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1 Introduction

This document provides a summary of studies underlying the Tuolumne River restoration program, a series of conceptual models illustrating our current understanding of the Tuolumne River system, descriptions of restoration projects currently being implemented, and a summary of ongoing monitoring.  Since 1971, the Turlock and Modesto Irrigation Districts (the Districts), in cooperation with the California Department of Fish and Game (CDFG) and the U.S. Fish and Wildlife Service (USFWS), have conducted extensive studies of chinook salmon population dynamics and habitat in the lower Tuolumne River as part of the Don Pedro Project Federal Energy Regulatory Commission (FERC) Study Program and other investigations.  The objective of these studies was to identify potential management actions for increasing chinook population abundance and improving chinook salmon habitat in the Tuolumne River.  

In 1995, through the FERC relicensing process for the Don Pedro Project, the Districts and the City and County of San Francisco (CCSF) entered into a FERC Settlement Agreement (FSA) with the USFWS, CDFG, and several environmental groups.  In 1996, FERC issued an order modifying the project license to be consistent with the FSA.  This FSA establishes minimum flow requirements for the Tuolumne River downstream of the Don Pedro Project and sets forth a strategy and implementation procedures for recovery of the lower Tuolumne River chinook salmon population.  Using adaptive management, the FSA goals are to: (1) increase the abundance of wild chinook salmon in the Tuolumne River, (2) protect any remaining genetic characteristics unique to the Tuolumne River chinook salmon population, and (3) improve salmon habitat in the Tuolumne River.  Since the completion of the FSA, the Tuolumne River Technical Advisory Committee (TRTAC) has worked to develop and implement studies of specific aspects of salmon biology and habitat required by the FSA and develop a comprehensive, process-based restoration plan for the 52 miles of the river downstream of La Grange Dam.  Several large-scale channel reconstruction projects are identified in the Restoration Plan, and initial phases of these projects are currently being implemented.

The Anadromous Fish Restoration Program (AFRP) and CALFED, working through the Information Center for the Environment (University of California–Davis), are convening an Adaptive Management Forum for the planning and implementation of large-scale riverine habitat restoration projects in the Central Valley.  The purpose of this forum is to review and provide input and assistance to the design, implementation, and monitoring of large-scale restoration projects, such as those being implemented on the Tuolumne River.  The forum will provide scientific and technical input to project proponents and funding agencies throughout the project planning, design, implementation, and monitoring phases; help ensure that funding agencies and project managers maximize the ecological effectiveness of their projects and increase the information learned from the project design and implementation process; and compare similar classes of projects across watersheds to recommend strategies to address key uncertainties associated with channel and floodplain restoration.

The purpose of this summary document is to provide key background information and conceptual models for the Adaptive Management Forum panel members prior to the forum workshop to be held in June.  Two supporting documents are provided with this summary ( Habitat Restoration Plan for the Lower Tuolumne River Corridor (McBain and Trush 2000) and Volume II of the Report of Turlock Irrigation District and Modesto Irrigation District Pursuant to Article 39 of the License for the Don Pedro Project (TID/MID 1992, volume II).  These supporting documents will henceforth be referred to as “The Restoration Plan” and “Volume II,” respectively.  The Volume II report, which was submitted in 1992, summarizes conclusions or positions at the time it was written, many of which are still current.  Several of the circumstances or recommendations, however, have since been superceded or updated.  A list of pertinent updates to the report are provided in Appendix A.  The 1996 FERC Environmental Impact Statement also provides a more current overview of some of the relevant studies conducted during the Settlement Agreement process. 

This summary report follows the structure of the Healey ladder diagram (CALFED 2000) and references specific sections of the Restoration Plan and Volume II where additional detail can be found, if needed.  Additional detail can also be found in monitoring and study reports, which can be provided upon request.

2 The Problem  

The problems that are the focus of the Tuolumne River restoration program fall into two major categories: (1) impairment of geomorphic and ecosystem processes caused by flow regulation, gold and aggregate mining, and land uses, and (2) reduction in fall-run chinook salmon population abundance and resiliency.  The effects of flow regulation, mining, and land use on geomorphic and riparian process are described in Chapters 2 and 3 the Restoration Plan and are summarized below.  The current understanding of chinook salmon population dynamics in the Tuolumne River is based on several years of studies by the Districts, CDFG, USFWS, and the TRTAC.  The results of these studies are contained in numerous reports.  Many of the key studies underlying the FSA measures and much of the restoration program are summarized in the Volume II report.
2.1 Regional Setting 

The Tuolumne River drains a 1,960-square mile (5,080-square kilometer) watershed on the western slope of the Sierra Nevada Range and is the largest of three major tributaries to the San Joaquin River (Figure 1).  The river originates in Yosemite National Park and flows southwest to its confluence with the San Joaquin River, approximately 10 miles (16 km) west of the city of Modesto (at San Joaquin River river mile [RM] 83.7).  The river's upper watershed is characterized by deep canyons and mountainous terrain.  Downstream of the Sierra Nevada mountains and foothills, the river flows through a gently sloping alluvial valley.  Within the alluvial valley, the river can be divided into two geomorphic reaches that are defined by channel slope and bed composition (see Restoration Plan figure 2-14, pp. 30–31).  The gravel-bedded reach extends from La Grange Dam (RM 52) to RM 24.0.  The sand-bedded reach extends from RM 24.0 to the confluence with the San Joaquin River (RM 0).  

2.2 Historical Modifications to the River

The Tuolumne River and its floodplain have a history of modifications that have affected geomorphic and ecological conditions and processes in the river and have contributed to the decline of the river’s chinook salmon population.  Major modifications to the river have included flow regulation, flow diversion, gold and aggregate mining, and land use conversion.  

2.2.1 Flow Regulation

Flow in the Tuolumne River is regulated by several large dams (Table 1).  Early dams reduced summer baseflows but were too small to affect high flows. More extensive flow regulation began in the 1920s with the construction of several large reservoirs in the basin, which by 1955 provided storage capacity equivalent to 49% of the watershed’s average unimpaired annual outflow.  In 1971, storage was greatly increased with the construction of the New Don Pedro Dam, which more than tripled the storage capacity of the basin.  Current reservoir capacity in the basin is nearly 2.66 million acre-feet (3.3 billion m3), or 1.4 times the basin’s average unimpaired annual outflow.  (Annual outflow from the Tuolumne River watershed averages 1.9 million acre-feet [2.3 billion m3]).  

Table 1.  Reservoir storage in the Tuolumne River watershed

	Dam
	Year Constructed
	Reservoir Capacity

(acre-feet)

	La Grange Dam

(replaced Wheaton Dam)
	1893
	500

	Don Pedro Dam 

New Don Pedro Dam
	(1923)

1971
	(290,000)

2,030,000

	Hetch Hetchy Dam
	(1923)

enlarged 1938
	(206,000)

360,000

	Cherry Lake Dam
	1955
	268,000

	Total


	2,658,500


Flow in the Tuolumne River is diverted for agricultural and municipal uses.  The Turlock and Modesto Irrigation Districts divert flow from the river at La Grange Dam.  The Districts divert 885,000 acre-feet annually on average (based on 1984(1998 data), or 47% of the average unimpaired outflow from the basin.  CCSF also diverts water from the Tuolumne River for municipal supply.  CCSF diverts 230,000 acre-feet annually on average (based on 1984(1998 data), or 12% of the average unimpaired outflow from the basin.  

2.2.2 Gold Dredging

During the early twentieth century, the Tuolumne River channel and floodplain were dredged for gold.  The gold dredges excavated channel and floodplain deposits to the depth of bedrock (approximately 25 feet [7.6 m]) and often realigned the river channel.  After recovering the gold, the dredges deposited the remaining tailings back onto the floodplain, creating large, cobble-armored windrows that replaced the deep, rich soils of the valley floor deposits (see Restoration Plan figure 2-22, p. 42).  By the end of the gold mining era, the floodplain adjacent to 12.5 miles (20 km) of the river (RM 50.5–38) had been converted to tailings deposits (see Restoration Plan figure 2-14, pp. 30–31).  Much of the tailings were excavated and removed from the floodplain to provide construction material for New Don Pedro Dam or as part of recent aggregate mining operations.  Tailings remain in the reach from RM 45.4 to RM 40.3.  

2.2.3 Aggregate Mining

Downstream of the La Grange Dam, the Tuolumne River has also been extensively mined for aggregate
.  Large-scale aggregate mining began in the 1940s and continues today.  Historically, aggregate mines extracted sand and gravel directly from the active river channel, creating large, in-channel pits (referred to as “special run-pools” [SRPs]).  These SRPs are as much as 400 feet (120 m) wide and 35 feet (11 m) deep and occupy 32% of the length of the channel in the gravel-bedded reach.  More recent mining operations have excavated sand and gravel from floodplains and terraces immediately adjacent to the river channel.  These floodplain and terrace mine pits are typically separated from the river by narrow berms, which consist of alluvium that is left in place during the pit excavation (see Restoration Plan figure 2-21, p. 41).  These unengineered berms have failed even during moderate flows, resulting in direct connection of the pits to the river channel. The January 1997 flood, which peaked at nearly 60,000 cfs (1,700 cms), caused extensive damage in the mining reach, breaching nearly every pit berm.  

