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6 [1] Gravel-bedded channels often become incised and degraded below dams. Gravel can
7 be added to the channel to rehabilitate hydrogeomorphic conditions, including those
8 promoting salmon spawning. When implemented without increasing bed slope, gravel
9 addition at downstream riffles back floods upstream riffles. A 2-year gravel augmentation
10 project was done to test the efficacy of a new method for ‘‘slope creation.’’
11 Riffle-to-riffle slope was raised from 0.002 to 0.008 by adding gravel to the most upstream
12 riffle. When gravel was added to the next downstream riffle a year later, riffle-to-riffle
13 slope decreased to the sought after 0.004. After the study, the area of high-quality
14 Chinook salmon spawning habitat increased 471%. The number of redds observed went
15 from 62 to 161 during the study despite a 50% decline of in-river spawners. This
16 eliminates variations in migrant population size and hatchery take as alternative
17 explanations. Slope creation can be a useful aid for rehabilitating regulated rivers.

19 Citation: Elkins, E. M., G. B. Pasternack, and J. E. Merz (2007), Use of slope creation for rehabilitating incised, regulated, gravel bed

20 rivers, Water Resour. Res., 43, XXXXXX, doi:10.1029/2006WR005159.

22 1. Introduction

23 [2] Dams alter a stream’s hydrologic and geomorphic
24 regimes leading to channel narrowing, incision, armoring,
25 increased stability, and decreased slope [Ligon et al., 1995;
26 Lisle and Church, 2002; Williams and Wolman, 1984].
27 Physical habitat quality is the degree of suitability of local
28 depth, velocity and river bed substrate size in a stream to
29 support a particular ecological function. Together with other
30 stressors, dam-related degradation of physical habitat qual-
31 ity for salmonid spawning is responsible for interdecadal
32 declines in anadromous populations [Moyle, 1994; Moyle
33 and Randall, 1998; Nehlsen et al., 1991; Yoshiyama et al.,
34 2000].
35 [3] To mitigate the ecological impacts of river regulation,
36 ‘‘gravel augmentation,’’ defined as adding washed gravel
37 and cobble to a stream, is widely performed in California.
38 This is done to reduce bed armoring, improve river bed
39 substrate quality, increase flow velocity, reduce water depth,
40 increase habitat heterogeneity, and increase hyporheic
41 exchange [Department of Water Resources (DWR), 2000,
42 2001; Kondolf et al., 1996, 2001; Kondolf and Minear,
43 2004; McBain et al., 2000; Wheaton et al., 2004a]. Such
44 projects often emphasize rehabilitation of spawning habitat
45 for key salmon species whose status strongly indicates that
46 of the aquatic ecosystem [Merz et al., 2004; Merz and
47 Ochikubo Chan, 2005].
48 [4] Because regulated streams are often incised, the
49 benefits of in-channel gravel augmentation may be limited
50 by the maximum riffle crest elevation achievable. As gravel
51 is added at one degraded riffle the next upstream riffle may

57be flooded out and lose its functionality. This backwater
58effect may diminish the gains of a project or make con-
59ditions worse overall [Sear and Newson, 2004; Wheaton
60et al., 2004a]. To address this problem, gravel can be added
61at the base of a dam to increase the local bed elevation, and
62then a steeper slope can be built down the reach (Figure 1).
63We term this artificial increase in riffle-to-riffle bed slope
64‘‘slope creation.’’ This is conjectured to improve hydro-
65geomorphic conditions, including those comprising the
66physical habitat quality preferred for native Chinook salmon
67(Oncorhynchus tschawytscha) spawning.
68[5] Although river rehabilitation that enhances in-river
69fish production will aid spawning fish of both wild and
70hatchery origins, the consensus of the scientific [Botsford
71and Brittnacher, 1998; Marchetti and Moyle, 2001] and
72policy [Flosi et al., 1995; U.S. Fish and Wildlife Service
73(USFWS), 2001; DWR, 1994; Comprehensive Monitoring,
74Assessment and Research Program, 1999] communities in
75California is that in-channel habitat restoration is a neces-
76sary component of species recovery. According toMarchetti
77et al. [2004, p. 1522], ‘‘the restoration of natural processes
78in aquatic systems can be expected to minimize the estab-
79lishment of alien fishes while helping to maintain native fish
80populations.’’ This wide consensus is reflected in the
81millions of dollars being spent at this time to rehabilitate
82most Central Valley streams. The more spawning that can
83be achieved in-stream, the more hatchery production may be
84reduced.
85[6] This study investigated the short-term hydrodynamic,
86physical habitat, and sediment transport regime responses of
87a degraded river reach to slope creation. Channel manipu-
88lation, defined as recontouring a river’s topography with the
89aid of washed coarse sediment brought in from a nearby
90quarry, was done to increase the riffle-to-riffle slope from
910.002 to 0.004 immediately below a dam. Although a single
92carefully monitored and modeled channel manipulation
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93 cannot fully corroborate the slope creation procedure, spe-
94 cific predictions (formally defined later) were evaluated to
95 better understand the role of slope in regulated streams:
96 (1) slope creation improves salmon spawning habitat qual-
97 ity, (2) spawning salmon prefer areas predicted in advance
98 to be high-quality habitat, and (3) slope creation can provide
99 a sediment transport regime that keeps high-quality habitat
100 stable during spawning and incubation life stages. These
101 predictions were tested by analyzing patterns of flow, scour
102 potential, and spawning habitat quality at a site on the
103 Mokelumne River in northern California prior to (prepro-
104 ject), after the first (midproject) and after the second
105 (postproject) channel manipulation. Observed counts of
106 up-migrating fish, hatchery take, and redds for each spawn-
107 ing season were also used to test predictions and assess the
108 slope creation approach. The significance of this study is
109 that specific predictions regarding hydrogeomorphic and
110 fish response to slope creation were tested to reveal mech-
111 anisms underlying complex linkages among flow, morphol-
112 ogy, and habitat regimes.

