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The habitat complexity of a riverine ecosystem influences the bioenergetics of drift feeding fish. We
coupled hydrodynamic and bioenergetic models to assess the influence of habitat complexity gener-
ated by large woody debris (LWD) on the growth potential of juvenile Chinook salmon (Oncorhynchus
tshawytscha) in a river that lacked large wood. Simulations indicated how LWD diversified the flow
field, creating pronounced velocity gradients, which enhanced fish feeding and resting activities at the
sub-meter scale. Fluid drag created by individual wood structures increased under higher wood loading
amounts, leading to a 5-19% reduction in the reach-averaged velocity. The reach-scale growth potential
was asymptotically related to wood loading, suggesting that the river became saturated with LWD and
additional loading would produce minimal benefit for the configurations we simulated. In the scenario
we analyzed for illustration, LWD additions could quadruple the potential growth area available before
that limit was reached for the configurations selected for demonstration. Wood depletion in the world’s
rivers has been documented extensively, leading to widespread attempts by river managers to reverse
this trend by adding wood to simplified aquatic habitats. However, systematic prediction of the effects
of wood on fish growth has not been previously accomplished. We offer a quantitative approach for
assessing the influence of wood on habitat potential for fish growth at the microhabitat and reach-scales.
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1. Introduction in a channel. Such predictions, however, would prove valuable for

habitat enhancement and restoration projects.

The ecological and esthetic characteristics of river channels do
not result from the interaction of water and sediment alone. Living
and dead vegetation supplied from the riparian zone and the catch-
ment upstream plays a fundamental role in the formation of the
river channel and its flow conditions, and thus in the production of
bioenergetically favorable habitat for aquatic species (Collins et al.,
2012; Gurnell, 2012). The amount and quality of habitat for a given
species and life-history stage are widely described and sometimes
quantified (Beechie and Sibley, 1997; Harmon et al., 1986). How-
ever, we know of no attempt to formally predict the extent and
quality of habitat resulting from various levels of wood loading
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At any position within a river, the ability of drift-feeding fish
to exploit their environment and grow to maturity depends on
the availability of low-velocity zones, in which to maintain posi-
tion, that are close to higher-velocity zones utilized for feeding
(Fausch, 1984). Such conditions require that flow fields within
stream channels be spatially complex with strong stream-wise and
cross-stream velocity gradients. Although the interaction of flow
and sediment is capable of producing spatial patterns of habitat
favorable for various life stages (Trush et al., 2000), this interac-
tion alone tends to create smooth, stream-lined forms without the
strong depth and velocity gradients that supply the recommended
flow complexity (Harrison et al., 2011). Exceptions to this gener-
alization occur at the sub-meter scale such as near the beds of
boulder-rich streams and at bedrock outcrops (Crowder and Diplas,
2000; Harrison and Keller, 2007). However, the most widespread
and effective agent forcing morphological and hydraulic complex-
ity on channel flows in lowland, alluvial rivers is large woody debris
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(Bocchiola, 2011; Gurnell et al., 2005, 2002; Keller and Swanson,
1979).

Simplification of channels through wood removal has been doc-
umented throughout North America (Collins et al., 2002; Sedell
etal., 1982; Sedell and Froggatt, 1984; Triska, 1984) and many mod-
ern restoration projects attempt to reverse the trend. From 1800
to 1950, most LWD in rivers was removed to improve navigation
or scoured out by splash dam operation to transport logs to mills
(Sedell et al., 1982). For example, in the Willamette River, Oregon,
riparian trees were removed and LWD was pulled from the stream,
reducing the spatial density of downed trees in the channel from
one every 1.6 mto one every 300-400 m (Sedell and Froggatt, 1984).
Although LWD substantially influences the physical complexity of
rivers and floodplains (Gurnell et al., 2005) and is often installed as
part of riverine habitat restoration (Roni and Quinn, 2001), quan-
tified estimates of how much should be added and what benefit
to expect are lacking. Applying such estimates could substantially
improve understanding of the linkage between reach-scale habitat
value and supplies of LWD from the drainage basin (Benda et al.,
2003) and the likelihood that restoration efforts positively impact
the target species.