2.2.4 Clearing of Riparian Forests

In the gravel-bedded reach, the historical riparian forest was relatively patchy, generally persisting only in areas with heavy (silty) soils, adequate soil moisture and protection from harsh flooding conditions.  Floodplain vegetation between these patches of riparian forest was largely grassland, with occasional valley oaks.  Riparian vegetation in the sand-bedded reach historically consisted of a lush, multi‑layered "gallery forest" of Fremont cottonwood (Populus fremontii), valley oak (Quercus lobata), Oregon ash (Fraxinus latifolia), and western sycamore (Platanus racemosa) (see Restoration Plan figure 2-27, p. 49).  In mature gallery forest stands, many vines (California grape [Vitus californica] and poison oak [Toxicodendron diversiloba]) connected the canopy tree layer with a dense underbrush of shrubs, grasses and forbs.  Prior to 1900, extensive gallery forests probably extended for a half mile or more on either side of the river from RM 10 to the confluence with the San Joaquin River.

Land clearing for gold dredging, aggregate mining, and agricultural and urban development has resulted in the loss of 85% of the Tuolumne River’s historical riparian forest.  Vegetation that once extended from bluff to bluff prior to the gold rush era is now confined to a narrow band along the active channel margins in many areas, or is nonexistent.  Change in riparian corridor width between 1937 and 1993 is shown in figure 2-29 of the Restoration Plan (p. 53).  Nearly all of the areas in the gravel-bedded zone that historically supported riparian forests have been mined, grazed, or farmed.  

2.3 Effects of Historical Modifications on the Tuolumne River and its Chinook Salmon Population

2.3.1 Hydrology

Similar to other rivers originating from the western slope of the Sierra Nevada Range, natural runoff from the Tuolumne River is characterized by fall and winter rainstorm peaks, late spring and early summer snowmelt, and relatively low summer baseflows.  Flow regulation and diversion have reduced total flow volume in the river, reduced peak flow magnitude, and altered seasonal flow patterns.  The effects of flow regulation and diversion on flow conditions in the lower river are described in detail in Section 2.1.2 the Restoration Plan. 

2.3.2 Geomorphic Processes

2.3.2.1 Sediment Supply 

Under pre-dam conditions, the majority of the coarse sediment supplied to the lower Tuolumne River originated in the upper watershed.  Since 1923, Don Pedro Dam (and since 1971, the New Don Pedro) has blocked coarse sediment supply to the lower river.  Under current conditions, coarse sediment sources to the lower river are limited to bed and bank erosion; tributaries entering the river downstream of La Grange Dam do not contribute gravel or coarser sediment to the mainstem channel.

The majority of sediment currently contributed to the channel downstream of the dam is sand and finer size particles (see Restoration Plan Section 3.1.4, pp. 88–89).  Three tributaries, Gasburg Creek, Lower Dominici Creek, and Peaslee Creek, are the main sources of sand to Tuolumne River downstream of La Grange Dam.  These creeks derive fine sediment from hillslope and orchard erosion.  During the 1997 flood, approximately 1,000 yd3 (760 m3) of sand was deposited at the mouth of Gasburg Creek.  During the first significant runoff event after the flood, this sand was delivered to the mainstem channel.  This single event represented an introduction of fine sediment equivalent to many years of sand contribution to the low-flow channel of the Tuolumne River.  In addition, during the 1997 flood approximately 200,000 yd3 (150,000 m3) of sediment were eroded from the New Don Pedro spillway channel.  Much of this sediment was deposited behind La Grange Dam.  The remainder was transported downstream and deposited in the river and on the floodplain or was transported downstream to the San Joaquin River and the Delta.  

2.3.2.2 Sediment Transport

Flow regulation has also reduced sediment transport capacity and the frequency of bed mobilization downstream of the dams.  Tracer gravel experiments indicate that the coarser fraction of the bed is not mobilized by flows less than 6,900 cfs (195 cms), which is less than the pre-dam Q1.5 and equivalent to the post-dam Q4 (see Restoration Plan Section 3.1.2, pp. 79–80). Field measurements of bedload transport rate also indicate minimal transport (<70 tons/day) at flows up to 6,000 cfs and <100 tons/day at flows up to 6,900 cfs.

This reduction in bed scour has allowed riparian vegetation to encroach into the formerly active channel, resulting in a reduction in channel width of approximately 350 feet (64%; 107 m) and reducing cross sectional variability (see Restoration Plan figure 2-20, p. 39).  In addition, lack of bed scour has allowed sand to infiltrate into the channel bed.  Sand infiltration into the channel bed has been identified as a major factor limiting chinook salmon production in this river (see Section 2.4.5.3).  

Aggregate mining and gold dredging have removed sediment stored in the river channel and floodplain downstream of the dams and have created deep, slack-water pits in the river channel.  These pits have displaced the river’s lotic-type habitats with warm-water, lentic-type habitats.  As a result, the pits provide habitat conditions that are favorable for largemouth bass (Micropterus salmoides), an introduced warm-water species that has been identified as a key predator of juvenile chinook salmon (TID/MID 1992, Appendix 8).  In addition, these pits act as “bedload impedance reaches,” trapping bedload that is in transport from upstream and acting as semi-permanent sinks for coarse sediment moving through the river (see Restoration Plan Section 3.1.1, pp. 78–79).  Lacking a coarse sediment supply and flows of sufficient magnitude to mobilize coarse sediment, the river cannot reconstruct a channel through the mine pits.  

2.3.2.3 Floodplain Inundation and Channel Migration

The frequency, duration, and extent of floodplain inundation have been reduced by reductions in flow due to flow regulation, levee construction, and gravel mine embankments.  Reduction in flood magnitude is described in the Section 2.1 of the Restoration Plan.  Levees on the Tuolumne River are not extensive and are privately owned and maintained.  The effects of gravel mine embankments are described in Section 3.2 of the Restoration Plan. 

2.3.3 Riparian Vegetation

In addition to direct clearing of riparian vegetation for agriculture and other land uses, flow regulation and elimination of sediment supply in the Tuolumne River have indirectly impacted riparian vegetation by modifying the hydrologic and fluvial processes that influence vegetation establishment, survival, and succession.  By eliminating large floods, flow regulation has allowed riparian stands in some areas to mature into even-aged forests.  In many stands, cottonwoods and oaks have become senescent, and there is little or no indication of recent seedling or sapling recruitment to replace them.  In addition, as described in Section 2.3.2.2 above, flow regulation has allowed riparian vegetation to encroach into the formerly active river channel.

Exotic plants have become well established throughout the river corridor.  Forty-two exotic plant species have been identified in the corridor, of which 20 are considered to be invasive (see Restoration Plan Section 3.4.1.2, p. 123).  Eucalyptus (Eucalyptus spp.), edible fig (Ficus carica), giant reed (Arundo donax), and tree of heaven (Ailanthus altissima) are the most common invasive plant species found in the corridor.  Although exotic plant species dominate only a small portion (2%) of the 2,385 acres (9.7 km2)of riparian vegetation mapped in the corridor, these species often comprise a significant component of the understory in stands dominated by native species.  Once established, many exotic plant species have the potential to expand their distribution and abundance in the riparian corridor by outcompeting native species.  

2.4 Chinook Salmon and Other Anadromous Salmonids

2.4.1 Anadromous Salmonids Occurring in the Tuolumne River

Anadromous salmonids currently found in the Tuolumne River include fall-run chinook salmon (Onchorhyncus tshawytscha) and potentially steelhead (O. mykiss).  Prior to construction of La Grange Dam, the Tuolumne River supported populations of fall- and spring-run chinook salmon and steelhead.  Spring-run chinook salmon were extirpated from this watershed when dam construction eliminated access to upstream habitats.  The historical distribution of steelhead in the San Joaquin Basin, including the Tuolumne River, is poorly known, but steelhead were recorded by CDFG in counts conducted at Dennett Dam (RM 16.2) in 1940 and 1942 (CDFG, unpublished data).  

The Tuolumne River supports the largest population of fall-run chinook salmon in the San Joaquin Basin, and chinook salmon is an important management species in the river.  Estimates of adult escapement (returning spawners) to the Tuolumne River are available since 1951 (Figure 2).  Since completion of the New Don Pedro Dam in 1971, salmon escapement has ranged from a low of approximately 100 adults (1963, 1990(92) to a high of 40,300 adults (1985).  Major population declines have been associated with the droughts of 1959(1961, 1976(1977, and 1987(1992.  The average estimated escapement for the years 1967(1991, which is the target number to be doubled by the AFRP, is 8,900 fish (USFWS 1997).

There is currently no hatchery on the Tuolumne River, but large numbers of hatchery-origin smolts from the Merced River are released into the Tuolumne River for smolt survival studies.  In addition, large numbers of unmarked hatchery salmon are released into the Merced River each year and may stray into the Tuolumne River.  In recent years, up to 200,000 hatchery-origin salmon from the Merced River Hatchery have been released annually in the Tuolumne River.  As a result, a significant number of hatchery-origin Merced River salmon return to the Tuolumne River each year.  Since 1987, returning hatchery fish have comprised 4.7(59.1% (average 20%) of Tuolumne River escapement (TID, unpublished data).  In addition, water diverted from the Tuolumne River is released into the lower Merced River during the irrigation season (spring, summer, and fall).  This interbasin transfer may affect imprinting of Merced River salmon and may increase the likelihood of straying into the Tuolumne River.  The rate of straying of these wild and unmarked hatchery salmon into the Tuolumne River is not known but could be substantial.