113 2. Slope Creation

114 [7] When examining geomorphic units at a subreach
115 scale, slope and discharge control in-channel hydraulics

116and morphodynamic change [Knighton, 1998]. In regulated
117reaches where channel slope has declined slowly over
118decades, depth is increased, velocity is decreased, and
119substrates become clogged, yielding poor habitat quality
120(Figure 1a). Bed relief typically yielding riffles and pools
121decreases to produce a single long glide. Moreover, in most
122cases reinstatement of the historic (or a ‘‘naturalized’’) flow
123regime is politically infeasible. Thus raising slope back to
124its predam state can quickly undo decades of degradation.
125Not only might this improve physical habitat quality, but it
126is hypothesized to restore many key geomorphic processes
127that maintain high-quality habitat.
128[8] To address this complex water resources issue a slope
129creation approach was developed, implemented, and
130assessed. Slope creation involves adding coarse sediment
131to the channel below a dam in a staged manner (Figures 1b
132and 1c) heavily relying on iterative design development,
133design evaluation, and adaptive monitoring over many years
134(Figure 2). It was conceived of in response to observations
135of detrimental backwater effects at 4 previous isolated
136gravel augmentation projects [Wheaton et al., 2004a]. It
137was also added onto the previously reported SHIRA gravel
138augmentation framework [Wheaton et al., 2004a, 2004b].
139Because it is often unaffordable or infeasible to undo
140decades of degradation in a single, 1-year project, the slope

Figure 1. Longitudinal profile of a stream illustrating a two-stage addition of gravel for ‘‘slope
creation,’’ such as performed in this study. After the first stage, riffle-to-riffle slope is steeper than desired,
but that is resolved in the second stage.
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141 creation approach was designed to be implemented in small
142 stages over many years.
143 [9] The ultimate length of reach whose longitudinal
144 profile may be restored using this approach depends on
145 the magnitude of slope change needed, the history of
146 incision, and the total elevation gain permitted at the base
147 of a dam in light of dam operations. Williams and Wolman
148 [1984] reported examples of meters of channel incision as
149 far as 60 km downstream of dams. Any depth of bed incised
150 in the past may be recreated using slope creation. Restoring
151 each increment of 0.1% slope to the uppermost 1-km reach
152 below a dam requires 1 m of elevation gain. Because the
153 critical region of habitat-limited fish spawning at the base of
154 a dam may be <1 km in length, much steeper slopes may be
155 achieved over shorter distances in this critical zone for the
156 same amount of elevation gain. If a longer regulated reach
157 was historically used for spawning, then restoring the bed
158 elevation at the base of the dam to its predam elevation and
159 distributing the predam slope downstream should yield the
160 desired hydrogeomorphic conditions over the total length of
161 the historical spawning reach.
162 [10] Several limitation of slope creation must be consid-
163 ered. The most important is that as long as a dam remains,
164 constructed channel features and the rehabilitated slope
165 must be maintained with periodic gravel injections below
166 the dam to sustain short-term gains. Longer-term issues
167 associated with this maintenance regime are not addressed
168 in this study, but are covered in an investigation of longer-
169 lived rehabilitation sites [Merz et al., 2006]. In addition,
170 slope creation only deals with structural enhancement; the
171 minimum requirements for water quality parameters such as
172 temperature and dissolved oxygen are assumed to be within
173 an acceptable range [Merz and Setka, 2004] and are not
174 addressed in this approach. Finally, the maximum slope that

175should be built is constrained by the unnatural and unde-
176sirable onset of bed material transport of the added gravels
177during spawning or early incubation, times when flow is
178normally low and abnormally high transport would destroy
179fish embryos.

1803. Study Area

181[11] The snow-fed Mokelumne River drains 1624 km2 of
182the central Sierra Nevada (Figure 3). It has 16 major water
183impoundments, including Salt Springs (175 million m3),
184Pardee (259 million m3) and Camanche (531 million m3)
185reservoirs. Prior to Camanche Dam, annual peak flows
1861904–1963 exceeded 200 m3/s for 21 of 57 years. Since
1871964, releases are capped at 142 m3/s. Predam, the annual
188hydrograph was snowmelt-dominated, with highest flow in
189May–June, well after peak precipitation. Postdam, snow-
190melt runoff is greatly reduced. Flood frequency analysis
191revealed a dramatic reduction in flow magnitude for all
192recurrence intervals [Pasternack et al., 2004]. From May
1932000 to the completion of this study, flow was near the
1944.25 m3/s minimum prescribed in relicensing [Federal
195Energy Regulatory Commission (FERC), 1998].
196[12] The lower Mokelumne River has been impacted by
197direct anthropogenic intervention and slow, long-term mor-
198phologic degradation. Hydraulic mining, gravel extraction,
199dam construction, water diversion, altered flow regimes,
200deforestation, artificial bank protection, channelization and
201levee construction have resulted in depleted, degraded and
202otherwise, inaccessible gravel beds within the river. The
203first 750 m of channel below Camanche Dam was reengi-
204neered to accommodate sluicing, power generation, and
205hatchery operations. Also, reduced flood peaks and dura-
206tions stabilized formerly active gravel deposits and permit-

Figure 2. Conceptual model describing slope creation methodology used in this study for Chinook
salmon spawning habitat rehabilitation. Before using tfhis, preliminary planning including goal setting
should be performed, such as described by Wheaton et al. [2004a].
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207 ted encroachment of vegetation into the channel [FERC,
208 1998]. Presently, the lower Mokelumne River between
209 Camanche Dam and Highway I-5 has a low slope (0.0002–
210 0.002 instead of 0.001–0.006), narrow width (19–43 m
211 instead of 40–90 m), and poor salmonid spawning bed
212 substrates (compacted coarse sediment partially overgrown
213 with aquatic vegetation and organic-rich mud instead of
214 clean, loose gravel and cobble).
215 [13] For the 19-year period before Camanche Reservoir
216 was impounded, runs averaged 3,300 spawners, though
217 spawning areas were estimated to accommodate �15,000
218 adult Chinook salmon [California Department of Fish and
219 Game (CDFG), 1959]. Presently, average annual lower
220 Mokelumne River Chinook escapement averages 5500
221 [Workman, 2003]. Between 1994 and 2002, the percent of
222 length of the upper 1-km of channel observed to have redds
223 varied between 19 and 34%, with high densities focused at a
224 few riffles. The Mokelumne River Fish Hatchery uses the
225 majority of up-migrating fish to produce 3–9 million
226 juvenile Chinook salmon. USFWS [1997] called for a fall
227 run Chinook salmon population target of 9,300.

