
South Delta Reading List 
To read basic information about each stop, see the highlighted references. 

Port of Stockton 

About 
Area Map 
• https://www.google.com/maps/place/37%C2%B057'20.4%22N+121%C2%B020'45.8%22W/@37.95567

78,-121.346068,5870m/data=!3m1!1e3!4m2!3m1!1s0x0:0x0?hl=en      

• Port of Stockton berths and wharves (attached) 

Port of Stockton website 
• http://www.portofstockton.com/  

History of the port through photos with captions 
• http://www.portofstockton.com/historye-tour  

Water Quality 
Port of Stockton’s water quality program 
• http://www.portofstockton.com/water-quality 

Stockton Deep Water Ship Channel aeration facility built to mitigate low dissolved oxygen levels 
• http://www.portofstockton.com/aeration-facility  

• http://baydeltaoffice.water.ca.gov/sdb/af/index_af.cfm  

• http://www.sjrdotmdl.org/  

Quinn, N.W.T., Jacobs, Karl, Chen, Carl W., Stringfellow, William T. 2004. Elements of a decision support 
system for real-time management of dissolved oxygen in the San Joaquin River deep water ship channel.  
• http://escholarship.org/uc/item/76s8689h  

William T. Stringfellow, Jeremy S. Hanlon, Sharon E. Borglin, Nigel W.T. Quinn. 2008. Comparison of 
wetland and agriculture drainage as sources of biochemical oxygen demand to the San Joaquin River, 
California. (Attached). 

William Stringfellow, Joel Herr, Gary Litton, Mark Brunell, Sharon Borglin, Jeremy Hanlon, Carl Chen, 
Justin Graham, Remie Burks, Randy Dahlgren, Carol Kendall, Russ Brown and Nigel Quinn. 2009. 
Investigation of river eutrophication as part of a low dissolved oxygen total maximum daily load 
implementation. (Attached). 

James Newcomb and Leslie Pierce. 2010. Low Dissolved Oxygen Levels in the Stockton Deep Water 
Shipping Channel, Adverse Effects on Salmon and Steelhead and Potential Beneficial Effects of Raising 
Dissolved Oxygen Levels with the Aeration Facility 
• http://www.sjrdotmdl.org/library_folder/01-11/Low-DO-effects-in-the-Stockton-DWSC.pdf  

Central Valley Regional Water Quality Control Board—San Joaquin River Dissolved Oxygen TMDL - 
Implementation Activities, including Port of Stockton Dredging and Mitigation Aeration Requirements 
• http://www.waterboards.ca.gov/rwqcb5/water_issues/tmdl/central_valley_projects/san_joaquin_oxygen/i

mplementation_activities/index.shtml 

https://www.google.com/maps/place/37%C2%B057'20.4%22N+121%C2%B020'45.8%22W/@37.9556778,-121.346068,5870m/data=!3m1!1e3!4m2!3m1!1s0x0:0x0?hl=en
https://www.google.com/maps/place/37%C2%B057'20.4%22N+121%C2%B020'45.8%22W/@37.9556778,-121.346068,5870m/data=!3m1!1e3!4m2!3m1!1s0x0:0x0?hl=en
http://www.portofstockton.com/
http://www.portofstockton.com/historye-tour
http://www.portofstockton.com/water-quality
http://www.portofstockton.com/aeration-facility
http://baydeltaoffice.water.ca.gov/sdb/af/index_af.cfm
http://www.sjrdotmdl.org/
http://escholarship.org/uc/item/76s8689h
http://www.sjrdotmdl.org/library_folder/01-11/Low-DO-effects-in-the-Stockton-DWSC.pdf
http://www.waterboards.ca.gov/rwqcb5/water_issues/tmdl/central_valley_projects/san_joaquin_oxygen/implementation_activities/index.shtml
http://www.waterboards.ca.gov/rwqcb5/water_issues/tmdl/central_valley_projects/san_joaquin_oxygen/implementation_activities/index.shtml


S. Geoffrey Schladow and Stephen Monismith. 2009. Hydrodynamics and Oxygen Modeling of the Stockton 
Deep Water Ship Channel. Final report for CALFED ERP-02D-P51. 
• https://watershed.ucdavis.edu/pdf/Schladow-Monismith-2009.pdf  

Economics 
Port facts—one page of statistics 
• http://www.portofstockton.com/port-facts-figures 

Cargo and origin/destination information (Daily Vessel Log) 
• http://www.portofstockton.com/project/view-log  

Study to investigate deepening the channel to the Port to accommodate bigger ships 
• http://www.spn.usace.army.mil/Missions/ProjectsandPrograms/ProjectsbyCategory/ProjectsforNavigable

Waterways/SanFranciscoBaytoStockton(JFB).aspx.  

Head of Old River Barrier (HORB) 

About 
Area Map 
• https://www.google.com/maps/place/37%C2%B048'29.8%22N+121%C2%B020'05.2%22W/@37.80828

4,-121.334789,11763m/data=!3m1!1e3!4m2!3m1!1s0x0:0x0?hl=en    

Department of Water Resources—Temporary Barriers Project Information, including HORB 
• http://baydeltaoffice.water.ca.gov/sdb/tbp/web_pg/tempbar.cfm 

Department of Water Resources—Photo of HORB 
• http://baydeltaoffice.water.ca.gov/sdb/tbp/web_pg/tempbar/HORB.html  

Barriers, gates, water quality, and fish 
Craig M. Wilson (Delta Watermaster). 2013. Gates and Barriers in the Delta. A Report to the State Water 
Resources Control Board and the Delta Stewardship Council. 
• http://www.waterboards.ca.gov/board_info/agendas/2013/apr/042313_3_i.pdf  

Department of Water Resources—Emergency Drought Barriers 
• http://www.water.ca.gov/waterconditions/emergencybarriers.cfm   

Prepared for Department of Water Resources . 2014. An Evaluation of Juvenile Salmonid Routing and 
Barrier Effectiveness, Predation, and Predatory Fishes at the Head of Old River, 2009-2012 (attached) 

Predation 
Jacob McQuirk of Bay-Delta Office, DWR. 2014. Determining the Relative Influence of Predation and Other 
Factors Influencing Salmon Smolt Survival in the San Joaquin River Delta (attached) 

Lower San Joaquin River Floodplain 

About 
Area Map 
• https://www.google.com/maps/place/37%C2%B046'38.0%22N+121%C2%B018'36.0%22W/@37.77722

22,-121.31,11768m/data=!3m1!1e3!4m2!3m1!1s0x0:0x0?hl=en  

https://watershed.ucdavis.edu/pdf/Schladow-Monismith-2009.pdf
http://www.portofstockton.com/port-facts-figures
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https://www.google.com/maps/place/37%C2%B046'38.0%22N+121%C2%B018'36.0%22W/@37.7772222,-121.31,11768m/data=!3m1!1e3!4m2!3m1!1s0x0:0x0?hl=en


Flood risk management 
US Army Corps of Engineers. 2013. REVIEW PLAN: Lower San Joaquin River, California Integrated 
Feasibility Study and EIS/EIR. 
• http://www.spk.usace.army.mil/Portals/12/documents/usace_project_public_notices/Review%20Plans/R

eviewPlan_LSJR_30Apr13.pdf  

John Cain and Jessica Ludy (American Rivers), and Susan Dellosso (River Islands). 2011. Briefing to the 
Central Valley Flood Protection Board: Lower San Joaquin River Flood Bypass Proposal. 
• http://www.cvfpb.ca.gov/meetings/2011/062411Item10B_Briefing_on_Proposed_Modification_for_Para

dise_Cut.pdf  

Development in the floodplain 
John Hart. 2010. Paradise Cut. A Bay Nature Institute article about Stewart Tract (an island in the floodplain) 
and the River Islands development. 
• http://baynature.org/articles/paradise-cut  

River Islands 
• http://cvbj.biz/long-awaited-river-islands-development-start-first-phase/  

River Islands lawsuit and settlement 
• http://www.nrdc.org/media/2008/080404.asp  

Clifton Court Forebay and UC Davis Fish Conservation and Culture Laboratory 

About 
Area Map 
• https://www.google.com/maps/place/37%C2%B051'12.9%22N+121%C2%B034'29.8%22W/@37.85358

38,-121.574944,23511m/data=!3m1!1e3!4m2!3m1!1s0x0:0x0?hl=en    

Brief description by the Water Education Foundation 
• http://www.aquapedia.com/clifton-court-forebay-and-banks-pumping-plant/  

UC Davis Fish Conservation and Culture Lab 
Bradd Baskerville-Bridges, Joan Lindberg. 2008. Initiation of a Delta Smelt Refugial Population. IEP 
newsletter, first article. 
• http://www.water.ca.gov/iep/newsletters/2008/IEPNewsletterFinalSummer2008.pdf  

Skinner Fish Facility 
Department of Water Resources—Two-page brochure 
• http://www.water.ca.gov/recreation/brochures/pdf/SkinnerFishFacility.pdf 

Brief description by the Water Education Foundation 
• http://www.aquapedia.com/john-e-skinner-delta-fish-protective-facility/  

Department of Water Resources—Steelhead Pre-Screen Loss Study at Clifton Court Forebay 
• http://baydeltaoffice.water.ca.gov/ndelta/fishery/spl/index.cfm  

http://www.spk.usace.army.mil/Portals/12/documents/usace_project_public_notices/Review%20Plans/ReviewPlan_LSJR_30Apr13.pdf
http://www.spk.usace.army.mil/Portals/12/documents/usace_project_public_notices/Review%20Plans/ReviewPlan_LSJR_30Apr13.pdf
http://www.cvfpb.ca.gov/meetings/2011/062411Item10B_Briefing_on_Proposed_Modification_for_Paradise_Cut.pdf
http://www.cvfpb.ca.gov/meetings/2011/062411Item10B_Briefing_on_Proposed_Modification_for_Paradise_Cut.pdf
http://baynature.org/articles/paradise-cut
http://cvbj.biz/long-awaited-river-islands-development-start-first-phase/
http://www.nrdc.org/media/2008/080404.asp
https://www.google.com/maps/place/37%C2%B051'12.9%22N+121%C2%B034'29.8%22W/@37.8535838,-121.574944,23511m/data=!3m1!1e3!4m2!3m1!1s0x0:0x0?hl=en
https://www.google.com/maps/place/37%C2%B051'12.9%22N+121%C2%B034'29.8%22W/@37.8535838,-121.574944,23511m/data=!3m1!1e3!4m2!3m1!1s0x0:0x0?hl=en
http://www.aquapedia.com/clifton-court-forebay-and-banks-pumping-plant/
http://www.water.ca.gov/iep/newsletters/2008/IEPNewsletterFinalSummer2008.pdf
http://www.water.ca.gov/recreation/brochures/pdf/SkinnerFishFacility.pdf
http://www.aquapedia.com/john-e-skinner-delta-fish-protective-facility/
http://baydeltaoffice.water.ca.gov/ndelta/fishery/spl/index.cfm


Jerry Morinaka. 2013. A History of the Operational and Structural Changes to the John E. Skinner Delta Fish 
Protective Facility from 1968 to 2010. 
• http://www.water.ca.gov/iep/docs/tech_rpts/Tech_Report_85_Skinner_Fish_Facility_History_jamorinak

a_11-18-13.pdf  

V. Afentoulis et.al. 2013. Stress Response of Delta Smelt, Hypomesus transpacificus. In the Collection, 
Handling, Transport, and Release Phase of Fish Salvage at the John F Skinner Delta Fish Protective Facility 
• http://www.water.ca.gov/iep/docs/tech_rpts/TR87.Final---Afentoulis_CHTR_Stress.pdf 

Geir A. Aasen. 2013. Predation on Salvaged Fish During the Collection, Handling, Transport, and Release 
Phase of the State Water Project’s John E. Skinner Delta Fish Protective Facility. IEP Technical Report 86. 
• http://www.water.ca.gov/iep/docs/tech_rpts/86_Aasen_CHTR_predation_FINAL_.pdf  

J. Morinaka. 2014. Acute Mortality and Injury of Delta Smelt Associated With Collection, Handling, 
Transport, and Release at the State Water Project Fish Salvage Facility. 
• http://www.water.ca.gov/iep/docs/tech_rpts/TR89.IEP_Tech_Report_89_CHTR_AMI_jamorinaka_02-

25-14.pdf  

Contra Costa Water District (CCWD) 

About 
Area Maps 
• https://www.google.com/maps/dir//37.888364,-121.577653/@37.886777,-

121.544495,11750m/data=!3m1!1e3!4m3!4m2!1m0!1m0?hl=en     

• http://www.ccwater.com/welcome/servicemap.asp  

CCWD home page and brief history 
• http://www.ccwater.com/welcome/profile.asp  

Water Quality 
Sources of CCWD’s water 
• http://www.ccwater.com/waterquality/  

CCWD Report: Historical Fresh Water and Salinity Conditions in the Western Sacramento-San Joaquin 
Delta and Suisun Bay 
• http://www.ccwater.com/salinity/HistoricalSalinityReport-2010Feb.pdf  
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http://www.water.ca.gov/iep/docs/tech_rpts/TR89.IEP_Tech_Report_89_CHTR_AMI_jamorinaka_02-25-14.pdf
http://www.water.ca.gov/iep/docs/tech_rpts/TR89.IEP_Tech_Report_89_CHTR_AMI_jamorinaka_02-25-14.pdf
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a b s t r a c t

For many years, the San Joaquin River (SJR) has had low dissolved oxygen conditions

intermittently during the late summer and early fall. The low dissolved oxygen conditions

are impacting critical fish habitat and the SJR is being regulated under a state of California

remediation plan that includes the development of a total maximum daily load (TMDL)

allocation for oxygen demanding substances. In support of the development of a scientific

TMDL allocation, studies are being conducted to characterize water quality in the many

tributaries of the SJR. This study identified the sources of biochemical oxygen demand (BOD)

in two western tributaries of the SJR, Mud Slough and Salt Slough, and measured the loads of

BOD, algae, and ammonia entering the SJR from wetland and agricultural sources.