2.4.2 Tuolumne River Chinook Salmon Life History Timing

Adult chinook salmon typically enter the Tuolumne River to spawn from September through December, with arrivals typically peaking in November.  Later arrivals have, however, been observed.  Recent observations of fry emergence in late May suggest that adults spawn as late as February.  Also, in 2000, adults were observed in the river during summer.  The age of return for adult salmon generally ranges from 2 to 4 years, and abundance varies by year-class depending on juvenile survival and ocean harvest.  While spawning may occur throughout the gravel-bedded reach, almost all spawning occurs upstream of Hickman Bridge (at Waterford) (see Restoration Plan figure 2-14, pp. 30–31).  Spawning is most heavily concentrated in the reach between RM 51.5 (upstream of Old La Grange Bridge) and Basso Bridge.  The period of fry emergence varies depending upon the timing of adult arrival and incubation temperature.  It typically extends from December through March but has been documented to occur as late as May (Stillwater Sciences 1999, 2000, 2001a).  Young salmon leave the river as fry, juveniles, subyearlings (smolts), or yearlings.  Large numbers (hundreds of thousands) of salmon are thought to leave the river as fry, particularly during wet years (Stillwater Sciences 1999, 2000, 2001a).  Subyearlings emigrate from February through June.  A few salmon oversummer in the river and emigrate during the fall and early winter.  The survival of fry and yearling emigrants has not been assessed, and the potential importance of these life history strategies in contributing to recruits is not understood. 

2.4.3 Factors Affecting Chinook Salmon Abundance in the Tuolumne River

The numbers of adult salmon returning from the ocean to spawn in the Tuolumne River and in the San Joaquin system as a whole have fluctuated widely throughout the period of record, generally alternating between a periods with high escapements of similar magnitude and periods with low escapements.  Since 1971, the Districts and CDFG have conducted targeted research to assess salmon population dynamics in the Tuolumne River and the San Joaquin Basin.  Based on these studies and other investigations, several factors that potentially limit chinook salmon escapement, production, and survival in the Tuolumne River have been identified.  These factors include oceanic and estuarine conditions, harvest, and in-river conditions.  

2.4.4 Estuarine Factors and Harvest

Historically, the Sacramento-San Joaquin Delta provided high quality rearing habitat for juvenile chinook salmon.  Modification of the Delta, however, has degraded this once favorable environment.  Today, poor water quality, channel modifications, loss of shallow marsh habitats, hydraulic changes (e.g., flow reversals) caused by operation of the State and Federal pumps, entrainment of juvenile fish in the pumps, abundance of introduced predators, and other factors reduce the survival of chinook salmon migrating through the delta and estuary.  Operation of the Delta pumps is thought to be one of two primary sources of mortality of smolts outmigrating from the Tuolumne River, resulting in loss of 35–44% of all juveniles and 55–67% of all yearlings migrating through the San Joaquin River in water years 1973–1988 (TID/MID 1992, Appendix 26).  

Ocean harvest of Central Valley fall chinook is also significant.  The Central Valley Index (CVI) Harvest Index
 provides an indication of the effects of harvest on the population.   In recent years (1995–1999), the CVI Harvest Index has ranged from 52% to 78% (PFMC 2001).  The CVI Index is not a true harvest index since it does not include the freshwater recreational fishery or shaker mortality and does not distinguish between races and cohorts.  It does, however, provide important insight into the potential magnitude of harvest of these stocks.

2.4.5 In-river Factors 

In-river conditions determined to be key factors influencing chinook salmon production and survival include:

· Low spring flows (under the pre-FSA flow schedule and potentially under current requirements).

· High rates of predation on outmigrating fry and juvenile salmon by introduced fish (especially centrarchid) species.

· Limiting spawning habitat in upstream areas, which results in redd superimposition and egg mortality.

· Poor spawning gravel quality due to sand infiltration into spawning substrates.

Additional in-river factors that have been evaluated include fry and juvenile stranding and entrapment resulting from reductions in flow; water temperature; and prey availability.  Although these factors may affect chinook salmon in the lower Tuolumne River, they are not considered to be key factors influencing the population.  

2.4.5.1 Spring Flows 

High recruitment of chinook salmon to the population is positively correlated to high spring flows when the smolts are outmigrating.  Regression analysis, however, indicates that (for the years analyzed) increased recruitment was not related to reduction in water temperature resulting from increased flows (TID/MID 1992, Appendix 21).  Other likely mechanisms by which high spring flows could increase recruitment include reduction of predation on smolts by largemouth bass or reduction in the number of smolts exposed to the Delta export pumps.  

Springs flows required by original 1964 FERC license for the New Don Pedro Project were 85–100 cfs (2.4–2.8 cms) in April and 3 cfs (0.08 cms) in May and June.  The 1995 FSA increased minimum flows and includes spring pulse flow to improve outmigrant survival (Table 2).

Table 2.  FSA Minimum Flow Schedule

	Water Year Type
	% Occurrence
	Oct. 1–15

(cfs)
	Attraction

Pulse Flow

(acre-feet)
	Outmigration

 Pulse Flow

(acre-feet)
	Oct. 16–
May 31

(cfs)
	June 1–
Sept. 30

(cfs)
	Total Flow
(acre-feet)

	critical and below normal
	6.4
	100
	None
	11,091
	150
	50
	94,000

	median critical
	8.0
	100
	None
	20,091
	150
	50
	103,000

	intermediate critical/dry
	6.1
	150
	None
	32,619
	150
	50
	117,016

	median dry
	10.8
	150
	None
	37,060
	150
	75
	127,507

	intermediate dry/below normal
	9.1
	180
	1,676
	35,920
	180
	75
	142,502

	median below normal
	10.3
	200
	1,736
	60,027
	175
	75
	165,002

	intermediate below normal/above normal
	15.5
	300
	5,950
	89,882
	300
	250
	300,923

	median above normal
	5.1
	300
	5,950
	89,882
	300
	250
	300,923

	intermediate above normal/wet
	15.4
	300
	5,950
	89,882
	300
	250
	300,923

	median wet/maximum
	13.3
	300
	5,950
	9,882
	300
	250
	300,923


2.4.5.2 Gravel Quantity and Redd Superimposition

Analysis of the number of spawners returning each year to the Tuolumne River and the environmental conditions occurring during spawning, rearing, and emigration of the juveniles indicates that an overabundance of spawners actually decreases the numbers of recruits produced (TID/MID 1992, Appendix 2).  Redd superimposition is one factor that can cause a decline in recruitment with increased numbers of spawners.  Superimposition occurs when late-arriving adults spawn at locations that already contain eggs from earlier spawning, resulting in mortality of eggs in the previously constructed redd.  Redd superimposition may also result in a net reduction of successfully emigrating smolts, because the new eggs hatch later and the smolts may migrate later in the spring when outmigration conditions have detiorated.

Studies of spawning habitat availability and redd superimposition indicate that roughly 2.9 million square feet (270,000 m2) of spawning gravel were available downstream of La Grange Dam (TID/MID 1992, Appendix 6).  Assuming 216 ft2/redd (20 m2/redd) (Reiser and Bjornn 1979) and equal distribution of redds, this area could support up to 13,425 redds.  Note that this estimate may be high because the entire riffle area was included without regard for hydraulics, substrate, or other conditions that influence suitability for spawning and the assessment was completed prior to the January 1997 flood, which eliminated or altered several spawning riffles.

Within the spawning reach, salmon exhibit a preference for spawning in upstream areas and concentrate redd construction upstream of Riffle 8 (approximately RM 46.5).  Superimposition was documented in the field even at relatively low escapement levels (6,300 adults in 1988 and 1,300 adults in 1989).  Based on the stock-recruitment model developed from these studies, maximum fry production is predicted to occur at an escapement of 7,500 females (i.e., a total escapement of approximately 15,000 adults) (See Volume II Section 6.1).  

2.4.5.3 Spawning Gravel Quality 

Spawning gravel in the lower Tuolumne River contain large volumes of sand, and permeability is low (TID/MID 1992, Appendix 8; Stillwater Sciences 2001b).  Field studies in the lower Tuolumne River indicate that survival-to-emergence averages only about 30(35%, which was attributed (based on the Tappel-Bjorn Model) to sand in the spawning substrate (TID/MID 1992, Appendix 8).  Predicted survival-to-emergence based on substrate permability measured in the field in 1998(1999 ranged from 34% (95% CI: 31(37%) to 51% (95% CI: 35(67%) (Stillwater Scienes 2001b).

2.4.5.4 Predation by Introduced Species 

Predation of juvenile salmon by introduced bass is considered to be a primary factor limiting survival of juvenile chinook salmon in the lower Tuolumne River.  In 1989 and 1990, the Districts conducted studies to assess the effects of predation on outmigrant survival.  These studies were prompted by a 1987 CDFG study in which mortality of marked fish released into the Tuolumne River was estimated to be 70% during the three days required for the fish to travel downstream from La Grange to the San Joaquin River.  Because water temperatures were less than 64oF (18oC) (i.e., within the range suitable for juvenile salmon), predation was thought to be the most likely source of this mortality.  

Predation studies in the Tuolumne River have identified 12 fish species that could potentially prey on fry and juvenile chinook salmon, but largemouth and smallmouth bass were found to be the primary predators (TID/MID 1992, Appendices 22 and 23).  Predators were concentrated in the SRPs.  Based on estimates of predator abundance (based on mark-recapture electrofishing surveys) and estimated rates of consumption (based on gut samples), predation rates for the largemouth bass were estimated to be 8,636–14,299 juvenile salmon/day during the spring pulse flow period.