228 4. Methods

229 4.1. Channel Manipulation

230 [14] To evaluate slope creation, a channel manipulation
231 was performed 2003–2004 on the lower Mokelumne River
232 in the top 300-m reach downstream of Camanche Dam
233 (Figure 3) located at the coordinates 38�130300 N, 121�104300

234 W. This is the farthest upstream migratory point accessible
235 to spawners. The SHIRA framework [Wheaton et al.,
236 2004a] was used to study the baseline condition of the
237 river, design and implement a 2–year slope creation project,

238evaluate the viability of iterative slope creation, and perform
239as-built, postspawning, and interannual assessments. A
240detailed map (�1 pt/m2) of channel topography was sur-
241veyed. Surveying accuracy was assessed using control
242network checks and was found to average ±0.35 cm
243horizontal and ±0.39 cm vertical. Topographic data were
244imported into Autodesk Land Desktop 3 to create a digital
245elevation model for each year (Figure 4a).
246[15] Several slope creation designs were developed, iter-
247atively refined, and reduced to a final selection in spring
2482003. Local expert experience and diverse concepts regard-
249ing Chinook salmon habitat requirements [Healey, 1991;
250Geist and Dauble, 1998], habitat heterogeneity [Gibbins and
251Acornley, 2000; Brooks et al., 2004; Wheaton et al., 2004c],
252pool-riffle maintenance [e.g., Carling, 1991;MacWilliams et
253al., 2006], and effects of dams [Grant et al., 2003] guided
254design development. Also, design elements related to other
255life stages were utilized, such as submerged wood and
256boulder clusters [Abbe and Montgomery, 1996; Inoue and
257Nakano, 1998; Urabe and Nakano, 1998; Merz, 2001] as
258well as hyporheic flow [Geist and Dauble, 1998; Baxter and
259Hauer, 2000; Gayraud et al., 2002]. These have been shown
260to correlate with higher redd and fish densities [Zalewski et
261al., 1998; Horan et al., 2000; Gibson, 2002; Brooks et al.,
2622004]. Shaded, deep, cool pools were enhanced to provide
263adult holding habitat [Nielsen and Lisle, 1994], while slow
264and backwater areas were incorporated to provide rearing
265and juvenile habitat [Bozek and Rahel, 1991]. Spawning
266habitat quality and scour patterns predicted by 2-D model
267simulations aided design evaluation and improvement.
268[16] The use of these design elements would appear to
269diminish the ability to attribute study outcomes solely to
270slope creation. However, one of the riffles manipulated in

Figure 3. Map of the Mokelumne River basin showing locations of Camanche and Pardee Reservoirs.
The study site was located immediately downstream of the tail pool at the base of Camanche Dam.
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271 this study (riffle 2) was previously enhanced in 1999 with
272 all of the above features ad hoc without considering slope
273 creation, SHIRA, or 2-D modeling [Pasternack et al.,
274 2004]. No spawners utilized the site in the first season after
275 enhancement in 1999. The hatchery took 60% of the run
276 that year. Between 2000–2003 its habitat quality degraded
277 sharply, as detailed later [Merz et al., 2006]. Thus use of
278 slope creation, SHIRA, and 2-D modeling at this site
279 provides a direct test of riffle rehabilitation with versus
280 without slope creation at the same spawning discharge of
281 �8.5 m3/s.
282 [17] The final design for 2003 incorporated a 0.5-m fill
283 depth at the riffle crest, a large riffle, a peripheral chute,
284 and a small secondary riffle crest (Figure 4b). Fill depth
285 was limited by the maximum sustainable increase in slope
286 and riffle entrance/exit slopes of 0.005–0.01. The length of
287 the project was constrained by the target slope and the
288 3217 metric tons of coarse sediment available. The design
289 was constructed in summer 2003.
290 [18] On the basis of midproject observations and model-
291 ing, the design goal for the second phase of slope creation
292 was to raise the elevation of riffle 2, thereby creating new
293 high-quality habitat there and imposing a backwater effect
294 on riffle 1 (Figure 1c). In this case a backwater effect would
295 be beneficial, because the first phase of slope creation
296 maximized the local elevation gain to sustain several years
297 of downstream slope redistribution. This came at the

298cost of excessively high local velocities and shallow depths
299(Figure 1b), partially mitigated against in the first year using
300the peripheral chute. The second-phase, final design raised
301riffle 2 by 0.5 m resulting in a broad, relatively flat riffle. It
302also called for the crest of riffle 1 to be lowered by 0.2 m
303and the peripheral chute to be partially filled in (Figure 4c).
304In summer 2004, 3,012 metric tons of coarse sediment were
305used to construct the design.

3074.2. The 2-D Mokelumne Model

308[19] Finite Element Surface Water Modeling System 3.0
309(FESWMS) was used to simulate and compare depth-
310averaged 2-D flow hydrodynamics, spawning habitat qual-
311ity, and sediment transport regime. FESWMS solves the
312vertically integrated conservation of momentum and mass
313equations using a finite element method to acquire local
314water depth and depth-averaged 2-D velocity vectors at
315each node in a computational mesh [Froehlich, 1989].
316Application of FESWMS to gravel bed rivers has been
317extensively validated on the Lower Mokelumne River using
318observed velocity and depth at 35 cross sections, indicating
319good predictions for the gravel bed and poor predictions
320around large woody debris or complex banks [Pasternack
321et al., 2004;Wheaton et al., 2004b; Pasternack et al., 2006].
322Pasternack et al. [2006] reported details regarding
323FESWMS model uncertainty. They found that FESWMS
324could predict local shear stress over gravel bed riffles
325as accurately as 5 common field estimation methods.

Figure 4. Digital elevation models of the study site during (a) premanipulation, (b) midmanipulation,
and (c) postmanipulation stages. Darker shading equals lower elevation.
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326 MacWilliams et al. [2006] compared FESWMS with 1D
327 and 3D models of gravel bed river hydrodynamic and found
328 that the 2-D model was capable of simulating key stage-
329 dependent processes responsible for riffle-pool mainte-
330 nance. FESWMS is a long-established model best viewed
331 as a conceptual guide of likely outcomes, rather than literal
332 truth. In this study, validation is taken further by directly
333 testing habitat quality model predictions against salmon-
334 spawning observations.
335 [20] FESWMS was implemented using Surface Water
336 Modeling System v. 8.1 graphical user interface (EMS-I,
337 South Jordan, UT). Discharge and downstream boundary
338 water surface elevation were obtained from flow records
339 and by surveying the water surface at the desired flow
340 conditions, respectively. A constant Manning’s n of 0.043
341 was estimated for placed gravel features [Pasternack et al.,
342 2004]. A constant eddy viscosity of 0.028 m2/s was used.
343 Digital elevation model data were interpolated to the mesh
344 with a typical internodal spacing of 1.2 m.
345 [21] Local habitat suitability curves for depth and velocity
346 based on observations in the lower Mokelumne River
347 [CDFG, 1991; Pasternack et al., 2004] were used to make
348 habitat quality predictions (Figure 5). Since placed gravel