Recently developed bioenergetic models allow the prediction
of growth rates and the extent of favorable locations for drift-
feeding fish in rivers (Booker et al., 2004; Hayes et al., 2007, 2000;
Railsback et al., 2013; Rosenfeld and Taylor, 2009). Empirically
derived coefficients depicting relationships between swimming
speed, temperature and prey intake are used in these models to
define growth rates, while drift density and capture efficiency
coefficients express energy intake. By coupling a hydrodynamic
model of spatial variations in flow depth and velocity with such
a bioenergetic model, energy intake, energy use, and growth rate
can be integrated for each location in the model domain to compute
the net growth potential for a fish during a season with variable
flow and food supply. The area of habitat with the potential to sup-
port growth to a chosen size within a season can then be mapped.
Coupling bioenergetic models with computations of how velocity
gradients are generated by various amounts of LWD provides a
systematic way of quantifying the effectiveness of natural or engi-
neered wood loading in determining the growth potential of fish
in a given habitat. Studies have demonstrated variable benefits for
juvenile fish from LWD additions (Cederholm et al., 1997; Everett
and Ruiz, 1993; Roni and Quinn, 2001; Shields et al.,2003), but there
remains the need to generalize and quantify the ecological links
between catchment wood supplies, in-stream wood loads, habitat
complexity, and biotic responses.

We coupled hydrodynamic and bioenergetic models of fish
growth to calculate the reach-scale extent of bioenergetically favor-
able rearing habitat for juvenile Chinook salmon (Oncorhynchus
tshawytscha), a culturally, recreationally, and commercially impor-
tant anadromous species in western North America. The coupled
model illustrates the roles of water velocity, depth, temperature,
invertebrate food supply, and channel form on potential rates of
salmon growth, but we held the spatial and temporal patterns of
these variables constant in all simulations and explored the result
of imposing hydrodynamic complexity on the flow field with vary-
ing degrees of wood loading. The longer-term goal of this work is to
construct a quantitative theory of the relationships between catch-
ment and riparian conditions determining water flows, channel
dimensions, riparian shade, wood loading, in-channel hydrody-
namics, and the bioenergetics of fish growth. Such a theory would
support quantitative understanding of how straightening of river
channels and removal of large woody debris (LWD, >1 m length,
>0.1 m diameter) from channels throughout much of North Amer-
ica and Europe have contributed to the decline of fish populations
(Benda et al., 2003; Floyd et al., 2009; Nelson et al., 2003; Noss
et al, 1995; Sada and Vinyard, 2002; Slaney et al., 1996). This

theoretical framework would also illustrate the scale and inten-
sity of changes that would be required to mitigate the effects of
channel simplification on fish populations.

2. Materials and methods
2.1. Study location and period

We simulated the addition of varying LWD loading amounts
(m?/100 m of river) to a reach of the Merced River, California, USA
(latitude 37°29' N, longitude 120°28" W), the current southern-
most river with a native population of Chinook salmon. The Merced
River has been impacted by multiple impoundments, gravel min-
ing, water withdrawals, and historic hydraulic mining, resulting in
degraded spawning and rearing habitat for Chinook salmon. In the
spring of 1997, a river channel avulsion during a flood event redi-
rected all flow to an abandoned gravel mine. Agencies charged with
salmon management considered this new channel unsuitable for
salmon spawning and rearing and subsequently implemented the
Merced River Salmon Habitat Enhancement Project (MRSHEP), an
effort that created a new meandering channel meant to evolve into
a semi-natural geomorphologic state under the modern discharge
and sediment regimes (see Marshall et al., 2008 for a full descrip-
tion of the project). Because of the channel construction activities,
paucity of wood from upstream sources, and wood removal for nav-
igation purposes, there has been little local recruitment of woody
vegetation to the MRSHEP channel. Lack of woody debris and the
simple geometry of the reach provide an opportunity to quantify
how adding large wood to the channel would influence the flow
field and the area of bioenergetically favorable habitat for juvenile
salmonids.