2.4.6 Fry and Juvenile Stranding 

Fluctuations in flow have been documented to cause stranding and entrapment of juvenile salmon on gravel bars and floodplains and in off-channel habitats that may become cut off from the channel when flows are reduced.  Mortality by asphyxiation, desiccation, temperature or low oxygen stress, or predation by birds and mammals often results.  On the Tuolumne River, surveys have documented stranding losses resulting from flow reductions (TID/MID 1992, Appendix 14).  In years of high juvenile salmon density, stranded salmon were generally found on gently sloping stream banks and gravel bars on a wide range of substrates in the upper reaches of the river.  No stranded salmon were found when densities were low (e.g., 1991, 1992, and 1994).  However, other species, including riffle sculpin (Cottus gulosus), Sacramento pikeminnow (Ptychocheilus grandis), Pacific lamprey (Lampetra tridentata), Sacramento sucker (Catostomus occidentalis), mosquitofish (Gambusia affinis), and several centrarchid species, were found stranded.  Additional surveys have been conducted since the 1995 FSA ramping schedule has been in place (Stillwater Sciences 2001c).  These surveys observed few stranded salmon.  The lack of observed stranding during periods of high in-river salmon density may be attributed to low ramping rates.  The majority of stranding sites identified to date are exposed at intermediate river flows; stranding has continued to occur at flows between 1,100–3,100 cfs (31–88 cms), primarily in low gradient sand and gravel substrates (Stillwater Sciences 2001c).  

2.4.7 Temperature

Since 1987, the Districts have monitored water temperature at a minimum of five sites in the Tuolumne River, at limited locations on Dry Creek (which enters the Tuolumne River at RM 16.4), and in the San Joaquin River (TID/MID 1998, Report 97-4).  Temperature data are also available from the U.S. Geological Survey which operates two gauges in the Tuolumne River– one below La Grange Dam (number 11289650) and one at Modesto (number 11290000).  The effects of water temperature on fry and juvenile salmon were assessed based on sampling (using seine hauls) in areas of potentially high temperature, analysis of data from several thermograph stations in the Tuolumne River and the San Joaquin River near the Tuolumne River confluence, and literature review (TID/MID 1992, Appendices 17, 19, and 21).  Although temperatures in the San Joaquin River during chinook salmon outmigration were relatively high and transiently exceeded the probable upper incipient lethal temperature, salmon captured in these higher temperature areas exhibited no signs of acute stress.  Additional studies (such as examination of blood and tissue for biochemical evidence of thermal stress) might provide more conclusive information regarding the suitability of existing water temperatures for rearing and outmigration.  Temperature may be an important factor affecting chinook salmon outmigrant survival, particularly during late May and early June.  In addition, prolonged exposure to high temperatures during dry years may affect juvenile fitness.

2.4.8 Prey Availability 

The adequacy of the food supply for juvenile salmon was assessed based on gut samples, drift samples, and benthic samples (TID/MID 1992, Appendix 16).  This assessment concluded that food supplies for juvenile salmon were more than adequate to support the population.
3 Goals and Objectives

Several plans and programs have developed goals for restoration actions on the Tuolumne River.  In general, these plans have built sequentially upon earlier efforts, although there are also subtle variations among similar goals.  The Programmatic and Lower Tuolumne River specific goals are summarized below from the following source documents:

(A)
Don Pedro Project FERC Settlement Agreement (1995):

(B) 
Habitat Restoration Plan for the Lower Tuolumne River Corridor (McBain and Trush 2000)

(C) 
Restoring Central Valley Streams: A Plan For Action (CDFG 1993)

(D) 
US Fish and Wildlife Service Anadromous Fish Restoration Program (AFRP) Restoration Plan   (1997 Revised Draft, adopted as final plan in 2001)

(E) 
CALFED Ecosystem Restoration Program ( CALFED 2000) 

(F)
Central Valley Habitat Joint Venture 

(G)
Riparian Habitat Joint Venture

PROGRAMMATIC GOALS

(Parenthetical letters following the listed goals refer to the respective source documents listed above.)

	Salmonids
	· Increase naturally occurring and naturally reproducing salmon populations. (A-E) 

	Riverine Processes
	· Provide chinook salmon habitat that is created and maintained by natural processes and that sustains a resilient, naturally reproducing Chinook salmon population. (B, D)

	Ecosystem Elements
	· Protect and restore self-sustaining, dynamic, native riparian habitat. (B,C,G)

· Enhance the existing public and private wetlands of the Central Valley. (F)

	Others
	· Use an Adaptive Management Strategy, initially employing feasible measures with a high chance of success. (A, E)

· Support public awareness and involvement in the ecosystem restoration effort. (B, E)


TRIBUTARY GOALS: TUOLUMNE RIVER

(Parenthetical letters following the listed goals refer to the respective source documents listed above.)

	Salmonids


	1.
Achieve San Joaquin fall-run chinook salmon recovery (C, D, E) by:

a) increasing the number of naturally spawning salmon in the Stanislaus, Tuolumne, and Merced rivers to a median number of 20,000 fish and maintaining a three-year running average that does not drop below 3,000 fish for 15 year, three of which are dry and critical and 

b) achieving smolt survival rates that approach pre-CVP and SWP levels when adult numbers decline to fewer than 3,000 natural spawning fish. (E)

2.
Protect any remaining genetic distinction of salmon. (A, E)

3.
Implement measures to improve and increase chinook salmon habitat and increase salmon populations. (A, C)

a)
Flows  

· Maintain FERC base flows and supplement with purchased water. (A, D, E)

· Require adequate stream flow releases for the protection of salmon spawning, rearing, and outmigration. (B, C)

· Evaluate effects of fluctuating flows due to power peaking on salmon spawning  and rearing and develop fluctuation criteria. (C, D)

· Provide fall pulse flows. (D)

c) Establish specific seasonal maximum surface water temperature objectives of 56oF and 65oF (C, D, E) 

d) Evaluate the impact of irrigation returns (E)

e) Develop a temperature model to determine flows necessary to maintain specific 60oF criterion downstream to Geer Road for steelhead rearing. (E)

f) Evaluate and implement measures for spawning, rearing and migration habitat restoration needs. (C)

· Spawning:  Evaluate spawning gravel quality and renovate or supplement gravel supplies to enhance substrate quality. (A, B, D, E)

· Migration: Implement actions to reduce predation on juvenile salmon, including actions to reduce or isolate “ponded” sections (A, B, D, E) and evaluate fish screening needs. (C, D, E)

· Rearing: Restore and improve opportunities to inundate the floodplain on a seasonal basis. (A-E)

	Riverine 

Processes


	1.
Provide the following:

a) A continuous river floodway from La Grange Dam to the confluence with the San Joaquin River with capacity that safely conveys at least 15,000 cfs above Dry Creek and 20,000 cfs below Dry Creek. (B, G)

b) A dynamic alluvial channel, maintained by flood hydrographs of variable magnitude  and frequency adequate to periodically initiate fluvial geomorphic processes (e.g., mobilize channelbed surface, scour and replenish gravel bars, inundate floodplains and promote channel migration). (B, G)

c) A secure gravel supply to replace gravel transported by the high flow regime, thus maintaining the quantity and quality of alluvial deposits that provide chinook salmon habitat. (B, E)

d) Bedload transport continuity through all reaches. (B)

2.
Restore and improve opportunities to inundate the floodplain on a seasonal basis, conduct a feasibility study to construct setback levees in the floodplain, restore stream channel and overflow basin configuration, minimize effects of structures (bridges, etc.) on floodplain process and develop a floodplain management plan. (B, E)

	Ecosystem Elements


	1.
Protect and restore self-sustaining, dynamic, native riparian habitat. (A, B, C, D, E, G)


a) 
Provide a continuous riparian corridor from La Grange Dam to the confluence with the San Joaquin River, with a width exceeding 500 ft. minimum in the gravel-bedded zone to a width up to 2,000 ft. near the San Joaquin River. (B, G)

· Preserve and expand stream meander belts by adding riparian lands in the meander zone by purchase from willing sellers, incentives to preserve and manage private riparian areas, establish property owner reimbursement mechanism for lands lost to meander processes, and develop a program to remove riprap and relocate other structures that impair stream meander. (E)

· Coordinate with activities supported by FSA Section 19 (riparian and recreation improvement). (D)


b)
Protect existing wetlands through fee acquisition or conservation easement. (F) 

	Other 


	1.
Continual revision of the Adaptive Management Program, addressing areas of scientific uncertainty that will improve our understanding of river ecosystem processes and refine future restoration and management. (B)

a) Conduct a detailed annual review to assess progress toward meeting the goals. (A)

2.
Public awareness and involvement in the Tuolumne River restoration effort. (B)

a) Establish a “streamwatch” program to increase public participation in river management. (D)

b) Support an Interpretive Center. (D)

c) Coordinate with activities supported by FSA Section 19 (riparian and recreation improvement). (also 5.1.2) (D)

3. Control illegal harvest and protect habitat through increased enforcement.

4. Focus harvest on hatchery-produced fish, develop harvest management plans to meet targets that allow the spawning population of wild, naturally produced fish to attain levels that fully utilize existing and restored habitat, and evaluate marking and selective fishery program for chinook salmon. (E)

5. Minimize the likelihood that hatchery fish could stray into adjacent non-natal streams to protect naturally produced salmon, and limit straying and loss of genetic diversity by rearing fish in natal streams.

6. Conduct salmon monitoring program, including monitoring associated non-flow measures.


4 Conceptual Models

The TRTAC Monitoring Subcommittee has developed a series of six interconnected conceptual models depicting our current understanding of the geomorphic functions in the river and the river’s chinook salmon population and the effects of measures to improve geomorphic and ecosystem function and increase chinook salmon population abundance.  These conceptual models are provided in Appendix B and are described below.  Additional project-specific conceptual models are described in Section 5.  