349was specified to meet spawning requirements, grain size
350suitability curves were not needed. During extended years
351of below average flow, aquatic vegetation is observed in
352low-gradient geomorphic units on the lower Mokelumne
353River [Smith et al., 2004]. Minimal vegetation existed on
354steeper riffles that were rehabilitated in 2000 and 2002.
355Lacking direct literature on the habitat suitability of vege-
356tated gravels, this uncertainty was addressed by recognizing
357that salmonids generally do not spawn in reaches covered in
358aquatic vegetation, because it slows velocities, stabilizes
359substrates, and accumulates sand, mud, and organic muck
360[Sand-Jensen, 1998; Madsen et al., 2001]. On the lower
361Mokelumne, there is no significant source of sand or mud in
362the study area, but organic fines grow and accumulate in
363situ as long as flow remains very low and steady. Thus,
364where aquatic vegetation was present, it was considered a
365complete deterrent to spawning and spawning habitat qual-
366ity was assigned a value of 0. Where aquatic vegetation was
367not present, a global habitat suitability index (GHSI) for
368spawning was calculated at each mesh node as the geomet-
369ric mean of the depth and velocity suitability. GHSI values
370of 0, 0–0.1, 0.1–0.4,0.4–0.7, and 0.7–1.0 were interpreted
371as predicting nonhabitat, very poor habitat, low-quality
372habitat, medium-quality habitat, and high-quality habitat,
373respectively [Leclerc et al., 1995]. This classification was
374independently validated using observed fish utilization data.
375GHSI does not directly account for the value of aggregate
376habitat heterogeneity features or hyporheic water quality
377[Geist, 2000].
378[22] To evaluate coarse sediment entrainment risk at the
379flow during which spawning and embryo incubation occur,
380Shields stress was calculated at each node in the model as
381described in Pasternack et al. [2006]. Wolman pebble
382counts [Kondolf and Li, 1992] were completed preproject,
383midproject, and postproject for Shields stress calculations.
384Shields stress values were categorized based on transport
385regimes defined by Lisle et al. [2000] where values of t* <
3860.01 correspond to no transport, 0.01 < t* < 0.03 corre-
387spond to intermittent entrainment, 0.03 < t* < 0.06 corre-
388sponds to ‘‘partial transport,’’ and t* > 0.06 corresponds to
389full transport.

3914.3. Model Validation

392[23] To validate 2-D depth and velocity predictions,
393cross-sectional hydraulic data were collected along multiple
394transects using the methods of Pasternack et al. [2004,
3952006] before and after each channel manipulation. Field
396observations along each cross section were fit with a curve
397using the locally weighted Least Squared error method to
398reduce measurement noise. A 2-D model simulation was
399performed for the corresponding flows that were observed.
400Modeled and measured curves were compared for cross-
401channel patterns.
402[24] To assess fish utilization of manipulated riffles and
403validate spawning habitat quality predictions, redd surveys
404were conducted by wading and canoeing. Redd locations
405were recorded using a Trimble Pro XR Global Positioning
406System and a laser range finder (Atlanta Advantage) [Merz
407and Setka, 2004] resulting in a horizontal accuracy of
408±1 m. A 2-D model simulation was performed for the cor-
409responding average autumn spawning flows that occurred
410preproject, midproject, and postproject (6.0, 9.5, and 6.0m3/s).
411The predicted GHSI for each redd location was extracted

Figure 5. Habitat suitability curves developed for the
Mokelumne River by CDFG [1991]. Curves predict habitat
quality based on flow depth, velocity, and substrate type.
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412 from the 2-D model. Because of the hatchery take, 73–91%
413 of up-migrating Chinook salmon during this study, density
414 dependency in spawning location selection was significantly
415 reduced. Minimal redd superposition was observed, so redd
416 location is a good indicator of physical habitat preference.

418 5. Prediction Testing

419 [25] A prediction is a statement that is testable by
420 observation. Predictions about specific outcomes of the
421 channel manipulation in the study area were developed to
422 test key issues, such as whether spawning improved and
423 whether slope creation was responsible for it. Prediction
424 testing involved comparing field observations against model
425 predictions for each project stage and cross comparing 2-D
426 model simulations among the different stages. For 2-D
427 model cross comparison, it was necessary to simulate a
428 common flow, which was chosen as 11.33 m3/s, a typical
429 spawning discharge for the lower Mokelumne River.

431 5.1. Prediction 1: Habitat Quality Will Improve

432 [26] To determine whether the quantity of high-quality
433 and medium-quality habitat increased the spatial distribution
434 of predicted habitat quality was compared for the preproject,
435 midproject, and postproject scenarios at 11.33 m3/s. Arc
436 GIS 9 was used to determine and compare the predicted area
437 of each type of habitat quality. An increase in habitat quality
438 would corroborate the prediction and support the use of
439 slope creation to improve spawning habitat quality. Com-
440 parison of spawning at riffle 2 in 1999 and 2004 provided a
441 direct test of the efficacy of slope creation relative to other
442 rehabilitation measures.

444 5.2. Prediction 2: Spawners Will Preferentially Utilize
445 High-Quality Habitat

446 [27] To determine whether predicted high-quality habitat
447 was preferentially used by spawning fall run Chinook
448 salmon, preproject, midproject, and postproject, GHSI pre-
449 dictions were validated against redd observations. Percent
450 habitat availability (%Ai) and percent utilization (%Ui) for
451 each habitat quality class (i) defined earlier were solved for
452 premanipulation, midmanipulation, and postmanipulation
453 scenarios using

%Ai ¼ 100� bed areai

total area
ð1Þ

%Ui ¼ 100� # reddsi

total # redds
: ð2Þ

457 To determine whether salmon preferred certain predicted
458 habitat types as opposed to randomly selecting available
459 habitat, habitat quality preference was calculated using
460 Strauss’ linear index (L) as described in the work of
461 Lechowicz [1982]. L is calculated by subtracting %Ui from
462 %Ai. This index yields values that range from�1 (avoidance)
463 to 1 (preference). A value of 0 indicates a random selection.
464 As an additional test, an analysis of variance (ANOVA) was
465 used to compare the spawning preference index to the
466 habitat quality index. These analyses test whether spawners
467 prefer model-predicted high-quality habitat. If the tests
468 corroborate the prediction, then that also validates the
469 conclusions from the first prediction, showing not only that

470slope creation improved 2-D model predicted habitat
471quality, but also that it improved it in reality.
472[28] An analysis was performed to account for fluctua-
473tions in the number of fish returning from the ocean to the
474lower Mokelumne River as well as fluctuations in hatchery
475take on variations in observed numbers of redds. The
476number of spawners was counted using a video recorder
477that images up-migrating fish at Woodbridge Dam (located
478downstream of any spawning habitat). A few fish may
479sneak past the video system or be missed in the count due
480to human error [Workman, 2006]. The number of fish taken
481into the hatchery was obtained from a manual hatchery
482count. These data were used to calculate the actual number
483of spawners in the river relative to the number of redds
484observed in the study area. If the number of in-river
485spawners decreased during each stage of slope creation,
486but the number of observed redds increased in the study
487area, then that would eliminate variation in migrant popu-
488lation size and hatchery take as possible explanations for
489increases in redds.
490[29] To assess the utilization of the rehabilitated sites
491relative to the utilization of the much larger area of non-
492rehabilitated sites, the redds observed at the study site each
493year was divided by the total number of redds observed
494throughout the river. An increase in fraction of redds at the
495study site relative to the rest of the river over the course of
496the study would demonstrate that the fish were preferen-
497tially selecting the rehabilitated sites.