Mud and Salt Sloughs drain the Grassland Watershed. The watershed contains seasonal

wetlands, irrigated farmland, and other agricultural lands. This drainage is under close

regulatory scrutiny, because it produces a majority of the selenium and boron entering the

SJR. In this study, wetland and irrigated agricultural drainage were sampled separately and a

comparison was made to determine differences in water quality. In addition, water entering

the study area was compared to water exiting the study area to determine the effect of water

use in the region on water quality.

This study demonstrated that BOD loads from the Grassland Watershed to the SJR were

proportional to flow during June–October, the most critical time for dissolved oxygen deficits

in the lower SJR. This indicates that Mud and Salt Sloughs are not producing more BOD than

other tributaries in the region that are not under close regulatory scrutiny. The BOD

concentration of wetland drainage is higher than that of agricultural drainage, but the

higher agricultural drainage flows result in a higher mass loading of BOD. Wetland flooding

and irrigation of crops both had a negative impact on water quality. Algal growth was

identified as the major source of BOD in agricultural drainage and locations where BOD
ally be implemented were identified.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The dissolved oxygen (DO) concentration in the San Joaquin

River (SJR) adjacent to Stockton, CA frequently falls below

5 mg/L between July and October. The DO deficits occur (Fig. 1)

where the river changes depth from an average of approxi-

mately 3 m to a dredged depth of 10 m. The fall-run of adult

Chinook salmon can occur as early as September on this river

and dissolved oxygen concentrations less than 6 mg/L are

believed to inhibit upstream migration of this species. The

regional water quality control board (RWQCB) has set a

dissolved oxygen objective of 6 mg/L during September

through November and 5 mg/L throughout the rest of the

year for this river (Gowdy and Grober, 2003). Oxygen demand is

typically referred to, measured, and regulated as biochemical

oxygen demand (BOD).

As part of a DO total maximum daily load (TMDL) on the

SJR, there is interest in characterizing the generation of oxygen

demanding substances throughout the basin. Modeling
Fig. 1 – Regional map of the lower San Joaquin River drainage s

the low dissolved oxygen area adjacent to Stockton, CA.
studies have identified algal biomass (measured as algal

pigments) and ammonia as the most significant components

of BOD in the low DO areas of the SJR (Gowdy and Grober,

2003). Previous investigations have shown that phytoplankton

biomass from the upstream reach are an important source of

oxygen demanding materials entering the tidal portion of the

SJR (Lehman et al., 2004; Volkmar and Dahlgren, 2006).

Tributary sources of BOD entering the river are not well

understood.

This study was conducted to identify and characterize

sources of oxygen demanding materials entering the river

from Mud Slough and Salt Slough, two western tributaries on

the SJR. Mud and Salt Sloughs are only two of many tributaries

on both the eastside and westside of the SJR potentially

contributing BOD to the SJR. The Mud and Salt Slough

tributaries are located over 100 km upstream of the low DO

area (Fig. 1), however, these tributaries are highly regulated

drainages and have been instrumented for measurement of

flow at key locations in the watershed, making them a logical
howing location of the Grasslands Watershed in relation to



Fig. 2 – Regional map of study area showing location of public and private managed wetlands in the Grassland Watershed.

The grassland bypass area is an agricultural area which uses a section of the San Luis drain to convey agricultural drainage

past sensitive public and private wetlands.
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location for initial investigation of oxygen demand in the SJR

basin.

Mud Slough and Salt Slough are the major sources of

selenium, boron, salt, and molybdenum in the SJR (Johns and

Watkins, 1989). The drainage from Mud and Salt Sloughs

accounts for nearly half of the nitrate in the SJR and these

tributaries are major sources of pesticide runoff (Dubrovsky

et al., 1998; Kratzer et al., 2004). The Salt and Mud Sloughs

drainage basin has been a particular focus of regulatory

scrutiny since a drainage management project resulted in

the accumulation of toxic concentrations of selenium in the

Kesterson Reservoir (Benson et al., 1993). Since that time,

there has been an on-going effort to reduce discharges of salt

and selenium from the region (Chilcott et al., 2000; Quinn

et al., 1996). The Salt and Mud Sloughs tributaries are

included in a salinity TMDL being developed by the RWQCB

(Central Valley Regional Water Quality Control Board, 2004).

Given the importance of these tributaries to water quality in

the SJR, it is important to investigate BOD in these drainages

as well.

Salt and Mud Sloughs drain the Grassland Watershed

(Fig. 1). Although this watershed is classified as agricultural,

it also includes public and private managed wetlands
(Chilcott et al., 2000; Quinn et al., 1996). Managed wetland

and agricultural water use in this region are quite different.

Agricultural crops are irrigated throughout the summer

months and fields may produce drainage throughout the

growing season. In the winter, drainage from agricultural

lands is largely a function of rainfall (Chilcott et al., 2000).

The agricultural drainage in this region is predominately

from sub-surface tile drains (Johns and Watkins, 1989;

Chilcott et al., 2000), but the tile drainage is collected

in unlined surface ditches and eventually routed to two

major drainages, Salt Slough and the San Luis drain (SLD)

(Figs. 1 and 2).

Water use in managed wetlands is similar in both public

and private wetlands. Seasonal wetlands are flooded in the

winter and are dry in the summer. Permanent wetlands are

flooded throughout the year. In the fall, typically starting in

early September, seasonal wetlands are flooded for the winter

water-fowl season. During this fall ‘‘flood-up’’ period, pre-

viously dry areas are filled with water and permanent

wetlands may receive additional water. These management

actions typically result in discharge flows from wetland

management areas. In the spring discharge or ‘‘draw-down’’

period, water in the seasonal wetlands is drained, leaving
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seasonal wetland areas dry for the summer. During the

summer, seasonal wetlands may be utilized for livestock

grazing or planting and may be irrigated, resulting in

occasional summer drainage flow. The Central Valley Project

Improvement Act allocated additional water deliveries for

wildlife habitat, so wetlands in this region typically receive

water of the same quality as irrigated agriculture.

Previous studies examining the water quality of agricul-

tural drainage typically did not measured BOD (Ayars et al.,

1997; Domagalski et al., 2001; Dubrovsky et al., 1998; Evans

et al., 1995; Wesstrom et al., 2001). Tile drains are the

predominate source of agricultural drainage in the Grasslands

region and tile drainage could be expected to be low in BOD.

Agricultural soils have thriving bacterial communities that

can degrade labile organic carbon and ammonia. Even

irrigation water containing high concentrations of organic

carbon and ammonia are characteristically low in BOD after

percolation through the soil column (Tanji, 1997).

Drainage from public and private managed wetlands are a

more likely source of BOD emissions in this region. Wetlands

support large bird populations and plant communities that

can contribute ammonia and carbon to the standing water of

the wetland. Algae growth can be abundant in wetlands. Most

of the wetlands drainage included in this study is surface run-

off that has not been filtered through the soil column.

Although there are many studies on BOD removal in wetlands

receiving wastewater, there are fewer studies evaluating BOD

production in wetlands receiving higher quality water

(Sundaravadivel and Vigneswaran, 2001; Johnston, 1991).

Several studies have examined changes in nutrient concen-

trations that occur in wetlands and most have found a net

removal of nutrients in the wetland (e. g. Johnston, 1991).

The purpose of this study was to investigate sources of

oxygen demanding materials in the Salt and Mud Sloughs

tributaries of the SJR between June and October 2001. A mass

balance approach was used to compare and contrast the

wetland and agricultural drainage of the Grassland Watershed

and to evaluate the importance of Mud and Salt Sloughs to the

total BOD found in the SJR. We also compared drainage to

background sampling locations representing water entering

the study area to determine the impact of water use in the

region on overall water quality.
2. Materials and methods

2.1. Research area description

Mud Slough and Salt Slough are main drainage arteries of the

GrasslandWatershed, anapproximately260,000 haareawestof

the SJR, covering portions of Merced and Fresno counties (Fig. 1).

The watershed includes approximately 40,000 ha of wetland

habitat and 20,000 ha of urban land, with the balance of land

used predominantly for irrigated agriculture. The wetland

habitat includes private wetlands that are managed as duck-

hunting clubs and publicly owned wetlands that are managed

as state wildlife areas and federal wildlife refuges (Fig. 2).

South of a major area of public and private wetlands is

approximately 80,000 ha of farmland, organized as the grass-

land bypass area (Fig. 2). Subsurface agricultural drainage in
the grassland bypass area is collected into surface drains and

routed to the San Luis drain which conveys this agricultural

drainage around sensitive wetlands to Mud Slough (Fig. 2,

Chilcott et al., 2000; Quinn et al., 1996).

Figs. 3 and 4 show maps of the project research area.

Drainage from the grassland bypass area enters the SLD near

Site A, South of Los Banos, and is conveyed north approxi-

mately 45 km, past the public and private wetlands, until it

discharges just downstream of Site B into Mud Slough (Fig. 3).

Volta Wasteway is the major source of water for the private

wetlands in the study area (Figs. 3 and 4). The majority of the

surface water used for both irrigation and wetland manage-

ment in the Grassland Watershed is imported from the

Sacramento–San Joaquin Delta through the Delta–Mendota

Canal (Fig. 3). Crows Landing on the SJR is the location of a flow

monitoring station used by regulatory agencies as a monitor-

ing point for water quality in this reach of the SJR (Fig. 3).

2.2. Sample sites

Sample sites were chosen to differentiate wetland and

agricultural sources of drainage (Fig. 4). Table 1 lists the name

and location of sampling stations discussed in this paper. The

sample points used in this study correspond to flow gauging

stations operated by the USGS, LBNL or local water agencies

(Table 1, Figs. 3 and 4).

The Mud Slough at Gun Club Road monitoring station

represents drainage from a large area of private managed

wetlands west of Highway 165 (Fig. 4). This station is located on

Mud Slough upstream of the confluence of Mud Slough and the

SLD. Water is supplied to the private wetlands in the study area

via the Volta Wasteway (Figs. 3 and 4). Approximately 60% of the

surface flows leaving the private wetlands delineated in Fig. 4

drains through Mud Slough at Gun Club Road. By comparing

Volta Wasteway to Mud Slough at Gun Club Road, we can

determine the influence of the wetlands on water quality.

The only significant source of agricultural drainage to Mud

Slough is the SLD (Fig. 4). The SLD enters Mud Slough

downstream of the Gun Club Road sampling site. By measur-

ing the water quality at Site A (the entrance to the bypass) and

Site B (near the exit of the bypass) we can determine the

importance of agricultural drainage to water quality in the

Mud Slough tributary and determine how the water quality

changes during passage down the SLD. SLD samples were

collected at both Site B and at check 2 on the SLD (Site B-gate)

during this study (Fig. 4). Site B-gate is approximately 2 miles

from Site B or about 7% of the total length of the bypass portion

of the drain. Samples collected at the two sites were not

significantly different and are combined for this paper.

Comparison of SLD data (Site B and Site B-gate) with Mud

Slough at Gun club Road data allows us to compare and

contrast the importance of managed wetlands and agriculture

to water quality in Mud Slough.