Model S-1.  Overarching model of factors affecting chinook salmon population abundance in the Tuolumne River.  This conceptual model depicts the factors affecting each chinook salmon life history stage, within and outside of the Tuolumne River basin.  Within the basin, research and monitoring have identified three primary factors that limit chinook salmon population abundance.  These factors are: (1) redd superimposition; (2) low survival-to-emergence resulting from low substrate permeability; and (3) low outmigrant survival resulting from spring flow conditions, predation by largemouth bass, and water temperature.  Other factors could also affect chinook salmon population abundance, but these are not considered to be limiting.  Of the limiting factors identified, redd superimposition is the only density-dependent mortality factor.  The superimposition model developed from field studies supports the hypothesis that superimposition and delayed fry emergence can explain the stock-recruitment curves developed from empirical observations in the Tuolumne River (TID/MID 1997, Report 96-6). 

Model S-2.  Potential alternative measures to reduce chinook salmon redd superimposition.  In this model, four potential measures are identified to reduce chinook salmon redd superimposition.  These measures include adding gravel to the spawning reach, managing flows to distribute spawning laterally in the channel, installing temporary barriers to distribute spawning longitudinally in the channel, and adding large woody debris to improve spawning habitat suitability in the underutilized (downstream) portion of the spawning reach.  The effectiveness of these measures has not been assessed.  Testing of temporary spawning barriers is identified as an action to be implemented under the FSA.
Model S-3.  Potential alternative measures to improve chinook salmon survival-to-emergence.  This model depicts the effects of fine sediment management, coarse sediment management, and flow management on salmon spawning and incubation conditions and survival-to-emergence.  In this model, components of the fine sediment management program, which has been tentatively approved for funding by CALFED, reduce fine sediment supply to the channel by reducing delivery from Gasburg Creek and reducing storage (and thus potential supply) in pools.  By reducing fine sediment supply, the project reduces risk of entombment of alevins and increases substrate permeability in the spawning reach, thus increasing survival-to-emergence.  Addition of coarse sediment to the channel under the Coarse Sediment Management Program, which has been funded by the AFRP, increases the area of potential spawning habitat and potentially dilutes fine sediment storage in the channel.  This addition of coarse sediment increase the frequency of bed mobilization and increases coarse sediment storage, thus allowing the river to construct bars and riffles and potentially increasing substrate permeability.  In combination with sediment management measures, increasing peak flows would increase the frequency of bed mobilization and flush fine sediment downstream.  The timing and magnitude of peak flows, however, would need to be timed to avoid scouring redds.  Increasing peak flows in spring would avoid impacts to redds and could also increase survival by increasing turbidity and reducing predation.  (Note that adverse effects of excessive turbidity on salmon can also occur).

Model S-4.  Potential alternative measures to reduce predation on juvenile outmigrants.  This model depicts potential alternative measures to reduce predation on juvenile salmon outmigrants by largemouth bass.  Alternative measures include actions to directly or indirectly reduce largemouth bass abundance or largemouth bass feeding rates.  Measures identified to directly reduce bass abundance include angler harvest and electrofishing.  The potential effectiveness of these measures and risks to non-target species has not been assessed.  Measures to indirectly reduce predator abundance include filling in Special Run-Pools (SRPs), thus reducing the extent of bass habitat, and increasing spring flows, thus reducing bass reproduction.  Measures to reduce feeding rates include increasing spring flows, thus reducing water temperature and bass foraging, and increasing turbidity, thus reducing predation efficiency.  Laboratory studies conducted by the Districts indicate that bass foraging efficiency is greatly reduced by increasing turbidity (TID/MID 1992, Appendix 23).  The relative uncertainty and potential benefits of these measures vary, and most would require further testing and validation before application.  Currently the only measures being tested are the effects of channel reconstruction on predator abundance and the effects of spring flow on chinook salmon survival.  

Model G-1.  Overarching model of the effects of dams and mining on geomorphic inputs and processes, habitat structure, and population response.  This model illustrates linkages between physical inputs, physical processes, habitat structure, and biological responses and the effects of dams and mining on these linkages.  In this model, dams have altered seasonal flow patterns in the lower river, reduced peak flow magnitude, reduced fine sediment supply, and eliminated coarse sediment supply.  In addition, aggregate mining and gold dredging have reduced coarse sediment supply to the river by removing stored sediment from the channel and floodplain and by trapping coarse sediment that is in transport on the bed.  These reductions in key inputs to the system (i.e., sediment and water) have reduced sediment transport, channel migration and avulsion, recruitment of large wood, and floodplain inundation and have resulted in channel incision, bed armoring, channel narrowing (through riparian vegetation encroachment), and abandonment of pre-dam floodplains.  In addition, mining has left large, lake-like pits in the river channel.  These alterations have reduced habitat quality for chinook salmon spawning, incubation, rearing, and outmigration.  In addition, reductions in flow magnitude and alteration of seasonal flow patterns potentially affect run timing and emigration timing, as well as incubation, rearing, and outmigrant survival.  

Model G-2. Fine sediment supply and storage in the Tuolumne River and effects in chinook salmon survival.  This model illustrates sources and storage of fine sediment in the Tuolumne River and the effects of fine sediment on chinook salmon survival.  In this model, fine sediment is supplied to the spawning reach primarily by Gasburg Creek and erosion from the New Don Pedro Dam spillway that occurred during the 1997 flood.  The volume of sediment supplied from the Gasburg Creek watershed is exacerbated by grazing and possibly by historical hydraulic mining in the watershed.  Gullying, channel incision, and bank failure in the watershed have been documented by field reconnaissance surveys.  In the lower watershed, Gasburg Creek flows through an abandoned sand mine.  Surface erosion in this reach has increased sand supplied to the channel above background or “natural” levels.  The magnitude and importance of supply from Lower Dominci Creek is not certain. 

Combined with the reduction in sediment transport capacity resulting from flow regulation, this increase in fine sediment supply has resulted in increased storage of fine sediment in riffles and possibly in pools.  (Sand storage in pools has not been assessed.)  The sand stored in pools can be mobilized during high flows, thus increasing supply.  The increase in the volume of sand stored in riffles results in reduced permeability in spawning substrates and a concomitant reduction in salmon survival-to-emergence. 
Implement Restoration Actions

4.1 Description of Ongoing Restoration Projects

In addition to increasing required minimum flows, the 1995 FSA directs the TRTAC to identify ten top-priority habitat restoration projects (including a minimum of two salmon predator pond isolation projects), with the objective of implementing the priority projects by the year 2005.  The TRTAC has identified the following as the ten projects:  Gravel Mining Reach Phases I–IV (4 projects), SRP 9, SRP 10, riffle cleaning (to be implemnted under the Fine Sediment Management Program), Gasburg Creek sedimentation basin (to be implemnted under the Fine Sediment Management Program), gravel augmentation (to be implemnted under the Coarse Sediment Management Program), and the Bobcat Flat/Dredger Tailings Reach Phase III.  Projects that are currently being implemented are described in more detail below. 

In addition to these projects, the Friends of the Tuolumne (FOTT), the Tuolumne River Preservation Trust, the National Resource Conservation Service, CDFG, and others are currently working to acquire floodplain parcels and implement floodplain and riparian habitat restoration.  The FOTT and NRCS recently acquired a 140-acre (27-hectare) conservation easement at the Grayson River Ranch, a floodplain parcel located at RM 6.3 near the confluence of the Tuolumne River with the San Joaquin River.  Grading for restoration at this site was completed in 2000.  FOTT is also in the process of purchasing fee title to Bobcat Flat, a 250-acre (101-hectare) parcel located at RM 42.4–44.6.  Floodplain and riparian habitat restoration at this site will be pursued by FOTT once the acquisition is complete.  In addition, CDFG has received funding to purchase 41.6 acres (17 hectares) of floodplain property near Basso Bridge, which would acquire and protect valley foothill riparian habitat along an important spawning reach of the Tuolumne River and acquire an in-holding that will result in contiguous public ownership of three miles of riparian habitat and salmon spawning habitat.  

4.1.1 FSA Flow Requirements

Minimum flows required downstream of La Grange Dam were established in the New Don Pedro Project FERC license in 1976 and revised by the 1995 FSA.  Prior to the FSA, required minimum flows were 3–385 cfs (0.08–11 cms) for normal years and 3–200 cfs (0.08–6 cms) in dry years.  The FSA increased required minimum flows and revised the water year classification system used to determine flow conditions.  Flows included in the FSA were determined based on results of IFIM modeling and related studies.  In addition, the FSA flow schedule includes a fall pulse flow to attract adult salmon in most water year types and a spring pulse flow to stimulate juvenile salmon outmigration during all water year types (Table 3).

Because stranding had been documented in the Tuolumne River and is a potentially important source of mortality, it was an important issue during the FSA negotiations.  The FSA contains restrictions on flow ramping rates intended to reduce stranding losses (Table 3). 

Table 3.  Maximum Rates of Flow Reduction:  October 16 through March 15

	Flow measured at La Grange

(cfs) 
	Ramping Rate

(cfs/hr)

	< 2,000
	500

	2,000 – 2,700
	700

	2,700 – 4,500
	900


4.1.2 SRPs 9 and 10

SRPs 9 and 10 resulted from in-channel aggregate mining and extend from RM 25.2 to RM 25.9.  SRP 9 is 400 feet (122 m) wide and 6(19 feet (2–6 m) deep; SRP 10 is 400 feet (122 m) wide and 10(36 feet (3–11 m) deep pit.  The objectives of the SRP 9 and SRP 10 project are to:

· Reduce salmon predation by reducing predator habitat.