The simulation period, 12 April-30 June (80 days), was selected
because during this time, juvenile Chinook were known to be
present in the reach, invertebrate drift data were available, and dis-
charge was held constant by a dam approximately 10 km upstream
of the study reach. These factors provided a favorable opportunity
to model the influence of LWD on fish growth under typically man-
aged conditions. For all simulations the starting fish size was 7 cm
long, which is the approximate average juvenile Chinook length at
the simulation start date (Utz et al., 2012). A fish was considered
to be viable if it reached 10cm, a length >average out-migrating
smolt in the Merced River (Montgomery et al., 2007), by the end
of the simulation period. We did not attempt to model the pre-
emergence life-stage, which begins when fall run juvenile Chinook
salmon hatch in January (Utz et al., 2012).

Once hatched, Chinook grow within the lowermost 15cm of
water above the bed, where we have measured and modeled veloc-
ities of less than 0.5 m/s, and in the “interfacial sublayer” (the upper
few cm of the substratum among the protruding gravel particles)
where velocities drop to about one-half of their magnitudes at the
bed surface (Pellachini, 2011). Thus our model simulations rep-
resent the post-emergence period after Chinook are capable of
leaving the interfacial gravel sublayer and the lowermost portion
of the flow field, utilizing the complex velocity field higher in the
water column.

2.2. Hydrodynamic model

The flow field was simulated, without bed deformation, with the
Flow and Sediment Transport Morphological Evolution of Chan-
nels (FaSSTMECH) model developed by the U.S. Geological Survey
(Bartonetal.,2005; Lisle et al., 2000; Nelson et al., 2003 ). FASTMECH
is a two-dimensional (2D) flow model and assumes a hydrostatic
pressure distribution (small vertical velocities and accelerations).
Though there are potential non-hydrostatic effects created when
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wood is added to a channel they are likely small and are not
included in a 2D model. We do not expect that the spatial pat-
tern of the computed flow field would be changed significantly
by using a full 3D flow model and there are reported precedents
of successful use of 2D flow models to simulate velocity gradi-
ents, transverse flows and flow complexity around obstructions
(Crowder and Diplas, 2000; Pasternack et al., 2004). The model,
previously calibrated and validated at the field site for a range of dis-
charges (Harrison et al., 2011; Legleiter et al., 2011), computes the
local depth and vertically-averaged velocity magnitude. True model
validation of the LWD scenarios is not possible, though model
results are comparable because we used an identical approach
between simulations in terms of how wood was added and we used
the same hydraulic boundary conditions (discharge, flow resis-
tance and downstream stage). In that aspect, our approach shares
similarities with previous work testing various restoration designs
through alteration of the input topography (DEM), which in turn
is used as input into 2D hydraulic models (Pasternack et al., 2004;
Wheaton et al., 2004). The cell size used in the computations was
0.5 m x 0.5 m, which closely matched the expected maximum cap-
ture distance (Hughes and Dill, 1990) of juvenile Chinook salmon
in our simulations.

We first used FaSTMECH to simulate the flow field without
any woody structure in the channel, representing the current con-
ditions. To simulate the addition of woody debris, we created
flow-obstructions fully penetrating the water depth, that were
0.7 m wide (the diagonal width of a flow cell) and 5m or 10m
long, protruding into the channel in a downstream direction at
an angle of 45° to the bank and placed on alternating sides of the
channel. The selected width was representative of the LWD pieces
in nearby reaches of the river (Utz et al., 2012), and Stella et al.
(2006) reported mean tree diameters of 0.77 m for mature cotton-
wood in the nearby Tuolumne River, CA. The lengths of 5 and 10 m
were similar to those reported by Senter and Pasternack (2011),
who found average wood lengths of 6.9 + 4.0 m on the Mokelumne
River, CA. Natural wood pieces are oriented at a range of angles and
in complex log jams, but we selected a 45° angle and uniform spac-
ing for simplicity; extra diversity could be accommodated by the
models in future simulations. Initial flow simulations indicated that
the structures created wake lengths (the downstream flow recir-
culation zone created by the added structures) of approximately
30 and 40 m for 5 and 10 m structures, respectively. A total of 10
simulations were conducted for each structure size (5 or 10m)
with wood spacing varying systematically between 2.0 and 0.2
wake lengths. For examples of output datasets from the FASTMECH
see Supplement 2. The FaSTMECH model can be downloaded at:
http://i-ric.org/en/introduction.