Salt Slough represents a mixed drainage influenced by both

agriculture and wetlands. Samples were collected from Salt

Slough at Wolfsen Road bridge and at Highway 165 (Fig. 4).

Between these two points, the slough is bordered mostly by

wetlands. The San Luis National Wildlife Refuge both diverts

and returns water to Salt Slough between Wolfsen Road and

Highway 165. These sample locations were chosen to



Fig. 3 – Map of the study region. Site A (the grassland bypass entrance to San Luis drain) and Crows Landing represent the

most southern and northern sampling sites discussed in this paper.

a g r i c u l t u r a l w a t e r m a n a g e m e n t 9 5 ( 2 0 0 8 ) 5 2 7 – 5 3 8 531
differentiate the influence of the wildlife refuge from

upstream sources of drainage.

The Mud Slough near Gustine monitoring station is

situated downstream from the confluence of the SLD and
Table 1 – Location of sampling stations discussed in this pape

Site name Latitude

Site A on the San Luis draina 35857.8830

Volta Wasteway at Ingomar Grade 37806.3170

Salt Slough at Wolfsen Road 37812.5330

Site B-gate on the San Luis drain 37812.9440

Mud Slough at Gun Club Road 37813.8870

Site B on the San Luis drainb 37814.4490

Salt Slough at state road 165 37814.8760

Mud Slough near Gustine 37815.7500

Crows Landing 37825.9170

a Entrance for the grassland bypass area drainage.
b Exit of the grassland bypass area drainage.
Mud Slough (Fig. 4). Salt Slough and Mud Slough enter the SJR

north of our study area. The first monitoring station on the SJR

downstream of Salt and Mud Sloughs is Crows Landing (Fig. 3).

To place the results of our study in the context of the larger
r

Longitude USGS site code

12840.1330 11,262,890

120856.1860 –

120848.7750 –

120851.0980 –

120853.9540 –

120852.9140 11,262,895

120851.1160 11,261,100

120854.3330 11,262,900

121800.7000 11,274,550



Fig. 4 – Map of sampling sites for agricultural and wetland drainage discussed in this paper. Site A and Crows Landing on the

San Joaquin River are outside of map area (see Fig. 3).

a g r i c u l t u r a l w a t e r m a n a g e m e n t 9 5 ( 2 0 0 8 ) 5 2 7 – 5 3 8532
river system, data collected in this study was compared to data

collected by the RWQCB at Mud Slough near Gustine and

Crows Landing.

2.3. Sample collection and analysis

Water samples were collected in liter glass bottles, placed on

ice immediately, and kept at 4 8C until analyzed. All analyses

were run within the allowed holding time for a refrigerated

sample as described in standard methods (SMs) (American

Public Health Association, 2005). Total BOD, carbonaceous

biochemical oxygen demand (CBOD), and nitrogenous bio-

chemical oxygen demand (NBOD) were measured according to

SM 5210B. Total organic carbon (TOC) and dissolved organic

carbon (DOC) were measured by SM 5310 A, the combustion

infrared method, using an Apollo 9000-HS TOC analyzer

(Teckmar-Dohrmann, Cincinnati, OH). Ammonia was quanti-

fied by the Nessler method. Orthophosphate and total

phosphate were quantified by the ascorbic acid method
(adapted from SM 4500-P-E). Ammonia, total phosphate and

orthophosphate were analyzed using reagents purchased

from HACH Co. (Loveland, CO). Total suspended solids (TSS)

and volatile suspended solids (VSS) were analyzed by SM 2540

D and E, respectively. Chlorophyll a and pheophytin a were

extracted and analyzed by spectrophotometric determination

(SM 10,200H). Measurements for chlorophyll a and pheophytin

a were combined and are reported as ‘‘algal pigments.’’

2.4. Data analysis

Data collected between 16 July and 4 October, 2001 are

presented in this paper. Loads are calculated by multiplying

concentration times the average daily flow from the day of

sampling and are expressed as kg/day. Flow data was supplied

by a number of sources including the USBR, LBNL, and local

water agencies. Statistical analysis was conducted using Excel

97 (Microsoft Corp.). Correlation (r) coefficients were calcu-

lated using the linear, least-squares method.



Fig. 5 – Average daily flow as a function of time for the three

major drainages of the Grasslands region between 13 June

and 4 October, 2001. Site B on the San Luis drain (*), Salt

Slough at Highway 165 (&) and Mud Slough at Gun Club

Road (~).

Fig. 6 – BOD10 loading as a function of time for the three

major drainages of the grasslands region between 13 June

and 4 October, 2001. Site B on the San Luis drain (*), Salt

Slough at Highway 165 (&) and Mud Slough at Gun Club

Road (~).

a g r i c u l t u r a l w a t e r m a n a g e m e n t 9 5 ( 2 0 0 8 ) 5 2 7 – 5 3 8 533
3. Results and discussion

3.1. Comparison of sources of BOD and algae in the
Grassland Watershed

The first objective of this research was to identify sources of

BOD and algae in Salt and Mud Sloughs. During the summer,

flows from wetland sources were low (Mud Slough at Gun Club

Road) and agricultural sources were high (Salt Slough at

Highway 165 and Site B). Examination of the seasonal flow

pattern (Fig. 5) shows that wetland flows are low during the

summer and only increase in September, during the flood-up

period. Agricultural flows were highest during the summer

irrigation period and dramatically decline at the end of the

growing season (Fig. 5). Flows from Salt Slough are approxi-

mately three to four times flows exiting the SLD.

BOD loads from Salt Slough, Mud Slough and the SLD also

vary seasonally (Fig. 6). BOD load from the wetlands increases

as flood-up begins in September. Seasonal variation in BOD

loading from the SLD appears to be related to algal growth in

the drain (see below). Salt Slough had high BOD loads earlier in

the summer and exhibited a consistent downward trend over

the study period. Salt Slough carries drainage from both

wetlands and agricultural areas, but the seasonal flow pattern

suggests that the flow in the slough is predominantly

agricultural drainage (Fig. 5).

Table 2 presents the average flows and loads measured at

the three major regional discharges investigated in this study.

Due to the low flows, managed wetlands contribute an overall

lower loading of BOD, algae (chlorophyll a or algal pigments)
and other measured constituents than agricultural sources

from June to October (Table 2). Salt Slough has the highest

flows and has the highest BOD, TSS, and orthophosphate

loading of the three drainages. Site B is unusual in that it has

twice the algae load of Salt Slough, despite having one-third

the flow. On a flow basis, Site B is disproportionately lower in

orthophosphate and TSS and higher in BOD than Salt Slough.

3.2. Importance of Mud Slough and Salt Slough to BOD
loads observed in the SJR

In order to examine our results in the context of the overall

water quality of the SJR, we compared our data to data

collected at two sampling stations downstream of our study

area. In 2001, the RWQCB only collected samples at these sites

between 11 July and 20 September . Using the RWQCB BOD10

data, we calculated the relative contribution of our sample

stations to BOD loading observed at Mud Slough at Gustine and

Crows Landing.

Between 11 July and 20 September, discharge from the SLD

(Site B) accounted for over 90% of the BOD loading observed at

Mud Slough near Gustine (Table 3). This BOD contribution

from the SLD is disproportionate to the amount of flow

entering Mud Slough, even given the inherent uncertainty of

the BOD analysis. A mass balance on the flows in Mud Slough

suggests that our sampling stations do not account for

approximately 20% of the flow from the region (Table 3). This

is consistent with observations that two tributaries of Mud

Slough, S-Lake drain and Hollow Tree drain, have flow during

the summer. These streams drain wetland areas and enter

Mud Slough below the Gun Club Road sampling station. These
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Table 3 – Flow and BOD10 loading at tributaries to Mud
Slough expressed as a percent of the average flow and
loading at Mud Slough at Gustinea

Sample location % Flow % BOD10 load

Mud Slough at

Gun Club Road

5.7 6.6

Site B 74.6 92.4

Mud Slough near

Gustinea

100 100

Balanceb 19.7 1.0

Data for 11 July–20 September, 2001 only (n = 6).
a Mud Slough at Gustine BOD10 data provided by the RWQCB.
b Flow and loading at Mud Slough near Gustine not accounted for

by flows from Mud Slough at Gun Club Road and Site B.

Table 4 – Flow and BOD10 loading at different sampling
stations expressed as a percent of the average flow and
loading at Crows Landinga

Sample location % flow % BOD10 load

Mud Slough at

Gun Club Road

0.8 6.6

Site B 10.9 15.3

Mud Slough at Gustinea 14.5 17.3

Salt Slough at Highway 165 31.0 25.8

Mud Slough at

Gustinea and

Salt Slough at

Highway 165

combined

45.5 43.1

Crows Landing 100 100

Data for 11 July–20 September, 2001 only (n = 6).
a Mud Slough at Gustine and Crows Landing BOD10 data provided

by the RWQCB.

a g r i c u l t u r a l w a t e r m a n a g e m e n t 9 5 ( 2 0 0 8 ) 5 2 7 – 5 3 8534
drainages do not appear to contribute significant BOD to Mud

Slough (Table 3).

Drainage flows and BOD loads from the Grassland

Watershed were compared to flows and BOD loads measured

at Crows Landing on the SJR (Table 4). During the period 11

July–20 September, only a small proportion of the BOD at

Crows Landing can be accounted for as coming from wetlands

draining to Mud Slough. The SLD conveys a disproportionately

high amount of BOD (15%) compared to flow (11%), but overall

the grassland region appears to have a balance between flow

and BOD contribution (Table 4). This result suggests that there

are other sources of BOD above Crows Landing that contribute

to the BOD load in the SJR.

Based on the data presented here, it can be concluded that

managed wetlands draining to Mud Slough do not present a

significant source of BOD or algae to the SJR during June–

August. However, flow, BOD and algae loads from these

wetlands increase in September and October (Figs. 5 and 6).

The impact of these discharges on late season oxygen deficits

in the SJR needs further investigation.

Agricultural drainage was found to contain significant

amounts of BOD. The agricultural drainage in the region

originates largely from subsurface drains and therefore would

not be expected to have significant concentrations of



Table 5 – Changes in water quality between Volta Wasteway an Mud Slough at Gun Club Road

Sample location TOCa

(mg/L)
NH4-Nb

(mg/L)
BOD10

(mg/L)
CBOD10

b

(mg/L)
Chlorophyll a

(mg/L)
Algal pigmentsb

(mg/L)
PO4

b

g/L)
TSSb

(mg/L)
VSS

(mg/L)

Volta Wasteway 7.1 � 4.7 (n = 9) 0.2 � 0.2 (n = 7) 8.5 � 6.9 (n = 8) 5.1 � 3.36 (n = 8) 14.2 � 14.6 (n = 7) 22.7 � 19.1 (n = 7) 0.39 .14 (n = 5) 31.3 � 19.8 (n = 6) 12.9 � 10.4 (n = 6)

Mud Slough at

Gun Club Road

12.6 � 3.0 (n = 9) 0.6 � 0.6 (n = 7) 11.1 � 5.7 (n = 8) 7.6 � 3.4 (n = 8) 27.9 � 24.0 (n = 7) 38.9 � 24.3 (n = 7) 2.19 .58 (n = 5) 16.1 � 7.0 (n = 6) 12.5 � 8.8 (n = 6)

Average values �S.D. for samples collected between 13 June and 4 Octobe 001
a Significantly different at a = 0.05, Student’s t-test.
b Significantly different at a = 0.10, Student’s t-test.

Table 6 – Changes in Salt Slough water quality between Wolfse Road Bridge and Highway 165

Sample
location

TOCb

(mg/L)
NH4-N
(mg/L)

BOD10
b

(mg/L)
CBOD10

a

(mg/L)
Chlorophyll a

(mg/L)
Algal pigments

(mg/L)
o-P (mg/L) TSS (mg/L) VSS (mg/L)

Salt Slough at

Wolfsen

Road Bridge

7.7 � 1.1 (n = 6) 0.5 �0.4 (n = 5) 8.4 � 3.0 (n = 7) .4 � 1.3 (n = 7) 16.5 � 12.2 (n = 6) 22.9 � 14.3 (n = 6) 0.72 .33 (n = 4) 119 � 55.4 (n = 5) 29.4 � 27.3 (n = 5)

Salt Slough at

Highway 165

6.6 � 1.1 (n = 7) 0.5 � 0.5 (n = 5) 5.8 � 2.7 (n = 7) .5 � 0.9 (n = 7) 20.5 � 8.0 (n = 5) 25.2 � 8.4 (n = 5) 0.86 .43 (n = 4) 126 � 65.9 (n = 5) 29.8 � 26.6 (n = 5)

Average values �S.D. for samples collected between 13 June and 4 Octobe 001.
a Significantly different at a = 0.05, Student’s t-test.
b Significantly different at a = 0.10, Student’s t-test.
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Fig. 7 – Chlorophyll a concentration as a function of time for

the inlet (Site A, &) and outlet (Site B, *) of the San Luis

drain between 13 June and 4 October, 2001.