· Restore and increase salmon habitat.

· Rebuild a natural channel geometry scaled to current channel-forming flows. 

· Restore and increase native riparian plant communities, establishing each species at appropriate surface elevations inundated by the contemporary hydrologic regime.

The project will attempt to recreate a geomorphically functional channel and floodplain that is scaled to the contemporary flow regime.  The project has been partially funded by AFRP and CALFED and is being implemented by the TID.  These projects are described in Sections 4.5.3 and 4.5.4 of the Restoration Plan (p. 161–162).

4.1.3 The Gravel Mining Reach 

The six-mile-long Gravel Mining Reach extends from RM 40.3 to RM 34.3.  In this reach, the river has been extensively mined, both in the channel and on adjacent floodplains and terraces.  As a result, the river channel in the project reach is bordered by 11 floodplain mining pits and one captured settling pond on the left (south) bank and three settling ponds on the right (north) bank.  On the left bank, pit embankments comprise 17,500 feet (5,330 m) (55%) of the total bank length.  On the right bank, pit embankments comprise 735 feet (224 m) (2%) of the total river bank length.  Throughout the reach, the embankments confine the width of the channel and riparian corridor.  A portion of the channel has also been mined.  These projects are described in detail in Section 4.5.5 of the Restoration Plan (p. 163–164).

The objectives of the Gravel Mining Reach project are to:

· Restore a floodway width that will convey flows of up to 15,000 cfs (425 cms).

· Improve salmon spawning and rearing habitats by restoring an alternate bar (pool-riffle) morphology, restoring spawning habitat within the meandering channel, and filling in-channel mining pits.

· Prevent salmon mortality that results from connections between the Tuolumne River and off-channel mining pits.

· Restore native riparian communities on appropriate geomorphic surfaces (i.e., active channel, floodplains, terraces) within the restored floodway.

· Restore habitats for other native species (e.g., egrets, ospreys, herons).

· allow the channel to migrate within the restored floodway to improve and maintain riparian and salmonid habitats.

· Remove the floodway “bottleneck” created by inadequate berms (e.g., berm failure above a certain discharge threshold).

· Improve flood protection for aggregate extraction operations, bridges, and other human structures.

The Gravel Mining Reach Restoration project will set back gravel pit embankments (widening the floodway to 500 feet [150 m]), construct an appropriately scaled bankfull channel and floodplain within the widened floodway, and establish native riparian vegetation on the newly constructed floodplain.  Vegetation would be established at elevations appropriate to support inundation and successional processes under the existing flow conditions.  The Gravel Mining Reach Restoration project will be undertaken in phases, requiring four years to complete construction.  

4.1.4 Coarse Sediment Management
The supply of coarse sediment to the lower Tuolumne River has been essentially eliminated by the construction of the La Grange Dam (1893) and Don Pedro dams (1923, 1971), which intercept bedload transported from the upper watershed.  Downstream of the dams, large amounts of bed material have been removed from the channel by gold and aggregate mining and by the 1997 flood.  In addition, under the current, regulated regime, flows are inadequate to mobilize the bed downstream of the dams.  As a result, the lower Tuolumne River does not exhibit many of the features typical of dynamic, low gradient fluvial systems that provide habitat complexity and certain habitat components required by chinook salmon.  The Coarse Sediment Management Plan will increase the long-term storage and supply of gravel in the mainstem Tuolumne River.  This project is being developed in conjunction with ongoing coarse sediment augmentation that is being implemented by CDFG.

The objectives of the Coarse Sediment Management Plan are to:

· Increase and maintain the extent of chinook salmon spawning and rearing habitat available by introducing appropriately sized coarse sediment (i.e., sediment that is suitable for spawning and that is mobile under current flow conditions).  An initial “transfusion” of coarse sediment will provide alluvial deposits immediately available for chinook salmon spawning and for eventual downstream transport and redeposition.

· Maintain this restored coarse sediment storage by periodic augmentation of coarse sediment supply equal to the rate of downstream sediment transport.

4.1.5 Fine Sediment Management

Low survival-to-emergence has been demonstrated to be a key factor limiting chinook salmon recruitment in the Tuolumne River.  Surveys conducted for the Tuolumne River Corridor Restoration Plan (McBain & Trush 2000) concluded that only three tributaries upstream of Waterford (RM 32.0) exhibited conspicuous deltas identifiable from aerial photographs.  They are Gasburg Creek (RM 50.3), Lower Dominici Creek (RM 47.8), and Peaslee Creek (45.2).  Gasburg Creek joins the mainstem river near the upstream end of the spawning reach and in the highest concentration area of chinook salmon spawning.  Sand delivery from this tributary, therefore, affects the most important spawning riffles in the river.  The Fine Sediment Management project would reduce sediment supply from Gasburg Creek and reduce sediment storage in riffles and, if determined to be necessary from field reconnaissance, from pools in the spawning reach.  

The objectives of the Fine Sediment Management project are to:

· Implement remedial actions to reduce fine sediment input to the Tuolumne River from Gasburg Creek (located near the upstream end of the spawning reaches). These include both watershed practices and a sediment trap on Gasburg Creek.
· Implement actions to reduce fine sediment storage in the mainstem Tuolumne River.  Initially, excavation, suction dredging or in-situ mechanical cleaning methods would be used to reduce fine sediment storage in spawning riffles and other channel areas throughout the spawning reaches from La Grange Dam (RM 52) and RM 29 with an initial focus on the Gasburg Creek watershed (RM 50.3).

4.2 Project-specific Conceptual Models

Model P-1.  Effects of reconstruction of Special Run-Pools (SRPs) on geomorphic process, riparian vegetation, and chinook salmon survival.  In this model, filling in the SRPs and constructing a channel and floodplain that are scaled to contemporary flow conditions in the Tuolumne River improves in-channel and floodplain geomorphic and riparian processes and chinook salmon survival.  Constructing an appropriately scaled channel increases the frequency of bed mobilization and restores sediment transport continuity.  Combined with ongoing maintenance to provide a coarse sediment supply, the project balances sediment supply and transport capacity and allows the river to create and maintain active alluvial features, such as bars and riffles.  In addition, the channel design avoids use of bank revetment, thus allowing the reconstructed channel to migrate when flows are of sufficient magnitude.  The rate of channel migration, however, will continue to be reduced compared to natural conditions by flow regulation.  By constructing a floodplain that is inundated by small, frequent floods, the project provides a surface for colonization by riparian vegetation.  (Note that the project also includes initial planting and maintenance of riparian vegetation.)  Combined with the deposition of sand onto the newly constructed floodplain and the creation of new surfaces through channel migration, the project provides new surfaces for pioneer riparian tree species to germinate and become established.  Furthermore, the increased frequency of bed mobilization and deposition of new bars and riffles improves chinook salmon spawning and incubation conditions, which may stimulate spawning in downstream reaches that are currently underutilized, thus reducing redd superimposition and increasing survival-to-emergence.  Elimination of in-channel pits also reduces habitat suitable for largemouth bass, thus reducing predator abundance and increasing salmon outmigrant survival.
Model P-2. Effects of reconstruction of the Gravel Mining Reach on geomorphic processes, riparian vegetation, and chinook salmon survival.  In this model, reconstructing a channel and floodplain that are scaled to contemporary flow conditions combined with planting native riparian vegetation on the reconstructed floodplain and maintaining coarse sediment supply improves in-channel and floodplain geomorphic and riparian processes and improves chinook salmon spawning and rearing habitat.  As in the SRP project (see Model P-1), constructing an appropriately scaled channel and maintaining coarse sediment supply balances sediment transport capacity with sediment supply and provides a channel and floodplain that functions under contemporary, regulated flow conditions.  By providing conditions that allow the channel to construct bars and riffles, the project improves salmon spawning, incubation, and rearing habitats.  In addition, by increasing floodplain width the project reduces flow velocities during floods and provides refugial habitats for rearing salmon.

Model P-3.  Effects of flow and coarse sediment management on aquatic and riparian habitat.  This model depicts the anticipated effects of flow management and gravel augmentation on in-channel, floodplain, and riparian habitats and on chinook salmon survival.  In this model, increased spring high flows recharge shallow groundwater tables, deposit sand and fine sediment on the floodplain, and scour and deposit coarse sediment in the channel.  At the same time, adding gravel to the spawning reach increases coarse sediment supply.  The combined effects of increased flow and increased sediment supply include prevention of riparian vegetation encroachment into the active channel, reconnection of floodplains to the channel, reinitiation of riparian vegetation recruitment and successional processes, and creation of active alluvial bars and riffles.  In addition, increased spring flows reduce water temperature and, under some conditions, may increase salmon outmigrant survival.  The improvements in spawning habitat quality increase salmon survival-to-emergence.  