4995.3. Prediction 3: Riffles Will Not Scour During
500Spawning Flows

501[30] To determine whether detrimental scour at spawning
502flows is inevitable when implementing slope creation,
503model-predicted Shields stresses were compared preproject,
504midproject, and postproject at 11.33 m3/s. Evidence of full
505transport in the midproject and postproject would refute the
506prediction and indicate the inevitability of scour when
507implementing a staged slope creation project, regardless
508of the lack of a flood regime. Modeling higher flows
509would be useful for examining sustainability of observed
510improvements and maintenance mechanisms but necessary
511floodplain topography and roughness data as well as a
512stage-discharge rating curve for >22.65 m3/s does not exist.
513Bed scour at high flows is both expected and ideal for
514gravel maintenance.

5166. Results

517[31] To aid the presentation and evaluation of study
518results, the 2-D model predictions for preproject, midpro-
519ject, and postproject are first described. Hydrodynamic
520validation at the 9 new cross sections measured in 2003
521and 2004 showed similar results to previous validations
522reported for the lower Mokelumne River [Pasternack et al.,
5232004; Wheaton et al., 2004b; Pasternack et al., 2006].
524Depth was predicted with high accuracy (Figures 6a and
5256b), except near submerged wood (Figure 6c). Lateral
526velocity patterns were mimicked by the model, but showed
527smoothing (Figures 6d–6f).
528[32] Prior to construction, the study reach consisted of
529three deep pools alternating with two riffles degraded into
530glides (Figures 4a and 7a). The reach was relatively homo-
531geneous and lacking hydraulic variability (Figure 8a). Riffle 1
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532 consisted of low-relief transverse ridges formed by the tail
533 spills of redds constructed in previous spawning seasons.
534 Velocity was locally accelerated over the ridges. The
535 remaining areas consisted of several deep, low-velocity
536 pools and a long uniform glide at ‘‘riffle’’ 2. Mean depth
537 and velocity for each riffle and the study area are given in
538 Table 1.
539 [33] After the first manipulation, riffle-to-riffle slope was
540 increased from 0.0022 in 2002 to 0.0084 in 2003 (Figures 4b
541 and 7b). Riffle entrance and exit slopes ranged from 0.002
542 to 0.060 with the steepest slopes over the study area
543 terminus. According to the midproject longitudinal profile,
544 after the first stage of gravel augmentation, water backed up
545 into pool 1 with the water surface rising approximately
546 0.5 m, equivalent to the increase in riffle 1 crest elevation.
547 Flow accelerated through the chute, completely bypassing
548 the crest of riffle 1, making flow very shallow on the crest
549 of riffle 1 (Figure 8b). Flow was sent obliquely across the
550 riffle over the secondary crest of riffle 1 with accelerating
551 velocities at the project’s terminus. Mean depth on riffle 1
552 was reduced and mean velocity was increased and more
553 variable (Table 1). No changes were made to riffle 2.
554 [34] During the second manipulation the increase in
555 riffle 2 elevation created a backwater effect, raising depths
556 upstream on riffle 1 and resulting in a final slope of 0.0039
557 (Figures 4c and 7c). The crest elevation of riffle 1 was

558slightly lowered and a backwater condition was imposed by
559the increase in elevation on riffle 2. This eliminated overly
560fast and excessively shallow areas for spawning on riffle 1
561that resulted from the first phase (Figure 8c). The post-
562project condition on riffle 1 maintained the same mean
563depth, increased the mean velocity and reduced the range of
564both. On riffle 2 depths were reduced and velocities
565increased (Table 1).

5676.1. Prediction 1: Habitat Quality Will Improve

568[35] Prior to construction the high-quality habitat was
569arranged in transverse bars along the ridges in riffle 1. There
570was a large area unsuitable for spawning in pools 1 and 2
571(Figure 9a). High- and medium-quality habitat made up 20%
572of the study reach. Very little spawning habitat was predicted
573on riffle 2 as it was covered with aquatic vegetation.
574[36] Following the first manipulation, high-quality habitat
575was rearranged into longitudinal patches that bordered the
576chute and the riffle crest (Figure 9b). The total area of
577nonhabitat for spawning was increased by 1517 m2 (Table 2).
578The increase in the crest of riffle 1 induced a backwater
579effect in pool 1 converting very poor and low quality habitat
580into nonhabitat for spawning. The high velocities and
581shallow depths on riffle 1 caused a 149 m2 loss in medium
582quality habitat providing less than ideal spawning habitat.
583Regardless, there was a 109 m2 increase in high-quality

Figure 6. Comparisons of observed versus predicted depths and velocities at a representative cross
section for the (a, d) preproject, (b, e) midproject, and (c, f) postproject stages. Field observations were fit
with a curve using the locally weighted least squares error method to reduce measurement noise.
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584 habitat mostly bordering the crest of riffle 1 and the chute.
585 Much of the altered channel was on the verge of being too
586 steep and shallow for spawning. The changes in the
587 upstream conditions had no significant effect on habitat
588 quality for unmodified riffle 2.
589 [37] After the second manipulation, habitat quality was
590 significantly improved across riffle 1, in the chute, and
591 across riffle 2 (Figure 9c). The nonhabitat area was reduced
592 by 3870 m2 as large portions of the deeper areas were filled
593 in with gravel (Table 2). There was a dramatic increase
594 (876 m2) in medium-quality and high-quality habitat
595 (2540 m2) relative to the initial condition. The combined
596 two stages of slope creation resulted in a 471% increase in
597 high-quality habitat. This predicted increase in habitat
598 quality corroborates prediction 1, if the model’s predictions
599 are accurate, as assessed next.

601 6.2. Prediction 2: Spawners Will Preferentially Utilize
602 High-Quality Habitat

603 [38] The numbers of fish migrating upstream past Wood-
604 bridge Dam preproject, midproject, and postproject were
605 10,752, 10,266, and 11,416, respectively. Hatchery take
606 during those three seasons was 7929 (74%), 8117 (79%),
607 and 10,355 (91%), respectively. Thus the number of
608 spawners actually in the river declined from 2833 prepro-
609 ject to 2149 midproject, and then plummeted down to 1061
610 postproject.