Fig. 8 – BOD10 concentration as a function of time for the

inlet (Site A, &) and outlet (Site B, *) of the San Luis drain

between 13 June and 4 October, 2001.
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phosphate, BOD, algae, or TSS upon being pumped from tile-

drain sumps. However, it is apparent from this study that

drainage entering the SLD at Site A has significant amounts of

phosphate, algae solids, and BOD (Table 7). The sources of

phosphate, TSS, and possibly some BOD is most likely plant

debris and sediments from the unlined drainage ditches used

to convey the sub-surface tile drainage to the point of entry to

the SLD (Site A). Phosphate concentrations are high enough

and residence times are long enough in the surface drainage

ditches to allow significant algal growth, which is contributing

BOD. For example, travel time from an individual sump

discharge to the SLD can take from a few hours to several days,

depending on local drainage management and the position of

the drainage sump in the watershed. Opportunities may exist

to reduce TSS and BOD load by altering ditch management

practices or by controlling algal growth. Changes made to

reduce BOD production in agricultural drainage could have a

beneficial effect on the water quality of the SJR.

3.3. Changes in water quality between sampling points

The second objective of this study was to examine water

quality changes that occur between upstream and down-

stream sample points for each drainage system. Table 5

reports changes in water quality that occur as water is used in

wetland management. Water enters the wetland areas via the

Volta Wasteway and flows north and west, eventually exiting

at Mud Slough and other drainages (Fig. 4). Table 5 compares

the quality of the water at Volta Wasteway to the water quality

at Gun club Road. The drainage water in Mud Slough at Gun

Club Road was significantly higher in TOC, ammonia, CBOD10,

TSS, algal pigments, and orthophosphate than the water

entering the wetland at Volta Wasteway at the a = 0.1 level or

better. BOD and chlorophyll a concentrations were slightly

elevated at Mud Slough, but the differences we not significant

(Student’s t-test, a = 0.1).

In permanent wetlands, BOD production can be attrib-

uted to well understood processes, such as algal growth,

leaching of organic carbon from live and decaying plant

material, and ammonia production from anaerobic sedi-

ments. In seasonal wetlands, that are dry throughout the

summer months, processes that influence BOD production

are less well understood. Soils will become oxidized during

the dry season and residual organic matter from the

previous wet period will stabilize, so soils in seasonal

wetlands may not contribute much BOD to the water

column. A major source of BOD in seasonal wetlands is

likely to be the standing crops of dry-land plants that die and

decay once they are flooded. Initial flooding may result in a

large flush of BOD from the system. The temporal pattern of

BOD production in seasonal wetlands could be important to

management of the dissolved oxygen TMDL and needs to be

better understood.

The TOC, BOD10, and CBOD10 concentration of Salt Slough

decreased between Wolfsen Road Bridge and Highway 165

(Table 6). Other water quality parameters did not significantly

change between the two sampling points. Flow at Wolfsen

Road is not statistically different from flow at Highway 165,

however the San Luis refuge does have an operational

pumping station on Salt Slough between these points. It is
possible that some water quality changes between Wolfsen

Road Bridge and Highway 165 may be associated with

diversions from the slough during the summer months. The

results demonstrate that water quality is poor in Salt Slough,

but do not indicate that the National Wildlife Refuge is

impacting water quality in this stretch of the slough.
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Table 8 – Correlation between BOD10 and individual
water quality measurement believed to contribute to
BOD10

Water quality parameter n Correlation with
BOD10 (r)

BOD10 (mg/L) 44 1.000

TOC (mg/L) 44 0.500

DOC (mg/L) 44 0.406

Chlorophyll a (mg/L) 40 0.307

Pheophytin a (mg/L) 40 0.235

Chlorophyll a +

pheophytin a (mg/L)

40 0.354

Ammonia-N (mg/L) 33 0.097

TSS (mg/L) 33 �0.154

VSS (mg/L) 33 �0.051

All data collected between 13 June and 4 October, 2001.
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3.4. Algal growth and BOD production in the San Luis
drain

The SLD is high in nutrients, open to the sunlight, and is

therefore potentially a conducive environment for algal

growth. Chlorophyll a concentrations at Sites A and B are

plotted as a function of time in Fig. 7. During much of the

summer there is a dramatic increase in chlorophyll a

concentration between the entrance and exit of the drain.

BOD often increases during passage down the drain as well

during the period corresponding to increased algae production

(Fig. 8). However, there was 1 day during mid-summer where

the BOD at Site A was higher than the BOD at Site B (Fig. 8). This

high BOD was associated with a slug of brownish-green water

flushed into the SLD from upstream. The pattern of deterior-

ating water quality changes at the end of the irrigation season.

After September, there is a net reduction in BOD and

chlorophyll a between the two sample sites on the SLD.

A comparison of all the data for Sites A and B revealed that

there is a significant difference in TOC, orthophosphate,

chlorophyll a, algal pigments, and TSS concentration between

the two stations (Table 7). Orthophosphate removal is

dramatic, and suggests that algal growth in the SLD may at

times become phosphate limited. Although the BOD change

overall was not significant (Table 7), due to occasional spikes of

high BOD water entering the drain and late season influent

BOD increases (Fig. 7), the seasonal pattern in BOD suggests

that algal growth is contributing BOD discharged at Site B. If

phosphate could be removed at the head of the drain or the

drain could be shaded, it might be possible to stop the algal

growth in the drain. Installing engineered controls on algal

growth in the SLD could be one approach to limiting BOD and

algal production in the region.

3.5. Characteristics of BOD in the Grassland Watershed

In order to evaluate BOD control strategies for the region, it is

important to gain an understanding of what constituents of

the water contribute to oxygen demand. We tested individual

water quality parameters for their correlation with BOD10

(Table 8). BOD10 has the highest correlation with TOC and DOC,

followed by chlorophyll a. Ammonia-N did not correlate with

BOD10, which suggests that ammonia is a less important
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component of BOD10 than either TOC or algae in this system.

This result suggests that BOD management in the region

should prioritize control of algal production over control of

ammonia discharges. Additionally, point and non-point

source discharges of BOD need to be further characterized

to determine how much of the biodegradable organic carbon is

of algal origin and how much actually comes from other

sources.
4. Conclusions
� W
etlands and irrigated agriculture both negatively impact

water quality in the watershed. Drainage from wetland

areas has a higher BOD concentration than drainage from

agriculture areas. However, agricultural drainage flows are

higher, therefore agricultural drainage is contributing more

BOD load to the SJR during June through September.
� T
he concentrations of organic carbon and phosphate in

water exiting the wetlands is measurably higher than in the

water supplied to the wetlands. The processes that impact

water quality in seasonal wetlands are not well understood

and warrant further investigation.
� A
lgal growth in the SLD is an important source of algal

discharge in the region. The configuration of the SLD offers

opportunities for algal control that could reduce the BOD

and algal load from the entire region.
� A
lthough previous studies have shown that Mud Slough and

Salt Slough tributaries are responsible for a disproportionate

amounts (in relation to flow) of several inorganic pollutants

entering the SJR, overall these tributaries are not contribut-

ing a disproportionate amount of BOD entering the river.
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In the United States, environmentally impaired rivers are subject to regulation under total

maximum daily load (TMDL) regulations that specify watershed wide water quality standards.

In California, the setting of TMDL standards is accompanied by the development of scientific and

management plans directed at achieving specific water quality objectives. The San Joaquin River

(SJR) in the Central Valley of California now has a TMDL for dissolved oxygen (DO). Low DO

conditions in the SJR are caused in part by excessive phytoplankton growth (eutrophication) in

the shallow, upstream portion of the river that create oxygen demand in the deeper estuary. This

paper reports on scientific studies that were conducted to develop a mass balance on nutrients

and phytoplankton in the SJR. A mass balance model was developed using WARMF, a model

specifically designed for use in TMDL management applications. It was demonstrated that

phytoplankton biomass accumulates rapidly in a 88 km reach where plankton from small, slow

moving tributaries are diluted and combined with fresh nutrient inputs in faster moving water.

The SJR-WARMF model was demonstrated to accurately predict phytoplankton growth in the SJR.

Model results suggest that modest reductions in nutrients alone will not limit algal biomass

accumulation, but that combined strategies of nutrient reduction and algal control in tributaries

may have benefit. The SJR-WARMF model provides stakeholders a practical, scientific tool for

setting remediation priorities on a watershed scale.

Key words | algae, central valley, dissolved oxygen, eutrophication, lowland river, phytoplankton,

TMDL

INTRODUCTION

The San Joaquin River (SJR) in the Central Valley of

California was once a vibrant ecosystem that supported

forty species of native fish, many unique to California, and

spring and fall runs of chinook salmon that were estimated

to number hundreds of thousands of fish. The SJR drainage

has undergone a series of development actions since the late

doi: 10.2166/wst.2009.739
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1800 s that have resulted in the over-utilization of the river

and significant impairment of the rivers ability to support

native fishes and other wildlife (Brown & Moyle 1994;

Smith 2004). In the last decade there has been increasing

interest in restoring the SJR to, if not natural conditions, at

least a better managed resource that is capable of support-

ing multiple beneficial uses.

In the United States, rivers with demonstrated long-

term environmental impairment are subject to regulation

under total maximum daily load (TMDL) regulations that

specify watershed-wide water quality standards. In Califor-

nia, the setting of TMDL standards is accompanied by the

development of scientific and management plans directed at

achieving the TMDL water quality objectives. The SJR is

now listed under Section 303(d) of the Clean Water Act as

an impaired waterbody based on its loss of fisheries-related

beneficial uses and the river is now subject to regulation

under TMDL rules for a number of water quality par-

ameters, including dissolved oxygen (DO). In the SJR

(Figure 1) adjacent to Stockton, numeric water quality

objectives for dissolved oxygen are 6mg/L from 1 Septem-

ber through 30 November and 5mg/L at all other times

(California Regional Water Quality Control Board Central

Valley Region 2007).

Previous investigations have shown that phytoplankton

biomass from the upstream SJR are an important source of

oxygen demanding materials entering the SJR Delta (Leh-

man et al. 2004; Volkmar & Dahlgren 2006). In this study,

processes influencing the production of phytoplankton load

in the upstream reach and the growth and decay dynamics

of algae in the SJR were characterized. The objectives of this

project were to: 1) collect baseline data on water quality and

flow conditions in the SJR; 2) conduct a mass balance on

phytoplankton and nutrients in an approximately

150 kilometer (95 mile) reach upstream of the low DO

critical region; and 3) develop a watershed phytoplankton

model and other tools to provide a scientific foundation for

any future watershed management actions.

METHODS

Study area

The San Joaquin Valley (Figure 1), one of the most

productive agricultural regions in the world, has a

Figure 1 | Upstream San Joaquin River (SJR) study area with only major tributaries shown. Over 90 locations have been sampled as part of the effort to develop a mass balance on

nutrients and phytoplankton in the SJR.
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Mediterranean climate characterized by a dry-season (May

through October) and a wet-season (November through

April). During the dry season irrigation return flows are a

significant source of flow and nutrients to the SJR and algal

production can be prolific (Kratzer et al. 2004; Stringfellow

et al. 2006).

Sample collection and measurement

Water quality grab samples were made approximately every

two weeks between 2005 and 2007. Continuous flow and

water quality measurements were also collected at many

locations. Sample collection and measurement of water

quality parameters followed procedures described in String-

fellow (2005) and Standard Methods for the Examination of

Water and Wastewater (American Public Health Associ-

ation 2005). Field measurements were made with handheld

sondes and water quality measurement devices, including

a YSI 6600 sonde, HACH turbidometer, and Myron

combination Ultraprobe. Water grab samples were depth

integrated and kept in the dark at 4 8C until analyzed or

further processed and preserved. All analyses were run

within the allowed holding time applicable to the preser-

vation method used (Stringfellow 2005).

Water quality modeling

We investigated the use of the WARMF model as a tool in

the DO TMDL process. WARMF is a GIS based watershed

model specifically developed for TMDL analysis. It is a

public domain model, available from US EPA (Chen et al.

2001). The model is a mature model that is compatible with

other watershed models contained in the EPA BASINS.

It can readily be applied to the San Joaquin River Basin

without modification. The model is well documented and

peer reviewed (Keller 2000, 2001; Chen et al. 2001;Herr et al.