Model P-4. Effects of fine sediment management on substrate conditions and chinook salmon survival.  This model depicts the anticipated effects of the fine sediment management project on spawning substrate conditions and salmon survival-to-emergence.  The project reduces fine sediment supply to the channel from Gasburg Creek by constructing a sedimentation basin upstream of CDFG property to capture sediment delivered from the upper Gasburg Creek watershed (i.e., the area affected by grazing and past hydraulic mining).  Within the CDFG property, the creek would be reconstructed to reduce sediment supply from the abandoned mine site (see submodel P4-A).  (This combination of a sedimentation basin and channel reconstruction was preferred by CDFG, which did not desire to have a sedimentation basin constructed on their property.)  At the same time, sediment storage in riffles is reduced through a program of riffle cleaning.  Potential methods of riffle cleaning are being evaluated (from analysis of existing data and literature review) as part of Coarse Sediment Management Plan.  If determined to be a significant source of sand to the channel, alternative methods of removing sand from pools are field tested (see submodel P4-B).  (The importance of sand storage in pools will be assessed by reconnaissance-level field surveys and focused V* surveys [Lisle and Hilton 1992, 1999]).  By reducing sand storage in riffles, the project increases spawning substrate permeability, thus increasing salmon survival-to-emergence.  Increase permeability is maintained by reducing sand supply to the spawning reach.  Limited data are available from which to predict survival from permeability.  The project, therefore, includes an experiment to provide additional data on the relationship between survival and permeability.
5 Information/Learning

The information feedback loop is the most critical component of an adaptive management program.  General types of monitoring include (1) implementation monitoring, (2) effectiveness monitoring, and (3) validation monitoring.  Implementation monitoring assesses how well management policies and direction are being followed.  Effectiveness monitoring assesses the degree of success in achieving desired management goals or objectives.  Validation monitoring tests the validity of the original hypotheses or critical assumptions about cause-and-effect relationships among management activities and resource conditions.  On the Tuolumne River, monitoring currently being implemented includes, these three types of monitoring. 

In addition, several tools have been developed for the Tuolumne River to aid in project design and to predict the habitat and population effects of restoration implementation.  These predictions are important in selecting projects to be implemented but also provide anticipated targets against which to measure project success.  These tools are described in Section 6.2.

5.1 Monitoring

Monitoring is required by the FSA and is a major component of the ongoing restoration projects.  Monitoring is being conducted at two spatial scales: river-wide and project-specific.  River-wide monitoring is required by the FSA and is intended to gather spatially broad data on physical factors that influence chinook salmon survival.  Project-specific monitoring is intended to evaluate the success of specific restoration projects in meeting their stated objectives.  

5.1.1 River-wide Monitoring

The FSA includes a river-wide program to monitor the chinook salmon population and salmon habitat.  The FSA monitoring program includes monitoring of adult escapement, spawning/incubation habitat quality (with regard to substrate composition), fry and juvenile stranding and entrapment, fry and juvenile distribution, outmigrant survival, and water temperature.  In addition, CDFG monitors outmigrant abundance and timing under the CVPIA Comprehensive Assessment and Monitoring Program.  Flow is monitored by the U.S. Geological Survey.  Methods being used in the monitoring are shown in Table 4.

Hypotheses being tested by this monitoring program are as follows:

· Incubation conditions are poor due to sand infiltration into the channel bed.  

· Fry and juvenile distribution is affected by flow, with juveniles rearing further downstream in higher flow years.

· Fry and juvenile stranding occurs primarily on low gradient, sand and gravel surfaces and is associated with rapid flow reductions, particularly in the range of 1,500 to 3,180 cfs (43 to 90 cms).

· Juvenile and outmigrant survival is positively correlated with spring flow magnitude.

· Juvenile and outmigrant survival is negatively correlated with water temperature, especially as temperatures exceed 68oF (20oC). 

· The number, size, and timing of smolts emigrating from the river varies as a function of escapement and environmental factors.

· Fry, juveniles, and smolts emigrating from the Tuolumne River experience significant mortality before reaching the San Joaquin River.

· Fry, juveniles, and smolts emigrating from the Tuolumne River experience higher mortality in the mined reach (from Turlock Lake State Park to Hughson Sewage Treatment Plant) than in the downstream reach (from Hughson Sewage Treatment Plant to Shiloh Road).

· Both timing and rate of migration are influenced by environmental factors, including flow magnitude, turbidity, and/or water temperature. Juvenile outmigration timing coincides with high flows and high turbidity levels.

· Migration timing is influenced by fish size.

Table 4.  Methods Being Used for River-wide Monitoring

	Monitoring Parameter
	Method
	Implemented by…

	Adult escapement
	Carcass surveys (mark-recapture)
	CDFG

	Spawning distribution
	Redd counts
	CDFG

	Incubation conditions
	Substrate permeability
	TRTAC

	Stranding
	Randomized transect surveys following flow reductions
	TRTAC

	Outmigrant survival
	Mark-recapture at rotary screw traps in the river 


	TRTAC and CDFG



	
	Paired release mark-recapture at various trawls in the Delta and Bay, the State and Federal pumps, ocean fisheries, and adult recovery
	CDFG

	Juvenile distribution
	Seining (biweekly)
	TRTAC

	Water temperature
	thermographs
	TRTAC


5.1.2 Project-specific Monitoring

Project-specific monitoring has been developed for the SRPs 9 and 10 project and the Gravel Mining Reach project, both of which have been funded (at least partially).  Baseline (i.e., pre-project data) collection at these sites began in 1998 and is reported in McBain and Trush and Stillwater Sciences (1999, 2000).  Monitoring for the Coarse Sediment Management Plan is currently being developed.  Monitoring for the Fine Sediment Management will be developed as part of the project once it is funded.  For the SRPs 9 and 10 and the Gravel Mining Reach projects, site-specific monitoring will assess whether or not (1) the physical features constructed at the site were completed as designed, (2) geomorphic processes were reestablished at the site, (3) targeted biological taxa and communities (especially salmon) benefited, and (4) these taxa and communities, once established, are self-sustaining.  In addition, CDFG is currently monitoring the Phase I gravel augmentation site.  

5.1.2.1 SRPs 9 and 10

Monitoring of the SRPs 9 and 10 project includes assessments geomorphic conditions, predator population abundance, habitat structure, chinook salmon survival, and riparian vegetation (Table 5).  The hypotheses being tested of the monitoring are as follows:

· The constructed channel conveys 5,000 cfs (142 cms); flows exceeding 5,000 cfs (142 cms) spill over onto the floodplain.

· The channel bed is mobilized at flows of 5,000 cfs (142 cms).

· The channel migrates under the current flow regime, although migration rates will be small.

· Elimination of the pits will reduce habitat suitability for largemouth bass and will increase habitat suitability for chinook salmon spawning and rearing.

· Elimination of the pits will result in reduction of largemouth bass abundance at the project sites and an increase in chinook salmon outmigrant survival at the project sites.

· Planted riparian vegetation will become established on the constructed floodplain.

· Natural recruitment of native riparian plant species will occur on the constructed floodplain.

· Riparian vegetation will not encroach into the constructed channel. 

Table 5.  Methods Being Used for Monitoring

of  the SRPs 9 and 10 Project

	Monitoring Parameter
	Method

	Channel morphology
	Cross section and longitudinal profile surveys

	Channel migration
	Permanent cross section surveys

	Sediment transport thresholds
	Tracer rocks

	Habitat structure
	Mapping at low and high flows

	Predator abundance
	Depletion electrofishing (at project and reference sites)

	Chinook salmon survival
	Mark-recapture at rotary screw traps*

	Riparian vegetation
	Survival, percent cover, vigor

	*This monitoring was not successful.  Implementation was not able to satisfy model assumptions.  Results and violations of the assumptions are reported in Stillwater Sciences (1999, 2000, and 2001a).


5.1.2.2 Gravel Mining Reach

Monitoring of the Gravel Mining Reach project includes assessments geomorphic conditions, habitat structure, chinook salmon utilization of the reach, and riparian vegetation.  Methods being used in the monitoring are shown in Table 6.  A complete description of the monitoring plan is found in USFWS and TID (1998). 

The hypotheses being tested of the monitoring are as follows:

· The constructed channel conveys 5,000 cfs (142 cms); flows exceeding 5,000 cfs (142 cms) spill over onto the floodplain.

· The channel bed is mobilized at flows of 5,000 cfs (142 cms).

· The channel migrates under the current flow regime, although migration rates will be small.

· By constructing a geomorphically functional channel, the project will increase habitat complexity and increase the extent and quality of chinook salmon spawning and rearing habitat.  

· Chinook salmon spawning and rearing will increase in the reach following project implementation.  

· Planted riparian vegetation will become established on the constructed floodplain.

· Natural recruitment of native riparian plant species will occur on the constructed floodplain.

Riparian vegetation will not encroach into the constructed channel.

Table 6.  Methods Being Used for Monitoring

of the Gravel Mining Reach Project

	Monitoring Parameter
	Method

	Channel morphology
	Cross section and longitudinal profile surveys

	Channel migration
	Permanent cross section surveys

Aerial photographs

	Sediment transport thresholds
	Tracer rocks

	Scour depth
	Scour cores

	Habitat structure
	Mapping at low and high flows

	Riparian vegetation
	Survival, percent cover, vigor

	*This monitoring was not successful.  Implementation was not able to satisfy model assumptions.  Results and violations of the assumptions are reported in Stillwater Sciences (1999, 2000, and 2001a).


5.1.2.3 Gravel Introduction Phase I

In August 1999, the CDFG placed 11,000 tons (9,980 tonnes) of gravel into the channel at Riffle 1A, located approximately 600 feet (183 m) downstream of Old La Grange Bridge.  The California Department of Water Resources (CDWR) is currently monitoring this project.  Monitoring data currently being collected are shown in Table 7.  The results of the pre-construction and as-built monitoring are reported in CDWR (2000).