2.3. Bioenergetic model

The bioenergetic model was based on a drift feeding model
developed and tested by Rosenfeld and Taylor (2009). Estimated
growth of a fish residing in a 0.5 m x 0.5 m cell was calculated as a
function of energy consumed minus energy lost through swimming
costs, excretion, egestion, and specific dynamic action (Beamish,
1974). A fish was positioned in one cell and the velocity in that
cell was used to determine the energy lost due to swimming costs,
inclusive of basal metabolism (Hughes and Dill, 1990; Rosenfeld
and Taylor, 2009). The fish could feed from adjacent cells within the
maximum possible prey capture distance (Hughes and Dill, 1990)
of the fish. The adjacent cell with the fastest water velocity was
used to determine the supply rate of the prey. This strategy likely
resulted in a slight overestimation of energy intake at all locations
but should not influence the ability to make relative comparisons
of growth potential benefit between different wood loadings. By
including swimming costs and allowing fish to feed from adjacent

locations, the drift feeding model reflects the laboratory based
conceptual model of Fausch (1984) where profit is optimized by
combining slow water near strong velocity gradients to balance
swimming cost expenditures against food supply.

The cross-sectional area of the river that the fish could feed from
(based on the local flow depth and the maximum capture distance
for a given prey size) was then multiplied by the drift velocity and
drift concentration to estimate the food supply in any time period.
Net energy intake was calculated by multiplying food supply and
the probability of capture success. Capture success (ranging from
0-1) was a function of water depth at the fish location, drift veloc-
ity, fish fork length, and prey length (Hill and Grossman, 1993;
Hughes and Dill, 1990). Similar to Sommer et al. (2001), Madenjian
et al. (2004) and Koehler et al. (2006), all parameter values used in
the bioenergetic model were taken from the Fish Bioenergetics 3.0
(Hanson et al., 1997). Drift concentrations (mean =0.4 mg/m3 dry
mass during the simulation period) were derived from eight drift
samples collected within the study reach between 12 April and 21
June, 2008. Juvenile Chinook salmon in the reach feed primarily
on Baetis and Hydropsyche (Utz et al., 2012), so maximum capture
distances and drift concentrations were based on these two prey.
Once net energy intake was calculated, energy was converted to
mass each day, based on the energy density of the fish, and added
to or subtracted from initial fish weight to determine growth.

Mean daily water temperature (14.3 °C average during simu-
lation period) was obtained from the closest available California
Department of Water Resources gauging station (22.6 km down-
stream of the study reach on the Merced River). For all simulations,
discharge was held constant at 6.4 m?3/s, the level normally main-
tained in the reach through controlled dam releases during the
simulation period when juvenile salmon are present in the reach
(Utz et al., 2012). For additional bioenergetics model details and
source code, see Appendix A and Supplement 1, respectively.

2.4. Combining models to quantify growth-positive habitat

The predicted depths and velocities for every cell in the reach
derived from the FASTMECH model were applied in the bioenerge-
tic model to compute the potential fish growth rate over the 80-day
simulation period. Maps were then calculated for each LWD loading
amount estimating the extent of positive juvenile salmon growth
and areal estimates of habitat that allow a fish to grow from the ini-
tial fish length of 7 cm (average size of fish presentin the reach on 12
April; (Utzetal.,,2012))toatleast 10 cm long. We also analyzed how
river channel morphology influenced the potential growth area by
comparing the bioenergetically favorable growth areas in curved
and straight sections of the channel. To assess the relationship
between velocity differential and growth rate, we made a series
of scatterplots that compared velocity differential to growth rate
for cells with similar depths.