2001; Driscoll et al. 2004).

The SJR-WARMFmodel was used to simulate watershed

processes, hydrology, and diffuse source loads of pollutants

from various land uses (urban, forested, and agricultural

areas). The input data includes the locations of agricultural

diversions, daily diversions, and amount of irrigation water

applied to the agriculture lands. The upstream river section

has three eastside tributaries (Stanislaus River, Tuolomne

River, and Merced River) that drain the Sierra-Nevada

western slope westward to SJR (Figure 1). On the west side,

there are five tributaries (Hospital/IngramCreek, Del Puerto

Creek, Orestimba Creek, Mud Slough, and Salt Slough) that

drain theDiablo Coastal Range eastern slope eastward to the

SJR. The total drainage area of this river section is

approximately 32,000 square miles, comprised the largest

and most productive agriculture lands of California. The

model simulates percolation of irrigation water through soil,

evapotranspiration of water through crops, change of

groundwater table, agricultural returnflow, and groundwater

accretion to the river reaches. The model also simulates the

diffuse loads of pollutants due to fertilizer and pesticide

applications, leachingof cations andanions from the soil, and

erosion of soils from land.

RESULTS

Phytoplankton biokinetics

In order to characterize algae growth, we measured flow,

phytoplankton concentration, and nutrients in tributaries

throughout the upstream SJR (Figure 1). A mass balance on

phytoplankton growth was calculated for the reach between

the confluence of the Merced River and the beginning of the

Delta tidal estuary. Flowmeasurements along the main-stem

of the SJR and tributaries were combined with chl-a

measurements (as an indicator of algae biomass) to calculate

the mass accumulation of phytoplankton in the SJR. Flow

was related to residence time using published dye study

results (Kratzer & Biagtan 1997). Residence time and

biomass data were used to determine patterns of phyto-

plankton growth (Figure 2) and calculate growth rates

(Figure 3). These results demonstrated that a significant

accumulation of phytoplankton biomass in the main-stem

results from in-situ growth, rather than discharge of algae

biomass into the river from drains, lagoons, farm ponds, and

other potential sources. Phytoplankton growth kinetics were

variable, but the fastest rates of growth were typically

observed in June (Figure 3). River nitrogen and phosphorous

concentrations were commonly many times half-saturation

constants for diatoms, the predominate phytoplankton
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species. These results demonstrate that conditions for

phytoplankton growth are excellent in the SJR and that a

comprehensive strategy will be required to control phyto-

plankton biomass accumulation in this system.

SJR-WARMF model

The calibration of the WARMF model has shown reason-

able results (Herr & Chen 2006). Predicted flow and

electrical conductivity match the observed data very well.

The model predicted the water quality concentrations for a

large number constituents including major cations, anions,

ammonia, nitrate, phosphate, total suspended sediment,

dissolved oxygen, and temperature among others at various

stations along the SJR. Predicted values matched the

seasonal patterns and magnitude of the observed data

reasonably well (Herr & Chen 2006). Results for phyto-

plankton concentration (as chlorophyll-a) model predic-

tions and observed data for a key river site (Vernalis) are

shown in Figure 4.

WARMF was demonstrated to be capable of simulating

non-point loads of pollutants from farmlands based on

natural precipitation and irrigation waters. The model not

only predicts total pollution loads but also their source

contributions. The model provides a tight link between

pollution loads and water quality in the receiving water,

allowing the model to calculate the load reduction needed

for the receiving water quality concentration to meet the

TMDL water quality standard. The sensitivity analysis

revealed that nutrient loading reduction would have only

limited benefit, as phytoplankton growth does not appear

to be limited by nutrient concentration (Herr & Chen

2006). The source contributions output provides stake-

holders information about which source terms are largest

and what management alternative to reduce them. The

analysis of source contributions output suggest that the

water quality problem of the SJR cannot be solved by a

single solution, but will require a combination of incre-

mental changes. Possible management actions include

control of algae seed, some control of fertilizer application,

some change of crops, some alteration of irrigation

practices, and some river aeration. A combination of load

reductions and best management practices can be simu-

lated by the model to determine the resultant reduction of

phytoplankton concentrations at Vernalis and other

critical control points. The water quality management

plan should include a combination of small changes for

incremental improvements that may have a cumulative

compound benefit.
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Figure 2 | Net observed growth of phytoplankton in the main-stem of the San Joaquin

River downstream of the confluence with the Merced River (selected 2005

data shown). These and other biokinetic analysis demonstrate that

phytoplankton are growing in the presence of excess macro-nutrients and

that control of excess phytoplankton biomass accumulation will require a

comprehensive watershed strategy.
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Figure 3 | Observed net phytoplankton growth rates (m) as a function of month.

Average and standard deviation for direct growth rate. Maximum growth

rates are typically observed in June.
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CONCLUSIONS

The implementation of a dissolved oxygen TMDL has

focused attention on the SJR and the need to improve the

water quality of the SJR to support diverse beneficial uses.

The DO TMDL Project has been measuring flow and water

quality throughout the SJR valley and conducting scientific

studies with the objective of providing sound science to

assist watershed management and remediation efforts.

Analysis of phytoplankton growth and yield (bio-

kinetics) in the main-stem of the SJR has shown that in-

situ production of biomass is significant and greater than

the biomass contribution from tributary sources such as

farm ponds or agricultural drains. The upstream SJR is a

very favorable system for phytoplankton growth and in-situ

growth is stimulated by the presence of high concentrations

of macronutrients in this eutrophic waterbody. Lagrangian

studies show that phytoplankton entering the Delta from

upstream are not further proliferating and may even decline

due at least in part to light limitations and increased grazing

pressure. Model analysis, using the WARMF model,

suggests that an integrated approach involving reduction

in both nutrient and biomass inputs would limit phyto-

plankton production.

As part of the TMDL effort, other tools are also being

developed to assist stakeholders in setting remediation

priorities. The application of NRM calculations to water

quality data is proposed as a useful method for comparing

water quality between locations, even in the absence of

specific regulatory goals. NRM results are being combined

to create water quality indexes which allow locations to be

evaluated for multiple parameters simultaneously.
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INTRODUCTION 

BACKGROUND AND PURPOSE 

The California Department of Water Resources (DWR) and the U.S. Bureau of Reclamation (Reclamation) 
manage the State Water Project (SWP) and Central Valley Project (CVP), respectively, with the goals of 
improving abundance, productivity, and diversity of anadromous salmonids and subject to the terms  of National 
Marine Fisheries Service’s (NMFS) 2009 Biological Opinion (BO) and 2011 amendments regarding the Long-
Term Central Valley Project and State Water Project Operations Criteria and Plan (OCAP). Action IV.1.3 of the 
NMFS’s 2009 BO instructs these agencies to “consider engineering solutions to further reduce diversion of 
emigrating juvenile salmonids to the interior and southern Delta, and reduce exposure to CVP and SWP export 
facilities.”  Specifically, one objective of Action IV.1.3 is to “prevent emigrating salmonids from entering 
channels in the south Delta (e.g., Old River, Turner Cut) that increase entrainment risk to Central Valley steelhead 
migrating from the San Joaquin River through the Delta.” 

Returning adult fish of the Distinct Population Segment (DPS) of California Central Valley steelhead 
(Oncorhynchus mykiss) and Central Valley fall-run Chinook salmon (O. tshawytscha) utilize the San Joaquin 
River and its connecting interior and south Sacramento-San Joaquin Delta (Delta) tributaries during their 
upstream spawning migration while juveniles use these waterways to move downstream during their emigration 
to the Pacific Ocean. Increased susceptibility to entrainment and predation at DWR’s and Reclamation’s water 
export facilities has been associated with juvenile salmonids moving into the Old River over those juveniles 
remaining in the mainstem of the San Joaquin River (SJRGA 2011, 2013; Perry et al. 2010; and others). In an 
effort to reduce movement of juvenile salmonids into Old River, engineering solutions (e.g., barriers) have been 
implemented at the Head of Old River (HOR) pursuant to Action IV.1.3 of the NMFS BO. While a seasonal 
barrier in the fall has been part of California’s protective fish management measures since the 1960s (Hallock et 
al. 1970), deployment of a springtime barrier is fairly new at this location and uncertainties remain about its 
performance and effectiveness.  Figure 1 illustrates the location of the HOR study area. 

The purpose of this evaluation is to contribute to the required BO Action IV.1.3 by studying the effects of the 
nonphysical (2009, 2010), absent (2011), and physical (2012) barrier treatments and assess their effectiveness at 
retaining juvenile salmonids in the mainstem San Joaquin River (Figure 2). Synthesis analyses include the 
effectiveness of the barrier treatments on juvenile salmonid route fate along with the abiotic factors of 
photoperiod, water temperature, flow, and turbidity. Additionally, predatory fish density and interaction with the 
barrier treatments juvenile salmonids were evaluated. Recommendations for future analyses and studies are 
identified. 
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Source: AECOM 2013 
 
Figure 1 HOR Study Site Project Location and Surrounding Area 
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Source: DWR 2012, ICF 2013, AECOM 2013 
 
Figure 2 Barrier Alignments for the Temporary Barriers Project, 2009–2012 
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PHYSICAL PARAMETERS AND BARRIERS EVALUATION  

The studies were conducted during the spring (late April to May/June) of 2009–2012. Flow (hereinto discharge) 
varied among years. Discharge was lowest in 2009 and highest in 2011, and in the intermediate years, 2012 was 
less than in 2010. The official water year classifications based on May 1 runoff forecasts were described as dry in 
2009 and 2012, above normal in 2010, and wet in 2011 (State of California 2013).  

In 2009 and 2010, a nonphysical barrier (bioacoustic fish fence [BAFF]) Fish Guidance Systems of Southampton, 
United Kingdom) was installed at the HOR (Figure 2). The BAFF comprised an acoustic deterrent stimulus 
enclosed within a bubble curtain and illuminated by strobe lights. In 2011, high-flow conditions precluded 
installing a barrier treatment.  In 2012, an eight-culvert rock physical barrier was installed (Figure 3). 

 
Source: AECOM 2013 
 
Figure 3 2012 Rock Barrier at the Head of Old River Site with Eight Culverts 
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Discharge and barrier treatment influenced the proportion of San Joaquin River flow that entered Old River. In 
2009, low discharge coupled with the resultant relatively strong tidal influence, including many flow reversals in 
the San Joaquin River and the nonphysical barrier treatment caused a high proportion of discharge to enter Old 
River (0.6 to 0.8). By contrast, the proportion of discharge entering Old River was lower, about 0.45 to 0.55 in 
2010 (nonphysical barrier) and 2011(absent). In 2012, discharge was recorded at 0.2 or less, demonstrating the 
effect of the presence of the rock barrier treatment. 

STUDY OBJECTIVES, METHODS, AND RESULTS 

The objectives of the HOR evaluations include:  

BARRIER TREATMENT EFFECTIVENESS 

► Determine the effectiveness of different barrier treatments to influence the retention of acoustically tagged 
juvenile Chinook salmon and steelhead in the San Joaquin River; and 

► Determine the effectiveness of different barrier treatments to influence the retention of acoustically tagged 
juvenile Chinook salmon and steelhead in the San Joaquin River under different photoperiod (light), 
discharge, water temperature, and turbidity conditions. 

PREDATOR DENSITY AND BEHAVIOR 

► Determine predatory fish species density of the study area during the study period; 
► Determine the predation on juvenile salmonids, including barrier treatment effects; and 
► Investigate behavior and density changes in predatory fishes.  

The following sections briefly summarize the methods used to evaluate them, and the results and their 
interpretation.  

EVALUATION OF JUVENILE SALMONID ROUTING, INCLUDING BARRIER EFFECTS 

Study fish Chinook salmon juveniles were acquired from the Feather and Merced River hatcheries while the 
steelhead juveniles were from the Mokelumne River Hatchery.  

The number of Chinook salmon juveniles implanted with Hydroacoustic Technology, Inc. (HTI) tags was 525 in 
2009, 451 in 2010, 1,705 in 2011, and 193 fish in 2012. These juvenile ranged in size from 80 millimeters (mm) 
to 140 mm in total length. Steelhead juveniles implanted with HTI tags were released primarily in 2011 with a 
total of 2,208 fish which ranged from 149–396 mm total length with16 steelhead released in 2012.  

The specific predatory fish targeted included striped bass, largemouth bass, Sacramento pikeminnow, and channel 
and white catfishes. Predatory fish were captured by hook and line in the study area. 