Table 7.  Methods Being Used for Monitoring

of the Gravel Introduction Phase I

	Monitoring Parameter
	Method

	Channel morphology
	Cross section profile surveys (n=6) 

	Channel migration
	Permanent cross section surveys

	Bed texture
	Pebble counts

	Sediment transport thresholds
	Tracer rocks, bulk samples

	


5.2 Tools for Predicting Project Benefits and Establishing Success Criteria 

5.2.1 Population Models
Three population models were developed during the Tuolumne River study program to identify and assess the relative importance of factors influencing Tuolumne River chinook salmon population abundance and to predict the effects of management actions on the population.   The models include (1) a statistical stock-recruitment model, (2) a biomathematical model to assess the influence of parent stock size and environmental factors on salmon production, and (3) a deterministic simulation model of San Joaquin Basin population dynamics.  

5.2.1.1 Stock-Recruitment Model 

The Stock-Recruit model (TID/MID 1992, Appendix 2; TID/MID 1997, Report 96-5) is a statistical analysis of the time-series of historical escapements to the San Joaquin basin (see volume 2, Section 2.5.1).  The number of recruits is a better measure of salmon production than escapement because escapement is composed of spawners of three different cohorts.   The goal of the analysis was to identify the effects of environmental variability (represented by spring outflow) in the presence of the complex auto-correlation resulting from stock-production relationships.  The resulting stock-recruitment relationship was a Ricker-type curve.  The model found that the most important factor affecting production of chinook salmon was the number of spawners and the environmental conditions in the spring when smolts were outmigrating.  This model also indicates that peak recruitment of two-year-olds occurs at an escapement of approximately 20,000 spawners for the San Joaquin system.  The model tracks general trends in escapement very well but tends to underestimate escapement in peak years.  A comparison of modeled and actual escapement is shown in Volume II figure 2.5-3 (p. 2-15).    

5.2.1.2 Biomathematical Model

A biomathematical model of the influence of environmental factors on the stock-recruitment relationship was developed from the statistical model combined with field experiments (see Volume II Section 2.5.2).  This model was used to assess the effects of difference management actions on recruitment.  For actions that influence the density-independent sources of mortality (i.e., factors other than redd superimposition), the resulting stock-recruitment curves are Ricker-type but the number of recruits is increased.  For instance, if survival-to-emergence is doubled, recruitment is doubled (see Volume II figure 2.5-5, p. 2-17).  For actions that reduce redd superimposition (thus reducing the density-dependent factor), the Ricker curve is replaced by a asymptotic curve, with the number of recruits continuing to increase with escapement (see Volume II figure 2.5-6, p 2-18).  This model was used to predict changes in escapement resulting from implementation of various management actions (see Volume II Section 6.1.1) and can be used to evaluate the success of these actions.  

5.2.1.3 The Simulation Model 

The EACH population model (TID/MID 1992, Appendix 1) is a deterministic simulation model for San Joaquin Basin chinook salmon populations (see Volume II Section 2.5.3).  The main objective of this model was to identify factors having the greatest influence on the salmon population and to assess the relative importance of these factors.  The model uses flow to represent environmental conditions, and mortality at each life stage is assumed to be either constant or a linearly related to flow.  The model represents populations from each of the three salmon-bearing tributaries to the San Joaquin River and tracks each group of fish through their life cycle and migration.  The ocean population is represented by six cohorts.  In the ocean, the fish are subjected to harvest, hook-and-release mortality, and natural mortality.  Once each year, a fraction of the adult population is separated into a spawning class, which is then divided among the three tributaries.  The production of eggs in each tributary is determined by the number of spawners of each age class and available spawning habitat, and the total number of spawning sites is determined by flow.  Eggs are subjected to a fixed natural mortality rate and to mortality from redd superimposition (which is determined by a superimposition submodel).  An egg development submodel tracks weekly cohorts of eggs until they develop into alevins.  An alevin development submodel subjects the alevins to flow-related mortality until they become fry.  Fry can either remain in their natal tributary or migrate to the San Joaquin River or the Delta.  A fry submodel tracks five populations of fry (one in each tributary, one in the mainstem, and three in the Delta).  Mortality and migration are determined by flow.  Fry in the Delta are also subjected to mortality at the State and Federal pumps.  Smolts are subjected to flow-related mortality and mortality at the pumps.  Flow is allowed to vary weekly based on flow data in the upper and lower reaches of each tributary.  The model tracks trends in population abundance very well (see Volume II figure 2.5-8, p. 2-23).  This model was also used to test the effects of reducing diversions in the Delta and increasing egg survival on population abundance (see Volume II Section 6.2).  The redd superimposition submodel and the EACH model are currently being used to predict the population benefits of increasing spawning habitat area under the Coarse Sediment Management Plan.

5.2.2 Other Models

5.2.2.1 Temperature Model
The Districts have developed an SNTEMP temperature model for the Tuolumne River.  This model can be used to predict 5-day-average temperatures throughout the river downstream of the Don Pedro Powerhouse.  Input to the model includes stream structure, hydrology, and weather conditions.  Model documentation and calibration are presented in TID/MID (1992, Appendix 19).  This model was used to develop minimum flow requirements contained in the 1995 FSA.

5.2.2.2 IFIM—Temperature Model

Habitat availability provided by the 1995 FSA flow schedules was evaluated using a model that combines the results of an Instream Flow Incremental Method (IFIM) analysis with temperature modeling.  The original IFIM estimates of weighted usable area (WUA) did not consider the effects of water temperature on habitat suitability.  The Districts, therefore, developed a combined IFIM/temperature model to reevaluate the IFIM WUA estimates.  The Districts’ temperature-dependent IFIM model eliminated WUA for which the IFIM parameters (channel morphology, substrate character, and hydraulic conditions) were appropriate but for which life-stage-specific temperatures were exceeded (TID/MID 1993).  Evaluation temperatures used in the Agencies’ analysis were 56oF (13oC) and 60oF (16oC)for spawning and 68F and 70F for fry and juvenile rearing.  This model was used to develop minimum flow requirements contained in the 1995 FSA.

5.2.2.3 Sediment Transport Model

Stillwater Sciences has developed a sediment transport model based on a modified version of Parker’s (1990a, b) surface-based bedload equation.  This model can be used to test the effects of adjusting flow conditions, channel cross section, and sediment supply volume and texture on bedload transport thresholds and rates and on bed texture.  It is currently being used to predict bedload transport rates for the Coarse Sediment Management Plan and will be used to develop initial volumes and textures of sediment to be added to the river under the plan.
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Qualifiers for 1992 FERC Report Vol. II on Don Pedro Project

Tuolumne River Fisheries Study Report

The Fisheries Study Report in Vol. II of the 1992 FERC Report summarized conclusions or positions at that time, many of which are still current.  Several of the circumstances or recommendations, however, have since been superceded or updated and this document attempts to briefly list those areas of change.  Pertinent updates to the 1992 Volume II report are provided below.

Volume II Section 3.1: FERC Study Requirements.

· The FSA/Order required completion of the 1986 study plan and added a new monitoring program (some elements are a continuation of the earlier program).

· The FSA/Order have different, increased minimum flow schedules.

· The San Joaquin River Agreement and Vernalis Adaptive Management Plan (VAMP) have added additional flow in most years to the Tuolumne River during the FERC spring pulse flow period.

Volume II Section: 3.5 Summary of Studies.

· 3.5.1: A second IFIM study was completed in early 1995 by the USFWS and utilized in the determination of the new flow schedules in the FSA/Order.

· 3.5.2: Spawning surveys and reports have continued each year.

· 3.5.3: Temperature monitoring and reports have continued each year.

· 3.5.4: Fluctuation monitoring has continued on an intermittent basis and another report was completed in 2001.

· 3.5.5: Downstream migrant evaluations using rotary screw traps have been conducted since 1995, and seine sampling has been continued annually.

· 3.5.6: Smolt survival studies using tagged Merced River Hatchery salmon have been conducted annually since 1994, and two methods were used in 1998-2000.

· 3.5.8: More extensive gravel availability surveys were completed as part of the restoration plan.

· 3.5.10: Spawning gravel quality and permeability has been assessed recently, with a report completed in 2001.

Volume II Section 4.3: Impacts of Delta Export Pumping Mortality.

A temporary barrier at the head of Old River has been in place during the spring pulse flow period during some years to divert migrating salmon to the Central Delta.  This barrier is a component of the VAMP program that officially began in 2000.

Volume II Section 4.7: Impacts of Ocean Harvest.

The area and duration of ocean harvest off the California coast has been reduced, and quotas have been put into place.  Harvest rates have been reduced in recent years.

Volume II Section 4.8: Tuolumne River Rearing Facility.

The temporary rearing facility has not been used by CDFG since 1994.

Volume II Section 5.2: Gravel Rehabilitation.

Projects to add gravel and remove fine sediment are being scoped or implemented.

Volume II Section 5.3.5: Flow Schedule.

The FSA/Order specify the current flow schedules, which differ from those in the 1992 report.

Volume II Section 5.4: Rearing Facility.

The number recommended for the temporary rearing facility, if used at all, would be up to 75,000 smolts per the 1999 TRTAC smolt survival study agreement.  The yearling program was discontinued by CDFG in 1995.

Volume II Section 8: Article 39 Settlement Agreement.

The Districts/CDFG Agreement was not approved by FERC, but the subsequent FERC process led to the mediated 1995 FSA with different provisions, some as noted above.


Appendix B.

Conceptual Models

� “Aggregate” refers to sand and gravel that is used for concrete and other construction products.


� The Central Valley Harvest Index=catch/(catch+escapement).
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