The relationships between LWD loading amounts and the
areal estimates of favorable juvenile salmonid habitat produced
were described by regression equations developed using nonlin-
ear regression techniques from package nls2 (Grothendieck, 2010)
in program R (R Core Team, 2012). Regression equations summariz-
ing the model results were then used to estimate potential growth
area created if the woody debris loading amount was equal to
the values measured for 20 California rivers with Chinook salmon
populations (Albertson et al., 2013). We also estimated the poten-
tial growth area created when wood loading amount was equal to
that for unmanaged or lightly managed rivers in regions similar
to the Central Valley of California. Gurnell et al. (2002) provided
an average loading amount of 55 t/ha for such rivers; Senter and
Pasternack (2011) measured 9.2t/ha in the nearby Mokelumne
River. We multiplied the ratio of these values by an areal estimate
of wood loading (11 m?/100 m) from Senter and Pasternack (2011)
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Fig. 1. Flow field and growth potential maps produced from simulations with no structures (Graphs A and D), a low density (41 m spacing, Graphs B and E), and a high density

(12.3 m spacing, Graphs C and F) of 10 m long structures added.

to obtain a hypothetical unmanaged or lightly managed loading
amount of 66 m?/100 m for a Central Valley river.

3. Results
3.1. Effects of woody debris density

The simulated addition of woody debris influenced both the
flow field and the locations where juvenile Chinook salmon growth
was possible (Fig. 1). Simulations of the velocity field without
woody structures indicated that only small areas of slow flow
existed upstream and downstream of the point bar (Fig. 1A),
providing little habitat with positive growth potential (Fig. 1D).
Added wood enhanced the velocity gradients near structures, cre-
ated low-velocity wakes downstream of structures (Fig. 1B and
C) and reduced the reach-averaged velocity by 5-19% over the
range of simulated wood loading amounts. As woody debris den-
sity increased, the areal extent of potential juvenile salmon growth
also increased (Fig. 1E and F). The trend exhibited an asymptote at
which the river became saturated with structures and additional
wood loading resulted in minimal benefit (at about 45 m? of struc-
ture per 100 m of river reach for the configuration that we chose;
(Y=792/(1+3.3e(-009X)) 12 =087, p<0.01); Fig. 2). The limit on the
area with positive growth potential arose because increasing LWD
loads reduced the cross-sectional area of flow and thus increased
the velocity in this zone. Simulation results for 5 m structures pre-
dicted that the amount of habitat with positive growth potential
would be on average 8.6% less than those for similar 10 m struc-
ture loading amounts. The relationship between structure loading
and the amount of area capable of producing a viable fish of 10cm
length by the end of the simulation period was similar to the pat-
tern of zones generating any net growth ((Y=769/(1 +3.7e(~0-09X)),
2 =0.88, p<0.01); Fig. 2).
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Fig. 2. Relationship between structure loading and the area per 100 m averaged
over the entire channel where juvenile salmon growth (points and solid line) was
predicted to occur (Y=792/(1+3.3e(-009%)) 12=0.87, p<0.01). On average, when
comparing similar loading amounts, simulations with 10 m long structures create
8.6% more growth area than 5 m long structure simulations. The predicted amount
of area that would produce a viable fish capable of growing to the average outmigra-
tion size of 10 cmis represented by the dotted line (Y=769/(1 + 3.7e(-009)) 12 =0.88,
p<0.01). The portions of the curves within the shaded area represent the growth
area predicted to be available if the structure loading amount was within the range
of woody debris loading amounts measured for 20 California rivers (Albertson et al.,
2013) similar to the Merced and the vertical arrow indicates an estimate for unman-
aged or lightly managed river systems with conifer and hardwood (Gurnell et al.,
2002).

3.2. Structure placement in curved and straight sections

The relationship between wood structure loading and areal
extent of habitat with the potential to support fish growth dif-
fered between curved (Y=535/(1+1.9e(-010X)) 2=0.72, p<0.01)
and straight reaches ((Y=1068/(1 +3.9¢(-007X)) +2=0.87, p<0.01);
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p<0.01) and straight reaches (Y=1068/(1+3.9e(-007X), 12 =0.87, p<0.01).