ROUTE FATE 

Routing and barrier effectiveness at the HOR study site was examined with releases of juvenile salmonids 
surgically implanted with acoustic transmitters (hereinto referred to as tagged) from an upstream location near 
Durham Ferry on the San Joaquin River. 
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Each juvenile salmonid entering the HOR study area was classified based on its route selection fate from 
observations of two-dimensional tracks detected with a hydrophone array: (1) Released, but never arrived; (2) 
Remained in San Joaquin River; (3) Entered Old River; (4) Predation; or (5) Unknown. Route selection fates 2-4 
are reported. Route selection fate was determined qualitatively based on a directed downstream movement for 
juvenile salmonids. In contrast, predatory fish behavior typically included slower movements, looping patterns, 
and holding the same position over time. It should be noted that looping patterns were also recorded in some 
steelhead tracks. 

Each fish was assigned to a sample based on its arrival (timestamp recorded by the receiver) into the HOR study 
site. Samples were created by pooling fish that had arrived at a similar barrier state (BAFF on, BAFF off, no 
barrier, or rock barrier), photoperiod light level (< 5.4 lux or ≥ 5.4 lux), and average channel velocity (< 0.61 
meter per second [m/s] or ≥ 0.61 m/s).  

When barrier treatment state (off/on), light level, or velocity changed, a new sample was created. For testing of 
BAFF effectiveness in 2009 and 2010, the BAFF was alternated between the “off” and “on” settings so that the 
BAFF was operational about 50% of the time. This time split in off/on operation allowed about 50% of the 
acoustically tagged juvenile Chinook salmon to experience the BAFF when in operation. 

Table 1 provides an overview of the fate of acoustically tagged juvenile Chinook salmon that entered the HOR 
study site by year, barrier treatment, and light level. The proportions shown are population proportions (note that 
population proportions differ from the sample proportions used in hypothesis testing (see Table 2). Across all 
years, the proportion of juveniles that remained in the San Joaquin River (nearly 0.41, i.e., 41%) was similar to 
the proportion that went down Old River; the remaining 0.19 (19%) were preyed upon. The proportion of juvenile 
Chinook salmon remaining in the San Joaquin River ranged from 0.09 (BAFF on in the dark, 2009) to 0.84 (rock 
barrier in the dark, 2012). The proportion of juvenile Chinook salmon entering Old River ranged from 0 (rock 
barrier in 2012) to 0.78 (BAFF off in the dark, 2009). The proportion of juvenile Chinook salmon that were 
preyed upon at the HOR study site ranged from 0.03 (no barrier in the dark, 2011) to 0.45 (rock barrier in the 
light, 2012). A total of 525 acoustically tagged juvenile steelhead had their fates determined in 2011–2012, 
although only five of these fish entered the study area in 2012. Of the 520 juvenile steelhead entering the study 
area in 2011, 199 (0.38, or 38%) remained in the San Joaquin River, 196 (0.38) entered Old River, and 125 (0.24) 
were preyed upon. There was little difference in routing or predation between light and dark conditions for 
juvenile steelhead. 

Several primary objectives and hypotheses were associated with the evaluation of juvenile salmonid routing and 
barrier effectiveness (Table 2). The evaluation judged efficiency, defining “more efficient” as greater use by 
juveniles of the San Joaquin River route (over that of Old River) to leave the HOR study site. This definition 
reflects the general view that survival is lower down the Old River route (see review by Hankin et al. 2010). For 
each sample, three main metrics were calculated:  

► Overall efficiency (OE), the number of tags, originally surgically implanted in salmonid juveniles, exiting 
downstream from the study site via the San Joaquin River, divided by the number of tags entering the study 
site from upstream. This metric provided the most comprehensive measure of barrier effectiveness, as it 
integrated both routing and loss from predation. 
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Table 1 
Fate of Acoustically Tagged juvenile Chinook Salmon at the Head of Old River Study Site in 2009–2012 

Year/Barrier/Light* 
Total No. of 
Juveniles 

San Joaquin River Old River Predation 

Total Proportion S.E. Total Proportion S.E. Total Proportion S.E. 

1. 2009 BAFF 525 127 0.242 0.019 278 0.530 0.022 120 0.229 0.018 

a. Off 292 68 0.233 0.025 176 0.603 0.029 48 0.164 0.022 

i. dark 59 10 0.169 0.049 46 0.780 0.054 3 0.051 0.029 

ii. light 233 58 0.249 0.028 130 0.558 0.033 45 0.193 0.026 

b. On 233 59 0.253 0.028 102 0.438 0.033 72 0.309 0.030 

i. dark 45 4 0.089 0.042 35 0.778 0.062 6 0.133 0.051 

ii. light 188 55 0.293 0.033 67 0.356 0.035 66 0.351 0.035 

2. 2010 BAFF 451 114 0.253 0.020 220 0.488 0.024 117 0.259 0.021 

a. Off 219 45 0.205 0.027 129 0.589 0.033 45 0.205 0.027 

i. dark 77 25 0.325 0.053 41 0.532 0.057 11 0.143 0.040 

ii. light 142 20 0.141 0.029 88 0.620 0.041 34 0.239 0.036 

b. On 232 69 0.297 0.030 91 0.392 0.032 72 0.310 0.030 

i. dark 60 28 0.467 0.064 28 0.467 0.064 4 0.067 0.032 

ii. light 172 41 0.238 0.032 63 0.366 0.037 68 0.395 0.037 

3. 2011 No barrier 1,075 551 0.513 0.015 415 0.386 0.015 109 0.101 0.009 

a. dark 306 162 0.529 0.029 135 0.441 0.028 9 0.029 0.010 

b. light 769 389 0.506 0.018 280 0.364 0.017 100 0.130 0.012 

4. 2012 Rock barrier 193 117 0.606 0.035 0 0.000 0.000 76 0.394 0.035 

a. dark 38 32 0.842 0.059 0 0.000 0.000 6 0.158 0.059 

b. light 155 85 0.548 0.040 0 0.000 0.000 70 0.452 0.040 

Total 2,244 909 0.405 0.010 913 0.407 0.010 422 0.188 0.008 

Notes: BAFF = bioacoustic fish fence (Fish Guidance Systems, Southampton, UK) (nonphysical barrier); S.E. = Standard Error  
* Dark < 5.4 lux, light ≥ 5.4 lux. 
Source: Present study 
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Table 2 
Objectives, Hypotheses, and Results Related to Juvenile Salmonid Routing, Including Barrier Effects 

Year and 
Treatment Objective 

Hypothesis 
Number Hypotheses Results* 

2009 BAFF 

Determine whether barrier 
efficiency (OE, PE, and DE) for 
juvenile Chinook salmon was 
improved by BAFF operation 

H1o 

For juvenile Chinook salmon, barrier 
efficiency (OE, PE, and DE) with the 

BAFF on was equal to barrier efficiency 
with the BAFF off. 

OE: Accept hypothesis (BAFF on [0.209] = BAFF off 
[0.184]) 

PE: Accept hypothesis (BAFF on [0.338] = BAFF off 
[0.234]) 

DE: Reject hypothesis (BAFF on [0.732] > BAFF off 
[0.311]) 

2010 BAFF 

Determine whether barrier 
efficiency (OE, PE, and DE) for 
juvenile Chinook salmon was 
improved by BAFF operation 

H2o 

For juvenile Chinook salmon, barrier 
efficiency (OE, PE, and DE) with the 

BAFF on was equal to barrier efficiency 
with the BAFF off. 

OE: Accept hypothesis (BAFF on [0.355] = BAFF off 
[0.245]) 

PE: Reject hypothesis (BAFF on [0.441] > BAFF off 
[0.286]) 

DE: Reject hypothesis (BAFF on [0.150] > BAFF off 
[0.012]) 

Determine whether BAFF barrier 
efficiency with the BAFF on 

changed significantly between 
years 

H3o 

For juvenile Chinook salmon with 
BAFF on, barrier efficiency (OE, PE, and 

DE) in 2009 was equal to barrier 
efficiency in 2010. 

OE: Accept hypothesis (2009 [0.209] = 2010 [0.355]) 
PE: Accept hypothesis (2009 [0.337] = 2010 [0.441]) 
DE: Reject hypothesis (2009 [0.732] > 2010 [0.150]) 

Determine whether with the 
BAFF off, barrier efficiency 

changed significantly between 
years 

H4o 

For juvenile Chinook salmon with 
BAFF off, barrier efficiency (OE, PE, 
and DE) in 2009 was equal to barrier 

efficiency in 2010. 

OE: Accept hypothesis (2009 [0.184] = 2010 [0.245]) 
PE: Accept hypothesis (2009 [0.233] = 2010 [0.285]) 
DE: Reject hypothesis (2009 [0.312] > 2010 [0.012]) 

2011 No 
Barrier 

Determine, through this 
comparison, whether and to what 
extent the BAFF infrastructure 
affected overall and protection 
efficiency when the BAFF was 

turned off 

H5o 

For juvenile Chinook salmon, overall 
and protection efficiency (OE and PE) 

were equal for 2009 BAFF off, 
2010 BAFF off, and 2011 no barrier 

conditions. 

OE: Reject hypothesis (2011 [0.519] > 2010 [0.245] = 2009 
[0.184]) 

PE: Reject hypothesis (2011 [0.574] > 2010 [0.286] = 2009 
[0.234]) 

Determine whether juvenile 
Chinook salmon and steelhead 

had the same overall and 
protection efficiency through the 

HOR study site 

H6o 
Overall and protection efficiency (OE 

and PE) were the same for juvenile 
Chinook salmon and steelhead. 

OE: Reject hypothesis (Chinook salmon [0.519] > steelhead 
[0.368]) 

PE: Accept hypothesis (Chinook salmon [0.574] = steelhead 
[0.490]) 
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Table 2 
Objectives, Hypotheses, and Results Related to Juvenile Salmonid Routing, Including Barrier Effects 

Year and 
Treatment Objective 

Hypothesis 
Number Hypotheses Results* 

2012 Rock 
Barrier 

Compare overall and protection 
efficiencies across all treatments 
to determine whether any barrier 
was substantially better than no 

barrier and which barrier 
produced the highest efficiency 
in keeping juvenile salmonid in 

the San Joaquin River 

H7o 

For juvenile Chinook salmon, overall 
and protection efficiency (OE and PE) 
were equal for 2009 BAFF on, 2010 
BAFF on, 2011 no barrier, and 
2012 rock barrier conditions. 

OE: Reject hypothesis (2012 [0.618] = 2011 [0.519] > 2010 
[0.355] = 2009 [0.209]) 
PE: Reject hypothesis (2012 [1.000] > 2011 [0.574] > 2010 
[0.441] = 2009 [0.338]) 

Notes:  BAFF = bioacoustic fish fence; DE = deterrence efficiency; OE = overall efficiency; PE = protection efficiency  
* Numbers in brackets indicate sample-based mean efficiency estimates, with statistically significant differences indicated by “<” or “>” and no significant difference indicated by “=.” 
Source: Present study 

 
 

  



 
► Protection efficiency (PE), the number of juveniles exiting downstream from the study site via the San Joaquin 

River, divided by the number of juveniles exiting via the San Joaquin River plus the number of individuals 
exiting via Old River, but considering only those juveniles that were not eaten at the HOR study site. This 
metric provided a measure of salmonid juvenile routing through the study site, excluding fish that were 
preyed upon. 

► Deterrence efficiency (DE), the number of juveniles approaching the BAFF that were deterred from continuing 
their approach or were guided along past the end of the BAFF, divided by the total number of juveniles 
approaching the BAFF. This metric was specific to the BAFF and evaluated its efficacy in producing stimuli 
noxious to the juvenile salmonids approaching it, as shown by their lack of desire to cross the BAFF. 

The analyses of barrier effectiveness found that the BAFF effectively deterred juvenile Chinook salmon from 
approaching the BAFF in both 2009 and 2010 - that is, DE was significantly higher with BAFF on than with 
BAFF off (Table 2; Hypotheses H10 and H20). DE was significantly higher in 2009 than 2010 (Table 2; 
Hypothesis H30), possibly because in 2010 the discharge was higher, a lower proportion of the water column was 
occupied by the BAFF, and the barrier alignment was different. (DE was also higher in 2009 than 2010 with the 
BAFF turned off; Hypothesis H40.) 

Although the BAFF’s noxious stimuli were successful in deterring fish from approaching, the BAFF was not 
efficient in terms of allowing more juvenile Chinook salmon to leave the HOR study site by the San Joaquin 
River route. There was no significant difference in OE between BAFF-on and BAFF-off treatments in either 2009 
or 2010, and only in 2010 was PE significantly higher with BAFF turned on. These results reflected rates of 
predation that occurred during BAFF operations (discussed later herein). There was no significant difference in 
OE and PE between 2009 and 2010, although OE was close (P = 0.0563) to being significantly greater in 2010 
(0.36) than in 2009 (0.21). With the BAFF off, OE and PE also were not significantly different between 2009 and 
2010 (Table 2; Hypotheses H30 and H40). 

