2019).

Understanding the complex feedbacks among habitat degrada-
tion, water and land use, restoration activities, and the predic-
tions of such activities on river ecosystem status requires holistic
and fine-resolution modeling techniques, which have not been
available. To address this knowledge gap, we developed a novel
approach to bioenergetics modeling, which leveraged new topo-
bathymetric LiDAR technology, two-dimensional numerical flow
modeling, and publicly available fisheries and habitat data. This
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new approach allowed for the assessment of morphological
impacts and water use on juvenile Chinook salmon habitat suit-
ability. Our modeling demonstrates that removing diversions,
and thus returning the flow regime to its natural condition, is not
sufficient to revert the impact of anthropogenic activities and
may be detrimental in the short period without simultaneously
focusing on in-channel morphology. Water diversion reduction
towards natural flows needs to be accompanied by increasing lateral
connectivity and main channel flow complexity. Anthropogenically
simplified, mainstem areas currently have flow velocity too fast to
maintain bioenergetic conditions that support growth for a natural
flow regime.

Our results highlight the importance of restoration activities
that construct and reconnect lateral habitat to the main channel,
develop slow water areas, and increase the overall channel length
to increase the total suitable area as flow approaches natural con-
ditions. Increase in flow complexity and preserving local low ve-
locities could be achieved with both abiotic and biotic strategies
and their combination. The former could include reintroduction
of large woody debris, reconnection of side channels, followed by
adequate maintenance flows, and the latter with healthy riparian
vegetation, which produces natural wood recruitment and reintroduc-
tion of native riverine mammals like beavers (Castor canadensis). These
strategies may provide process-driven channel scour and lateral
movement into the flood plain that could help increase overall
suitable area. Though not all strategies are adequate for all streams,
an approach as that proposed in this study could help identify the
most suitable life-stage-specific set of solutions.

This study further demonstrates the utility of remotely sensed
topobathymetry and LiDAR-supported numerical flow modeling,
meanwhile building upon biological-data-supported bioenergetic
modeling to assess water use and channel simplification on aquatic
habitat distribution beyond the traditional limited reach scale
(10-20 bankfull channel widths or a few hundred metres). These
results and methodologies could be adapted and applied to other
watersheds to gain more comprehensive understanding and
address limiting factors to help ecosystem recovery or guide con-
struction of new ecosystems. Studies such as this allow for devel-
opment of a virtual stream where processes can be studied at the
proper resolution and length scale and alternative strategies can
be evaluated. Although returning the natural flow regime (remov-
ing diversion in this case) without adequate morphological en-
hancements may not lead to the expected restoration outcomes in
the short term, but could even be detrimental, it may have beneficial
effects at a long time scale. At an extended time scale (e.g., decades),
stream morphology will readjust to the hydrological and sediment
input regime. This suggests that restoration activities should
evaluate both short- and long-term effects of re-establishing a
near natural flow and whether passive (without morphological
restoration), enhancement (small morphological changes in ad
hoc location), and active (with morphological adjustment) resto-
rations would be better for the goals and expected outcomes.
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