Fig. 3). Increasing the structure density led to more habitat being
available for positive growth in both reaches, but the growth-
area response approached a lower asymptote in the curved reach.
Structures placed in straight sections resulted in larger areas of
potential growth, especially at higher structure loadings (Fig. 3).
The projection of LWD into the narrower and deeper curved reaches
accelerated flow in the unobstructed portions of the channel,
rendering them unfavorable for fish to hold in. With increased
wood loading amounts, curved reaches experienced a more pro-
nounced contraction and acceleration of the high-velocity core
due to the interactions between structures, which reduced wake
lengths (Fig. 1C) and reach-averaged growth potential (Fig. 1F).

3.3. Flow complexity

Velocity differential (defined here as the drift velocity, which is
the fastest velocity in the cells adjacent to the fish location, minus
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the velocity at the fish location) had a large influence on determin-
ing if and how a location favored juvenile Chinook salmon growth.
Simulated LWD provided the habitat complexity that established
flow fields with high velocity differentials. The bioenergetic model
predicted that locations at the edge of the wake created by indi-
vidual structures would have the highest growth potential. These
locations had high drift velocities outside of the wake toward the
center of the river, which were adjacent to low velocity locations in
the wake created by the structure (Fig. 4). The addition of wood also
opened up larger fractions of the deeper portion of the channel for
positive growth, which would otherwise be uninhabitable. In the
absence of added wood, the areas where positive growth was pos-
sible were limited to the slow velocity (<0.3 m/s) zones along the
channel margins (Fig. 1A and D).

The effectiveness of a velocity differential in providing growth
opportunities was strongest in deeper water (1-1.5 m) and did not
appear to have a positive influence on fish growth in the shallow
channel margins (depth <0.25 m), despite the low swimming costs
associated with this environment (Fig. 5). The food capture area in
the bioenergetics model was set as a function of the flow depth,
with deeper water providing a larger capture diameter for the fish
and thus increasing the feeding opportunities. Conversely, while
the slow moving water on the channel margins provides suitable
resting habitat, the shallow flow depth and low rate of food deliv-
ery nearby limits the growth potential. In deeper water, a fish was
both more likely to find a strong velocity gradient, and the feeding
potential increased due to the larger capture area in deeper water.

4. Discussion

Predicting the effects of wood additions on salmon populations
inherently involves substantial difficulties due to local biophys-
ical conditions which make it difficult to isolate the effects of
wood from those of other factors (Bisson et al., 2003). Our findings
represent a first step toward overcoming these challenges by quan-
tifying the role of large wood on salmon growth potential using
an integrated hydrodynamic and bioenergetic modeling frame-
work in a meandering river that currently lacks woody debris. By
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systematically adding constant-sized units of wood to a hydro-
dynamic model of the channel, we quantified the incremental effect
of structure loading on the flow field and thus salmon growth
potential. The approach allowed us to map locations with the
potential to sustain positive fish growth, to determine which loca-
tions were able to produce a fish of viable smoltification size
(10 cm), and to estimate the relationship between LWD loading and
the channel area with a potential for supporting positive juvenile
salmon growth.

Wood influenced the flow structure and salmon growth poten-
tial at both the sub-meter and reach scales. At high LWD loading
amounts, the reach-scale average velocity decreased by 5-19% and
the area of habitat supporting growth of juvenile salmon quadru-
pled. At the micro-habitat scale, wood created both low-velocity
wakes behind structures and flow accelerations adjacent to the
structures. The combined effect at the scale of individual struc-
tures was to intensify velocity gradients and fish growth potential.
Previous studies have qualitatively emphasized the importance
of velocity gradients for fish, and Fausch (1984) used laboratory
experiments to demonstrate that drift-feeding fish grow at faster
rates when they can hold position in slow water (to minimize swim-
ming energy expenditures) and feed in adjacent faster water (to
maximize available invertebrate drift supply). Subsequent work
has extended this finding to field settings using flow-based metrics,
such as vorticity, to quantify flow complexity using computed
velocity gradients (Crowder and Diplas, 2002). While such metrics
can differentiate between flows of varying complexity in gravel-
bedded or boulder-rich channels, they have not been directly linked
to ananticipated biological response to flows of varying complexity.
The approach used here provides a direct means of quantifying how
flows of different complexity translate into fish growth potential
over arange of spatial scales and food supply. The coupled modeling
approach also highlights that the benefits of a velocity differen-
tial on fish growth are most likely to be realized when combined

with a low fish focal velocity (in our case <0.3 m/s), and sufficient
water depth (>0.25m), and that these three ingredients (velocity
differential, low focal velocity and deep water) need to occur at
a small enough (~1 m) spatial scale for fish to exploit the growth
opportunities.