The influence of the BAFF’s infrastructure alone on survival through the HOR study site was assessed by 
comparing efficiency (OE and PE) with BAFF turned off in 2009 and 2010 to efficiency in 2011 (Table 2; 
Hypothesis H50). Although both OE and PE were significantly lower in 2009 and 2010 than in 2011, this 
comparison was confounded by the very high discharge in 2011, which may have affected the comparison 
regardless of the presence of a BAFF.  

The availability of tracking data for tagged juvenile steelhead moving through the HOR study site in 2011 
allowed a comparison of juvenile Chinook salmon and steelhead efficiency in that year (note that this was not a 
test of barrier efficiency, but of routing and survival [Table 2; Hypothesis H60]). The routing of juvenile Chinook 
and steelhead was similar (i.e., no significant difference in PE), providing evidence of proportional movement that 
was similar to the proportional split in discharge between the San Joaquin and Old river. Juvenile steelhead had 
significantly lower OE than the juvenile Chinook salmon, suggesting higher rates of predation. However, this 
interpretation is uncertain and an artifact of juvenile steelhead behavior being similar to predator behavior at times 
(discussed later herein). 

The analysis of primary importance for addressing management at the HOR study site was the comparison of 
efficiency of different barrier treatments in retaining the juvenile Chinook salmon in the San Joaquin River (Table 
2; Hypothesis H70). This analysis revealed no significant difference in OE between the no barrier and rock barrier 
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treatments in 2011 and 2012 respectively, and that OE was significantly greater in both of these years than in 2009 
and 2010. In terms of the routing of survival, the fact that all surviving Chinook salmon juveniles remained in the 
San Joaquin River with the 2012 rock barrier caused the PE to be significantly higher in 2012 than in all other 
years, whereas greater discharge in 2011 resulted significantly greater PE in that year than in 2009 and 2010. 

The primary hypotheses (Table 2) were supplemented with supporting hypotheses that evaluated BAFF 
efficiencies at different photoperiods light levels and channel velocity. The light levels considered were dark, 
< 5.4 lux, and light, ≥ 5.4 lux, reflecting the threshold above which light might have affected juvenile Chinook 
salmon reactions to the BAFF’s strobe lights. The channel velocity levels considered were low, ≤ 0.61 m/s 
average channel velocity, and high, > 0.61 m/s average channel velocity, reflecting the sustained swimming speed 
of small juvenile Chinook salmon, corrected for BAFF angle. The analysis considered these different light levels 
and channel velocity to account for potential differences in barrier effectiveness because of the visibility of the 
BAFF and the ability of juvenile salmonids to exhibit swim avoidance behavior.   

Of the three measures of efficiency examined (OE, PE, and DE), only DE showed a difference between light levels 
or velocity, and it was significantly higher with the BAFF on in light conditions (in both 2009 and 2010). This 
may reflect a greater ability of juvenile Chinook salmon to orient away from the BAFF’s main noxious stimulus 
(the acoustic deterrent) in high light because of the increased visibility of the BAFF. However, predation 
increases with increasing light level, thus reducing any benefit of the BAFF in providing deterrence (as noted in 
the following section).  

EVALUATION OF PREDATION ON JUVENILE SALMONIDS, INCLUDING BARRIER EFFECTS 

The data on tagged juvenile salmonids described previously were used to address several objectives related to 
predation at the HOR study site. Those objectives were evaluated by testing univariate sample–based hypotheses 
in relation to the proportion of salmonids in each sample that were eaten in the study area (Hypotheses H80, H90, 
and H100 in Table 3). These analyses generated the following findings: 

► The proportion of juvenile Chinook salmon eaten was significantly greater with the BAFF on than with the 
BAFF off in 2009, but not in 2010 (Table 3; Hypothesis H80). 

► In 2011, a significantly greater proportion of juvenile steelhead were eaten than Chinook salmon (Table 3; 
Hypothesis H90). However, some of the tagged juvenile steelhead categorized as “eaten” may not have been 
eaten because steelhead sometimes exhibited looping behavior, or swam against the flow, which is 
confounding behavior that also was used as criteria for determining predation. This would have resulted in an 
overestimate of the proportion of steelhead eaten. 

► A significantly lower proportion of juvenile Chinook salmon was eaten in 2011 (a high-flow year) than in 
2012 (a low-flow year, with the rock barrier in place), whereas the proportion eaten in 2009 and 2010 with the 
BAFF on was intermediate to, but not statistically different from, the other 2 years (Table 3; Hypothesis 
H100). 
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Table 3 
Objectives, Hypotheses, and Results Related to Predation on Juvenile Salmonids, Including Barrier Effects 

Year(s) Objectives 
Hypothesis 

Number Hypotheses Results* 

2009 

Provide a direct test that 
the BAFF operation had 

some influence on 
proportion eaten. 

H8o 
The proportion of juvenile Chinook salmon entering the HOR 
study site that were eaten with the BAFF on was equal to the 
proportion eaten when the BAFF was off. 

Reject hypothesis: Significantly greater 
proportion eaten with BAFF on (0.290) 
than with BAFF off (0.138). 

2010 

Provide a direct test that 
the BAFF operation had 

some influence on 
proportion eaten. 

H8o 
The proportion of juvenile Chinook salmon entering the HOR 
study site that were eaten with the BAFF on was equal to the 
proportion eaten when the BAFF was off. 

Accept hypothesis: No difference in 
proportion eaten between BAFF on 
(0.217) and BAFF off (0.212). 

2011 

Evaluate the proportion 
eaten for Chinook 

salmon and steelhead 
juveniles in 2011. 

H9o 
The proportions of juvenile Chinook salmon and steelhead entering 
the HOR study site that were eaten were equal. 

Reject hypothesis: Significantly greater 
proportion of juvenile steelhead eaten 
(0.243) than Chinook salmon (0.087). 

2009–2012 

Show whether there 
were differences in 

proportion eaten 
between treatments. 

H10o 
The proportions of juvenile Chinook salmon entering the HOR 
study site that were eaten were equal for 2009-BAFF on, 2010-
BAFF on, 2011, and 2012. 

Reject hypothesis: Significantly greater 
proportion eaten in 2012 (0.354) than in 
2011 (0.087), with 2009 (0.290) and 2010 
(0.217) intermediate and not significantly 
different from other years. 

2009, 2010, 
2012 

Evaluate the influence 
of abiotic and biotic 

factors, including 
barrier type/status, on 

probability of predation 
of juvenile Chinook 

salmon. 

H11 

Probability of predation of juvenile Chinook salmon is negatively 
related to discharge (shorter travel time/distance at higher 
discharge), turbidity (lower visual range of predators with greater 
turbidity), size (larger juveniles less susceptible to predators), and 
small-fish density (availability of alternative prey for predators). 
Probability of predation is positively related to water temperature 
(higher bioenergetic demands of predators with higher temperature) 
and ambient light level (greater visual range of predators with more 
light). Probability of predation is unrelated to barrier 
treatment/status (BAFF on/off, rock barrier).   

Hypothesis supported only for ambient 
light: greater predation probability at 
higher light level. No support for other 
hypotheses. Significantly greater 
probability of predation with BAFF on or 
rock barrier than with BAFF off. 
Probability of predation positively related 
to small-fish density.  

2011, 2012 

Evaluate the influence 
of abiotic and biotic 

factors on probability of 
predation of juvenile 

Chinook salmon.  

H12 

Probability of predation of juvenile Chinook salmon is negatively 
related to discharge, turbidity, juvenile size, and small-fish density. 
Probability of predation is positively related to water temperature, 
ambient light level, and density of predatory fish (greater predation 
pressure with more large fish).   

Hypothesis supported only for ambient 
light and turbidity: greater predation 
probability at higher light levels and lower 
turbidity. 
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Table 3 
Objectives, Hypotheses, and Results Related to Predation on Juvenile Salmonids, Including Barrier Effects 

Year(s) Objectives 
Hypothesis 

Number Hypotheses Results* 

2011 

Evaluate the influence 
of abiotic and biotic 

factors on probability of 
predation of juvenile 

steelhead. 

H13 

Probability of predation of juvenile steelhead is negatively related 
to discharge, turbidity, size, and small-fish density. Probability of 
predation is positively related to water temperature, ambient light 
level, and density of predatory fish (greater predation pressure with 
more large fish). 

Model was a poor fit to the data; results 
inconclusive. 

Notes: BAFF = bioacoustic fish fence; HOR = Head of Old River 
* Numbers in parentheses indicate sample-based mean proportion eaten estimates. 
Source: Present study 

 

 





 
In addition to the univariate sample–based method, generalized linear modeling (GLM) was undertaken. This 
modeling assessed the potential influence of several environmental (biotic and abiotic) variables on the 
probability of predation of juvenile salmonids at the HOR study site. It also tested the null hypothesis of no 
difference in predation probability of juvenile Chinook salmon between barrier treatments (BAFF on/BAFF 
off/rock barrier) for data from 2009, 2010, and 2012 (Table 3; Hypothesis H11). The GLM suggested that the 
probability of predation was significantly greater for the BAFF-on and rock barrier treatments than for the BAFF-
off treatment, and that the probability of predation was greater under light conditions (presumably because 
predators could see the juvenile Chinook salmon more easily). This may be the case because juveniles have 
longer travel distances through the HOR study site as they avoid the noxious stimulus of the BAFF (and may be 
disoriented by the stimulus) or are entrained into the eddies created by the rock barrier.  

Further analysis was conducted of the data from GLM of juvenile Chinook salmon predation in 2011 and 2012 
(Table 3; Hypothesis H12) so that the density of large fish from hydroacoustic surveys could be included as a 
measure of the density of potential predatory fish. This analysis found that the probability of predation was 
greater at higher light level and lower turbidity, again suggesting the importance of visibility to predators.  

Discharge was not found to be an important predictor of predation probability. To some extent, this may reflect 
the difficulty in accurately assigning a discharge measurement when tidal conditions are changing rapidly; the 
higher probability of predation with lower turbidity partly reflects differences in discharge. Relatively low 
predation at the HOR study site in 2011 may have reflected a downstream shifting of predatory fish and predation 
pressure in response to discharge, because the Vernalis Adaptive Management Program study did not find overall 
through-Delta survival to be greater in 2011 than other years (SJRGA 2013).  

Bioenergetics modeling was conducted as part of the HOR evaluation to assess potential striped bass predation on 
juvenile Chinook salmon at the HOR study site. This modeling illustrated that in 2012, the relatively high density 
of predatory fish (with large fish assumed to be striped bass based on side-looking mobile hydroacoustics), 
coupled with relatively high water temperatures, may have resulted in predation rates similar to those estimated 
by observing the acoustic-tagged juvenile Chinook salmon tracks. Lower predatory density and temperature 
estimates in 2011 led to considerably lower estimated predation rates for that year from bioenergetics modeling. 
GLM of the probability of predation on juvenile steelhead in 2011 did not yield informative results. To some 
extent, this may reflect difficulties in assigning steelhead fate, because steelhead movement patterns are less 
directed than those of Chinook salmon, and steelhead may be confused with predatory fishes (Table 3; Hypothesis 
H13). 

EVALUATION OF BEHAVIOR AND DENSITY CHANGES IN PREDATORY FISHES 

The behavior of predatory fishes at the HOR study site was studied with more than 80 striped bass, largemouth 
bass, channel catfish, and white catfish that were captured and externally fitted with acoustic tags, primarily in 
2011 and 2012. This allowed the researchers to address objectives related to residence time and areas occupied by 
predatory fishes at the HOR study site (Table 4). In addition, information from mobile hydroacoustic surveys 
conducted in 2011–2012 and the locations of stationary juvenile salmonids’ acoustic tags were used to provide 
information about the areas occupied by predatory fishes. It was assumed that the density of fish estimated by 
hydroacoustic surveys to be at least 30 centimeters (cm) in total length would indicate the density of predatory 
fishes (recognizing that not all large fish detected would be predatory fishes). 
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Table 4 
Objectives Related to Behavior of Predatory Fishes 

Years Objective Means of Study Utility to Management 

2009–2012 
Describe residence time 
of predatory fishes at 
the HOR study site 

Acoustically tagged predatory 
fish 

Indicates turnover of predatory fish, and therefore 
allows inference regarding the level of effort 
required for relocation of predatory fish, for 
example 

2009–2012 

Describe areas (spatial 
and velocity) occupied 
by predatory fishes at 
the HOR study site, 

Acoustically tagged predatory 
fish, mobile hydroacoustic 
surveys, tags from stationary 
juvenile salmonids (presumably 
eaten and defecated by predatory 
fishes) 

Indicates where at the HOR study site to focus 
predator capture efforts for any contemplated 
relocation efforts, as well as indicating habitat 
areas that could be manipulated to reduce predator 
density and predation risk 

Note: HOR = Head of Old River 
Source: Present study. 