611[39] The number of redds observed preproject, midpro-
612ject, and postproject were 62, 79, and 161, respectively.
613Thus the number of redds in the manipulated study area
614increased steadily, even while in-river spawners declined.
615From 2003 to 2004, the number of spawners dropped by
61651%, but the number of redds in the study area increased by
617104%. These numbers eliminate variation in migrant pop-
618ulation size and hatchery take as possible explanations for
619observed increases in numbers of redds in the study area.
620[40] The redds observed in the study area during the three
621seasons equaled 7, 11, and 20% of all redds recorded river-
622wide, chronologically. These relative increases occurred
623despite the fact that the study area made up only �2% of
624lower Mokelumne River’s total spawning reach, fish could
625freely move in and out of the study area, the number of total
626spawners in the river decreased sharply in 2004, and the
627area should already have been highly preferred prior to
628rehabilitation, because it is located at the upstream limit of
629fish migration. Thus not only were there more fish spawn-
630ing in the study area with each successive manipulation, but
631the percent of the total spawners river-wide choosing this
632reach increased as well.
633[41] Analysis of the observed spatial distribution of redds
634validated the habitat quality predictive capability of the 2-D
635model. Using ANOVA, there was a highly significant
636positive relationship between GHSI and the actual spawning
637preference index (p = 0.0004). This statically validated
638model predictions. When utilization was adjusted by avail-
639ability (equations (1) and (2)), high-quality habitat was
640strongly preferred all years, while no- and low-quality
641habitats were avoided (Figure 10), providing an indepen-
642dent validation of model predictions. Thus both predictions 1
643and 2 were corroborated in the study.
644[42] Even though predicted high-quality habitat was
645highly preferred and non habitat avoided in all years, fish
646preferences shifted noticeably throughout the study as the
647sites were manipulated (Figure 10). Over the study, the
648percents of redds constructed in model-predicted medium-
649and high-quality habitat at spawning flows trended upward
650from 48% preproject to 58% midproject to 88% postproject.
651Very poor quality habitat and nonhabitat were avoided
652during all stages, even though the number of spawners
653increased appreciably after the final stage, again indicating a
654lack of density dependence.

6566.3. Prediction 3: Riffles Will Not Scour During
657Spawning Flows

658[43] Prior to manipulation intermittent entrainment of the
659median bed surface particle size, D50 (40.8 mm), was
660predicted along the crest of the transverse bars on riffle 1
661at the spawning flow (Figure 11a). Following the first
662manipulation intermittent entrainment and partial transport
663was predicted for the D50 (50.4 m) in the chute, across the
664crest of riffle 1 and at the tail spill at the end of riffle 1
665(Figure 11b). This indicates that the elevation gain is close
666to the maximum possible without initiating significant scour
667during spawning and incubation periods. There was no
668change in grain size with the second manipulation, as the
669same size and range of gravel was added to the site
670(Table 3). After the second manipulation areas of partial
671transport at the spawning flow were almost completely
672eliminated, with a few small areas of intermittent entrain-
673ment predicted over the crest of riffle 1 and along the end of

Figure 7. Longitudinal profiles showing change in
thalweg elevation (solid line) and water surface elevation
(dashed line) for the (a) premanipulation, (b) midmanipula-
tion, and (c) postmanipulation stages of the study.
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674 riffle 2 (Figure 11c). This indicates that raising riffle 2
675 stabilized riffle 1, enabling future rounds of slope creation
676 once this initial effort is extended as far downstream as
677 possible.

679 7. Discussion

680 7.1. Ecological Assessment

681 [44] Widespread changes in channel hydrodynamics and
682 spawner utilization occurred during a 2-year controlled
683 manipulation of a regulated, gravel bed river channel.
684 Hydrodynamic and spawning habitat preference predictions
685 made with a 2-D model were accurate enough to be
686 statistically validated using observed redd counts. Con-
687 trolled channel manipulations resulted in a 471 % increase
688 in high-quality Chinook salmon spawning habitat area and
689 more than a doubling in spawner utilization of the study
690 reach, even after the number of in-river spawners dropped
691 by half.
692 [45] An important outcome of the study was that chang-
693 ing two riffle-pool units had an impact on the population-
694 scale abundance of redds. Even as the river-spawning
695 population declined steady over the study, the number of
696 redds in the study area increased steadily. The study area
697 makes up only �2% of lower Mokelumne River’s spawning
698 reach, but prior to the project, 7% of the population used the

699site, with this overrepresentation likely due to the site’s
700location at the head of the reach and its proximity to the
701hatchery. After enhancement, the proportion of the total run
702spawning at this site tripled, with 20% of the total popula-
703tion using the study area in 2004.
704[46] With this population-scale shift toward using reha-
705bilitated sites preferentially, Merz and Setka [2004] and
706Merz et al. [2004] showed that spawners on those sites are
707accessing clean porous gravel, large areas of ideal depth and
708velocity, complex flow patterns and boulder clusters com-
709bining to create some of the most desirable habitat on the

Figure 8. Two-dimensional model velocity predictions at 11.33 m3/s for the (a) premanipulation,
(b) midmanipulation, and (c) postmanipulation stages. Arrows indicate velocity direction, while darker
shading equals higher velocity.

t1.1Table 1. Mean ±1 Standard Deviation of Depth and Velocity

Modeled at 11.33 m3/s in the Project Reach on Riffles 1 and 2

Location Preproject Midproject Postproject t1.2

Depth, m t1.3
Study Area 0.76 ± 0.45 0.68 ± 0.51 0.68 ± 0.50 t1.4
Riffle 1 0.63 ± 0.29 0.45 ± 0.34 0.45 ± 0.23 t1.5
Riffle 2 0.59 ± 0.29 0.60 ± 0.30 0.44 ± 0.15 t1.6