Results from the study could be applied in several ways. One
relates to the case of resident fish or juvenile salmon that remain
more-or-less local throughout the rearing season until they are
driven downstream by increasing temperatures (in the case of the
Merced River) or other stimuli. In those cases, the useful metric to
extract from the results is the area in which a fish with an initial fork
length of 7 cm could grow to a viable length for successful smoltifi-
cationinthe time available. This is the habitat potential indicated by
the dashed curve in Fig. 2. In the case of the MRSHEP reach Chinook,
the average fish is approximately 8-10 cm when it migrates out of
the river (Montgomery et al.,, 2007). Another way of interpreting
our results is from the perspective of a juvenile salmon gradually
migrating downstream throughout the rearing season exploiting
whatever rearing conditions it encounters along its path. Such habi-
tat potential is portrayed in Fig. 1 and in the solid curve of Fig. 2.
In the MRSHEP reach, the curves in Fig. 2 are essentially identical,
but whether this result is consistent in other systems remains to
be seen.

In the model simulations, the presence of a fish in one location
does not influence invertebrate drift concentration in other loca-
tions and therefore growth rates are independent of intraspecific
interactions among salmon. Yet benthic invertebrate populations
may be depleted by drift-feeding fishes (Meissner and Muotka,
2006) and salmonids typically exhibit density-dependent growth
rates caused by antagonistic behavior (Grant and Imre, 2005).
Thus the form of the relationships presented in this study may
be influenced by salmon density-dependent effects if prey sup-
ply rates or intraspecific interactions affect the modeled dynamics
before asymptotic growth potentials are attained. However, in the
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Merced River and many rivers lacking extensive habitat complexity,
density-dependent effects, especially those related to food sup-
ply, are likely to prove insignificant until salmonid populations
increase substantially from contemporary sizes. In the case of our
modeled system, doubling the modeled density of salmon from
0.78 individuals per m2 (i.e., one fish spaced every 0.5m) would
decrease final growth rates by only ~3% based on the empirical
relationship (Y=5.2X-0045) between fish density and size based
on field sampling of juvenile salmonids by Grant and Imre (2005).
Recent seine surveys of the study reach detected a mean salmon
parr density of <0.01 perm? and a maximum of 0.11 perm? (Utz
et al,, 2012), thus current population densities would need to
increase substantially before density dependent effects could be
expected. Furthermore, LWD additions should elevate macroin-
vertebrate abundance in rivers (Benke et al., 1984; Hrodey et al.,
2008), thereby buffering the depletion of prey resources if salmon
populations increase.

By using the depth-averaged velocity at each point we ignore
low-velocity zones near the river bed that could support fish
growth. Our field measurements and the flow computations with
FaSTMECH for a discharge of 6.4 m3/s indicate that over most of the
straight reach where the mean flow depth is 0.65 m thereisa0.15m
thick near-bed zone in which the velocity ranges from zero to 75%
of the vertically averaged flow speed. This layer constitutes most
of the flow depth within 3 m of the channel margins. In addition to
the role of this zone and the surface intra-gravel zone as habitat for
the alevin life stage, it could also provide habitat for the juvenile
stage that we have modeled, and thus our model might underesti-
mate the full habitat potential of the reach. We have also modeled
only the case where the woody structure is impermeable, such as a
solid tree trunk. The hydrodynamic model could be utilized to com-
pute flow fields around and through permeable barriers produced
by large, compound log jams, but a three-dimensional flow model
would be required to calculate velocity variations in the vertical
that may be associated with these larger features.

Our results indicated that a sufficient length between structures
was required to produce downstream zones of low velocity that
were predicted to provide positive growth. When the structure
spacing was increased (panel C and F of Fig. 1), minimal benefit was
observed. If the structures were placed randomly, we would expect
to see positive growth conditions when the spacing allowed (i.e. the
wakes were not disrupted) but minimal benefit if the structures
were spaced closely. The exact spacing that would provide ade-
quate wakes or disrupt them would depend on the channel width
and curvature of a particular river.