t1.7
Velocity, m s�1 t1.8

Study Area 0.45 ± 0.24 0.47 ± 0.38 0.52 ± 0.35 t1.9
Riffle 1 0.51 ± 0.21 0.63 ± 0.46 0.68 ± 0.29 t1.10
Riffle 2 0.62 ± 0.19 0.65 ± 0.26 0.85 ± 0.26 t1.11
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710 lower Mokelumne River. Sites that have been enhanced
711 have shown as high as a 35% increase in survival of
712 incubating embryos to the fry stage as compared to unen-
713 hanced sites [Merz et al., 2004]. If 20% of the fish are
714 spawning in areas where there is a 35% increase in fry
715 production, then this manipulation will have a highly
716 beneficial impact on river production of Mokelumne Chi-
717 nook salmon.
718 [47] Throughout the study, spawning Chinook salmon
719 preferentially used areas predicted by the 2-D model to be
720 medium- and high-quality spawning habitat while avoiding
721 areas predicted to be very poor quality and non spawning
722 habitat. Despite the general validation of prediction 2, the
723 assumptions made about substrate quality may mask the
724 effect of various factors. Qualitative evidence suggests
725 vegetation plays a key role in the choice of spawning
726 location and thus should be incorporated into habitat quality
727 predictions, as done in this study. A more detailed substrate
728 suitability curve incorporating dominant and subdominant
729 sediment size as well as organic mud and live aquatic
730 vegetation ought to provide more accurate substrate suit-
731 ability predictions. The lack of vegetation growing on riffles
732 1 and 2 during 2003–2006 as well as the ongoing lack of
733 vegetation over several more years on the 2000 and 2002
734 sites rehabilitated with steeper slopes shows that increasing
735 riffle slope and providing periodic spring flow releases of
736 >55 m3/s effectively eliminates the previous problem
737 observed in ad hoc gravel augmentation at the 1999 and

7382001 sites on the lower Mokelumne River. The 1999 site
739was built ad hoc and 30% less gravel arrived for construc-
740tion of the 2001 site relative to the design specification
741[Wheaton et al., 2004b]. Both of these projects were limited
742by the upstream backwater effect they created. These factors
743explain the differences in outcome observed at different
744riffles after �5 years.
745[48] Spawner utilization of habitat changed as channel
746conditions improved (Figure 10). On the basis of the

Figure 9. Two-dimensioanl model habitat quality predictions at 11.33 m3/s showing the global habitat
suitability index (GHSI) at the (a) premanipulation, (b) midmanipulation, and (c) postmanipulation
stages. Validation is provided by comparison against actual redd locations for each stage, shown as
targeted disks.

t2.1Table 2. Channel Area in Each SpawningHabitat Quality Category

Modeled at 11.33 m3/s

Project Stage Metric Non

Habitat Quality
Total
Habitat

Area,a m2 t2.2
Very
Poor Low Medium High

Preproject area (m2) 4173 444 4204 1433 539 6619 t2.4
Preproject area (%) - 7 64 22 8 100 t2.5
Midproject area (m2) 5690 901 2595 1284 648 5427 t2.6
Midproject area (%) - 17 48 24 12 100 t2.7
Prechange to

Midchange
area (m2) 1517 457 �1609 �149 109 �1192 t2.8

Postproject area (m2) 1819 782 3128 2308 3079 9297 t2.9
Postproject area (%) - 8 34 25 33 100 t2.10
Midchange to

postchange
area (m2) �3870 �119 533 1025 2431 3870 t2.11

aExcludes nonhabitat. t2.12
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747 sequence of utilization over the course of the study, spawn-
748 ers have more relaxed hydraulic criteria for choosing redd
749 locations when a river is degraded. It is likely that under
750 such degraded conditions, surface hydraulics are not ade-
751 quately indicative of hyporheic water quality, and that fish
752 are choosing sites based on their assessment of hyporheic
753 conditions. Nevertheless, after rehabilitation improved hy-
754 draulic conditions, increased hyporheic exchange, and
755 added new heterogeneous habitat features, spawners be-

756came more discerning, with more utilizing high-quality
757physical habitat in the final state relative to the initial and
758midstudy states (Figure 10).
759[49] It seems reasonable to conclude that lack of available
760high-quality habitat forced fish to spawn in lower quality
761habitat areas initially, but the habitat quality maps show
762there is available, unused, good habitat in 2002. The fish
763packed more tightly into the high-quality habitat in 2003
764and 2004, indicating something must be turning fish away

Figure 10. Utilization and availability of spawning habitat as predicted for the (a) premanipulation,
(b) midmanipulation, and (c) postmanipulation stages using the three analysis methods. Utilization values
larger than availability indicate a preference, while availability larger than utilization indicates avoidance.

Figure 11. Two-dimensional model predictions of Shield stress at 11.33 m3/s for the (a) premanipulation,
(b) midmanipulation, and (c) postmanipulation stages of the study.
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765 from the relatively better habitat in 2002. This could be due
766 to the model’s inability to capture the effect of intraspecies
767 and interspecies interactions and/or the effect of complex
768 flow structures and hyporheic flow on the choice of redd
769 location. An example of the former is when early spawners
770 choose a site, and then subsequent spawners use the same
771 locations. This may be because the gravel is loosened, and
772 cleaned improving substrate quality, hydraulic conditions
773 and making redd construction easier [Essington et al.,
774 1998]. It may be a mechanism to outcompete the early
775 spawners [Ferguson and Rice, 1980] or it may simply be
776 one fish following the lead of another. Regardless this
777 phenomenon would be more evident in the preproject stage
778 when the gravel has yet to be worked over. Early redd
779 construction will improve substrate quality dramatically in a
780 degraded channel, but after clean gravel is added during
781 channel manipulation, all the placed substrates would be
782 loose, clean and easy to move. In this state, the work of
783 early spawners would have less beneficial impact on hypo-
784 rheic flow and substrate quality. Additionally, most redds
785 are clustered near specific channel features; channel mar-
786 gins, boulder clusters, and along the upstream edge of riffle
787 crests (Figure 9). Clear patterns of clustering around boulder
788 clusters, riffle crests, and large wood have been observed
789 throughout past Mokelumne augmentation projects [Merz,
790 2001; Wheaton et al., 2004c] and elsewhere [Piegay et al.,
791 2000; Rosenfeld et al., 2000; Roni and Quinn, 2001].
792 Boulder clusters and large woody debris have been shown
793 to improve spawning habitat by increasing eddies and shear
794 zones [Abbe and Montgomery, 1996; Bouckaert and Davis,
795 1998] and providing resting habitat and cover from preda-
796 tors. Redd clustering evident throughout this study
797 (Figure 9) illustrates the necessity for developing designs
798 not only based on habitat suitability curves and 2-D models
799 but on a wider range of qualitative information and estab-
800 lished concepts regarding ideal salmon spawning habitat.