The simulations relate to a particular channel size and gradient,
water temperature, and invertebrate food supply, but they could
be repeated for different combinations of habitat characteristics in
other river channels and seasonally inundated floodplains (Jeffres
et al., 2008). Light detection and ranging (LiDAR) techniques have
become increasingly popular tools for mapping channel and flood-
plain bathymetry (McKean et al., 2008) and wood (Kasprak et al.,
2012) up to catchment scales. Our intention here is to illustrate the
general principle of coupling hydrodynamic and bioenergetic mod-
els to estimate habitat potential related to varying degrees of wood
loading, and thus we have not addressed the other obvious issue of
parameter estimation, particularly for the bioenergetic model. We
simply chose a parameter set regarded as representative for the
species involved from a widely employed source.

The form of a river channel depends on the populations of
flows, sediment supplies, and LWD supplied to the river (Collins
et al,, 2012; Gurnell, 2012). River management has tended to
focus on altering flow and sediment supply in attempts to re-
activate geomorphic processes that shape aquatic habitats, based
on existing conceptual models of alluvial river behavior (Trush
et al., 2000). While flow and sediment transport processes can

produce a range of habitat conditions, when acting alone they tend
to create smooth channel forms that lack strong velocity gradients
required by aquatic organisms (Harrison et al., 2011). In this study,
the simulated addition of large wood created a 4-fold increase in
the extent of juvenile salmon habitat, in comparison to the exist-
ing habitat that has been shaped by a decade of flow and sediment
transport since construction. LWD or other non-granular structural
elements constitute a critical third factor creating bioenergetically
favorable conditions for fish growth. Coupled models of the kind
we have implemented allow the quantitative examination of this
non-alluvial component of river habitat formation.

Due to the widespread nature of wood depletion in rivers, wood
management has become an important tool in river restoration.
Yet, despite the widely accepted importance of wood in creating
more complex habitats, the nature of its biological influence has
been difficult to quantify (Abbe and Brooks, 2011). The simulations
presented here estimate quantitatively the growth potential ben-
efits for drift feeding Chinook salmon that might be gained from
wood additions. Our findings also suggest that a wood loading
value exists at which additional structure would result in limited
additional usable rearing habitat, at least for a particular configu-
ration of wood installation. The 20 California rivers measured by
Albertson et al. (2013) possessed LWD loading amounts far below
those reported in unmanaged or lightly managed river systems
(Gurnell et al., 2002). Based on the results of our study and oth-
ers (Albertson et al., 2013; Gurnell et al., 2002; Sedell and Froggatt,
1984; Senter and Pasternack, 2011), most of the managed rivers
where wood loading amounts have been reported are currently far
below the saturation point predicted by our model.

The modeling approach used in our study could reduce the
uncertainty in restoration projects where adding structural com-
plexity has been identified as a restoration priority to maintain
a sustainable river ecosystem while simultaneously maintaining
other values such as boat access and flood conveyance. The finding
from our modeling efforts that a saturation point exists between
wood loading and fish growth provides a hypothesis that could
be tested with high-resolution field experiments involving wood
additions and monitoring of fish distributions, growth and food
intake. The integrated modeling approach also presents a basis for
developing theories linking in-channel ecological conditions with
three major watershed-supplied influences: flows, sediment sup-
plies, and woody debris (Benda et al., 2003; Collins et al., 2012;
Gurnell, 2012). Although we have implemented the original bio-
energetic model with published parameter values, the general form
of the relationship between wood loading and extent of juvenile
rearing habitat, presented in Figs. 2 and 3, could be applied in other
river systems with adjusted parameter values reflecting local eco-
logical differences. The integrated modeling approach we used in
this study is best described as drift foraging theory translated into
numerical bioenergetics which is harnessed to hydrodynamic mod-
eling in order to predict growth potential. This approach allows
assessment of the ecological benefits of alternative channel mor-
phologies or wood loading amounts. This is an approach that is
transferable to any river or flow because it is process based.
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