802 7.2. Isolating Impact of Slope Creation

803 [50] By introducing slope directly below the dam the
804 driving force required to raise the flow velocity and lower
805 flow depth was restored, allowing for the introduction of
806 complex flow patterns, improving spawning habitat quality
807 and corroborating prediction 1. Even though fish migration
808 size and hatchery take were eliminated as factors explaining
809 observed increases in redd numbers, a complication arises in
810 attributing the improvements to slope creation as opposed to
811 ancillary improvements associated with gravel placement,
812 including substrate quality improvement, addition of habitat
813 heterogeneity, improved hyporheic flow, flushing of fines
814 and nutrients, etc. For example, major improvements in
815 spawning conditions were observed at riffle 2, but the cause
816 cannot be isolated by this manipulation alone due to the

817presence of aquatic vegetation and other degraded condi-
818tions during the preproject phase. However, the cause for
819the improvement can be isolated by comparing the outcome
820of this manipulation with a previous ad hoc non-SHIRA
821project done at riffle 2 in 1999 [Pasternack et al., 2004;
822Merz et al., 2006]. That effort used a comparable amount of
823gravel at the same location, but was built with no design
824process or consideration of slope. The upstream riffle
825remained unaltered while the project on riffle 2 improved
826substrate quality, used habitat heterogeneity, decreased the
827cross-sectional area, increased velocity, decreased depth,
828and flushed fines and nutrients. Despite those changes, no
829spawners used the site in the first season immediately
830following construction when substrate quality was highest.
831In contrast, the same metric after SHIRA-based slope crea-
832tion in 2004 showed 65 redds. Discharge was �8.5 m3/s in
833both years. Thus the immediate utilization differences
834between 1999 and 2004 can be directly attributed to the
835use of SHIRA and slope creation.
836[51] Subsequent utilization of riffle 2 has differed mark-
837edly after slope creation in comparison to previous enhance-
838ment without it. During 2000–2003, when no manipulations
839were made to riffle 2, there were 30, 5, 2, and 6 redds present,
840respectively [Merz et al., 2006]. Inadequate slope and low
841winter flow releases during this sequence of dry years explain
842why this site had poor substrate quality and vegetation
843growth. In contrast, in the second spawning season after the
8442004 slope creation, 187 redds were observed on riffle 2
845alone. As of October 2006, the study area was clear of
846vegetation and substrate quality was high. It remains to be
847seen what future utilization of the site will be, but this
848comparison of rehabilitation with versus without slope
849creation at the same location and using the same material
850strongly suggests that slope creation was primarily respon-
851sible for the dramatic gains in redd abundance.
852[52] Slope creation effectively provided the opportunity
853to improve the spawning habitat in the entire reach without
854drowning upstream riffles. Because slope creation was
855implemented below a dam and staged over a 2-year period,
856detrimental backwater effects were avoided. This was only
857possible because the 2-D model proved to be accurate
858enough for this purpose.

8607.3. Hydrogeomorphic Assessment

861[53] Bed scour during low flows associated with spawn-
862ing and incubation periods can have a significant influence
863on salmonid embryo survival [Lisle and Lewis, 1992].
864Artificially cleaned material may exacerbate the potential
865for scour mortality [Nawa and Frissell, 1993]. Consequently,
866it was important to assess the potential for localized scour in
867the study area. Little to no intermittent or partial sediment
868transport was predicted throughout this study at spawning
869flows, indicating slope creation can be implemented in a
870staged manner without unwanted scour and sediment trans-
871port during the sensitive periods of spawning and embryo
872incubation. This corroborates prediction 3. No scour was
873observed between stages. The peak winter flows (42.7 m3/s)
874caused no measurable difference in digital elevation model
875elevations, even in the chute, predicted to exhibit subcritical
876intermittent sediment transport. This indicates the need for
877higher flushing flows to be released from the dam in order to
878maintain the short-term benefits of slope creation over the

t3.1 Table 3. Measured Low, Median, and High Surface Grain Sizes

for Each Stage of the Studya

Size Parameterb Preproject Midproject Postprojectt3.2

D16 22.8 32.5 32.5t3.3
D50 40.8 50.4 50.4t3.4
D90 69.6 85.1 85.1t3.5

aValues are in mm.t3.6
bSubscript denotes percent of particles smaller.
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879 longer term. Regardless of the features created, coarse sedi-
880 ments at past Mokelumne rehabilitation projects have accu-
881 mulated organic fines that may degrade hyporheic water
882 quality. Organic fines build up over years and promote
883 vegetation growth. However, with average to above average
884 water years in 2005 and 2006, transport of placed gravels did
885 take place during late winter and spring after the incubation
886 period. This well-timed runoff was observed to dislodge
887 organic fines, remove vegetation from spots that had it,
888 and redistribute gravel among channel features. Annual
889 injection of 500 tons of gravel upstream of riffle 1 has
890 been implemented to sustain the observed sediment budget
891 in light of the active transport regime that is developing
892 [Merz et al., 2006].
893 [54] During this study it became apparent that an under-
894 standing of the interplay between riffles is critical to
895 managing regulated riffle-pool streams. A single riffle
896 cannot be rehabilitated without considering the impact on
897 upstream riffles. When gravel augmentation is implemented
898 below a dam there is no upstream riffle affected in the first
899 stage but in the second stage the relationship between riffle
900 1 and 2 became evident and essential to manage. The
901 increase in elevation at riffle 2 did create a backwater effect
902 in the second stage but turned out to be critical to improving
903 conditions on riffle 1. As more riffles crests are rehabilitated
904 downstream, the interplay becomes more complex, and
905 interdependent. This is metaphorically termed a ‘‘reverse
906 domino’’ effect, with upstream crests dependent on the
907 functioning of downstream crests, just as an individual
908 domino placed in a series depends upon the stability of
909 those around it.
910 [55] Although not quantified in this study, subsequent
911 gravel augmentations in 2005 and 2006 have been able to
912 distribute this initial elevation gain downstream by an
913 additional 230 m. In part, this has been possible because
914 the next 2 riffle-pool units had such a large cross-sectional
915 area due to historic in-channel gravel mining that filling
916 them in yielded substantial increases in velocity associated
917 with depth constriction without having to raise the slope
918 much. Filling in the channel has also reduced the flow
919 necessary for bankfull discharge, providing a longer dura-
920 tion of floodplain inundation. Changing the channel’s
921 width:depth ratio has promoted bank scour, increasing the
922 width of the active channel. As long as active management
923 continues, this positive trajectory should continue.

925 8. Conclusions

926 [56] A channel manipulation was performed to test
927 aspects of a newly proposed slope creation methodology.
928 Results indicated (1) habitat quality was maintained in the
929 first stage while providing the opportunity to significantly
930 improve habitat quality in the second stage, (2) spawning
931 Chinook salmon preferentially used 2-D model predicted
932 high-quality habitat, and (3) detrimental sediment entrain-
933 ment at spawning and embryo incubation flows was
934 avoided. Alternate explanations for observed increases in
935 numbers of redds in the study area, including fish migration
936 size, hatchery take, and substrate quality improvement were
937 disproved through careful analysis. The results of this study
938 demonstrated the utility of slope creation as a methodology
939 for salmon spawning habitat restoration implemented below
940 dams.
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