 

The time spent at the HOR study site by acoustically tagged predatory fishes varied. Generally, however, channel 
catfish, white catfish, and largemouth bass spent appreciably longer amounts of time than striped bass (i.e., days 
or weeks, rather than hours). Most striped bass left the study area in a downstream direction. The significance of 
the present results for management is that turnover of striped bass generally is appreciable, with most fish 
spending a limited amount of time at the HOR study site. Thus, efforts to control fish numbers by 
removal/relocation would require a sustained effort (e.g., daily removal). 

The scour hole at the HOR study site was confirmed as an important area for occupancy by predatory fishes. 
Tagged predatory fishes often were found occupying portions of the HOR study site in the San Joaquin River 
downstream of the Old River divergence, both at the scour hole and in the immediately adjacent areas. Some 
differences existed in the areas occupied by the different species of tagged predatory fish. For example, striped 
bass generally were found more often in areas away from shore (although they also occurred near shore), whereas 
largemouth bass tended to occur more in the nearshore zones.  

An analysis of velocities occupied by tagged predatory fishes confirmed the main patterns shown by the spatial 
analysis of areas occupied. Catfishes and largemouth bass occupied areas with estimated near-surface velocities 
that were very low compared to all velocities available at the HOR study site. Striped bass were different than the 
other predatory fishes in occupying a range of velocities, with some individuals having median occupation 
velocities greater than the median velocities available at the HOR study site; this reflects the species’ pelagic 
nature and occupation of a variety of habitats.  

Down-looking mobile hydroacoustic surveys showed an extremely high concentration of large fish (presumably 
including many predatory fishes, but possibly also including large-bodied nonpredatory fish such as common 
carp) in the scour hole; side-looking hydroacoustic surveys similarly showed many large fish in the scour hole, 
but also showed appreciable numbers near to the scour hole.  

Tags from stationary juvenile salmonids provided a third source of information about areas occupied by predators. 
The tags also indicated the considerable importance of the scour hole and vicinity because most stationary tags 
were found there; with very few stationary tags found elsewhere (one was also found closely associated with the 
2012 rock barrier).  
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With respect to the occurrence of predatory fish near the installed barriers, tagged largemouth bass that were 
released downstream of the rock barrier tended to remain at or close to the barrier much of the time, and therefore 
could have posed a predation threat to any fish passing through the barrier’s culverts. The single largemouth bass 
tagged in 2009 spent an appreciable amount of time (nearly 50% of all detections) within 5 meters of the BAFF 
(at the upstream end, closest to shore). Little evidence existed of striped bass spending much time close to the 
BAFF in 2009/2010, although the number of tagged striped bass during these years was very low (n = 4). These 
findings have important implications for limiting predator abundance at the HOR study site, whether directly 
(through capture/relocation) or indirectly (through habitat manipulation, such as scour hole filling). 

Data from mobile hydroacoustic surveys also were used to address several objectives related to changes in 
predatory fish density at the HOR study site caused by changes in environmental variables, and to compare 
density to several reference sites in the San Joaquin River (Table 5). GLM suggested that the main environmental 
predictors associated with changes in the density of large fish (greater than 30-cm total length) were same-day 
discharge and water temperature (Table 5; Hypothesis H140). Based on both down-looking and side-looking mobile 
hydroacoustic surveys of predators, their density increased as discharge decreased and temperature increased.  

To some extent, this finding reflected both differences between years, differences within years, and the survey 
methodology. The density of large fish was considerably less in 2011 than in 2012; discharge was considerably 
higher in 2011 than in 2012. The lower density of large fish, presumably including many predatory fish, in 2011 
may reflect lower habitat suitability with higher velocity. The 2012 surveys provided a contrast between very low 
abundance during March, which had low water temperatures (approximately 12–15 °C), and higher abundance in 
May (18–22 °C). This suggests seasonal migration to and through the HOR study site by large fish, such as striped 
bass that spawn in the river during spring. Although density estimates were quite variable at all the sites, positive 
correlations in large-fish density existed between the HOR study site and the reference sites in approximately half 
of the comparisons (Table 5; Hypothesis H150). Large-fish density at the HOR study site was either greater than 
or not significantly different from large-fish density at the three reference sites (Table 5; Hypothesis H160).  

Taken together, these results suggest that wide-ranging factors (e.g., discharge and water temperature) affect 
predatory fish density over much of the San Joaquin River, and that the HOR study site has a relatively high 
density of large fish compared to other sites. These findings have management implications in terms of 
prioritizing predator management efforts at the HOR study site and elsewhere in the interior and south Delta, both 
temporally (within and between years; e.g., there may be more need to capture/relocate predators in warmer years 
with lower discharge) and spatially (e.g., if the location of large concentrations of predatory fish changes based on 
discharge). 
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Table 5 

Objectives, Hypotheses, and Results Related to Density of Predatory Fishes 

Year Objectives Hypothesis 
Number Hypotheses Results 

2011–2012 

Determine whether 
environmental 

variables are associated 
with changes in large-

fish density at the HOR 
study site. 

H140 

The density of large fish (> 30 cm in total 
length, i.e., potential predators) at the 
HOR site is not correlated with 
environmental variables (discharge, water 
temperature, turbidity, ambient light level, 
and small-fish density [representing 
availability of potential prey]). 

Down-looking and side-looking hydroacoustics: Null hypothesis 
not supported for discharge (negative relationship with large-fish 
density) and water temperature (positive relationship with large-fish 
density). Null hypothesis accepted for other variables.   

2011–2012 

Determine whether 
there are broad-scale 

environmental 
influences on predatory 
fish density at the HOR 

site that result in 
similar changes in 

density to reference 
sites. 

H150 

Changes in the density of large fish (> 30 
cm in total length, i.e., potential predators) 
at the HOR site during the spring are not 
correlated with changes in density at three 
reference sites. 

Down-looking hydroacoustics: Accept null hypothesis for two of 
three comparisons; reject null hypothesis for the remaining 
comparison (positive correlation in density between the HOR study 
site and the reference site). 
Side-looking hydroacoustics: Reject null hypothesis for two of 
three comparisons (positive correlations in density between HOR 
study site and reference sites); accept null hypothesis for the 
remaining comparison. 

2011–2012 

Determine whether 
predatory fish density 

at the HOR site is 
greater than at similar 

reference sites. H160 

The density of large fish (> 30 cm in total 
length, i.e., potential predators) at the 
HOR site during the spring is not 
significantly different from density at 
three reference sites. 

Down-looking hydroacoustics: Accept null hypothesis for two of 
three comparisons; reject null hypothesis for the remaining 
comparison (significantly greater density at the HOR study site than 
at one reference site). 
Side-looking hydroacoustics: Reject null hypothesis for two of 
three comparisons (significantly greater density at the HOR study 
site than at two reference sites); accept null hypothesis for the 
remaining comparison. 

Notes: cm = centimeters; HOR = Head of Old River 
Source: Present study 
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Determining the Relative Influence of Predation and Other Factors 
Influencing Salmon Smolt Survival in the San Joaquin River Delta 

 
From Jacob McQuirk of Bay-Delta Office, Department of Water Resources 
 
Introduction and Motivation 
 
The purpose of this study is to assess the factors that influence survival of ESA-listed and economically 
important salmonid smolts in an area of known high mortality and high predator densities. Recent 
advances in the use of telemetry technology to track downstream migration and mortality of salmonids 
in the Central Valley have demonstrated unexpectedly high  (and unsustainable) mortality rates (80-
99%) during emigration through the freshwater and estuarine portions of the watershed (Michel 2010, 
SJRG 2011, Michel et al. 2012). Results of recent survival studies of juvenile fall-run Chinook salmon 
conducted in the lower San Joaquin River and Delta showed a declining trend in survival rates. In recent 
years, estimated survival rates for juvenile Chinook salmon in the lower San Joaquin River declined to 
approximately 5%, despite increased river flows and reduced spring State Water Project and Central 
Valley Project export rates (SJRG 2011). The hypothetical cause of these low survival rates is a 
combination of factors including:  large and increasing populations of primarily non-native predators 
such as largemouth bass and striped bass, and associated increasing amounts of submerged aquatic 
vegetation (SAV); highly manipulated and managed water flows; unscreened diversions; altered flow 
directions; and potentially limited water quality (Brown and Michniuk 2007).  

Although predation has been suggested as a possible major cause of salmon smolt mortality, little 
research has been conducted to address this hypothesis in the San Joaquin Delta (Cavello et al. 2013).  
Before management actions are taken a rigorous study is needed to objectively quantify how much 
variation predation explains in salmon smolt survival, and compare the magnitude of predation effects 
to other factors influencing salmon smolt survival.  To address this research need, a predator 
manipulation study is underway in the San Joaquin River with the following objectives. 

Objective 1 - Determine representative densities and local spatial distributions of predator fish 
within portions of the San Joaquin River Delta 

Objective 2 - Quantify the magnitude of predation upon salmon smolts within the study areas 
through genetic analysis of predator stomach contents 

Objective 3 - Conduct a controlled large-scale experiment that manipulates the density of 
predators to assess the influence of predator density on salmon smolt survival 

Objective 4 - Determine how predation upon salmon smolts (if confirmed) may be influenced by 
physical habitat, water chemistry, and other environmental features in the San Joaquin River   
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Methods 

Objective 1 - Determine representative densities of predators 

To determine the density and spatial distribution of predatory fish, acoustic surveys will be conducted 
throughout the river.  These surveys will enumerate the number of fish within a section of river and 
measure the size of fish detected.  These surveys have the potential to differentiate between fish 
species to assess the density of fish that prey on salmon smolts.  

Objective 2 - Genetic analysis of predator stomachs 

To determine if predator fish eat salmon smolts, predator stomachs (n = 600) will be genetically 
analyzed to determine if salmon smolt DNA is present. This will determine whether piscivorous 
predators are eating salmon smolts and if so, which species.   

Objective 3 - Predator manipulations 

To explicitly test the effect of predation on salmon smolt survival, we will manipulate the densities of 
predacious fish within a 20 mile region of the northern San Joaquin River. The region will be divided into 
treatment study reaches (~1000m each) that include removal (n = 3), addition (n = 3), and controls (n = 
3). Removal reaches will have the predators removed during an intensive removal effort in May. The 
predators caught during the removal effort will be translocated to a corresponding addition reach. 
Control reaches will have no predator manipulation.  To determine if removal efforts affect predation 
rates of salmon smolts floating tethers with a juvenile Chinook salmon (Oncorhynchus tshawytscha) 
attached with fishing line (n = 30) will be deployed into each reach.  The tethers will record temperature, 
light intensity, predation time, and geographical coordinate tracks using a GPS. If a salmon smolt 
attached to a tether is eaten a magnetic pin will be pulled that will start a timer. The time of predation 
can be synced with the GPS track time to determine the specific location where the predation event 
occurred.  A subset of buoys (~30%) will have Go-Pro cameras attached to document the frequency for 
which potential ‘false positives’ occur. Examples of false positives would be if the salmon smolt is 
missing, but pin is not pulled, or both occur, but there is potential for entanglement on aquatic 
vegetation etc.  The tethers will be allowed to float within each reach for 1 hr. Tethering deployments 
will occur a minimum of 3 times pre-removal/addition and 3 times post-removal/addition. 

A before-after control-impact (BACI) design (Underwood 1994) will be used to test the following 
hypotheses regarding the removal and addition treatments:  
 

H0) no effect of removal  
H1) a pulse response of Chinook salmon smolt survival 
H2) a press response of Chinook salmon smolt survival  

 
It is possible that the effect size of predators is small compared to other factors influencing salmon 
survival. Therefore, we could find no evidence to reject the null hypothesis of no effect (H0). Removal 
and addition of predators could result in a short-term change in predation followed by a return to pre-
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treatment predation rates.  This would provide evidence for a pulse response (H1).  Finally, removing 
predators could result in a steady change in predation that does not return to pre-treatment rates, 
providing evidence for a press response (H2).   The calendar schedule is that the ‘before/control’ period 
will be from late March through the end of April with repeated tether experiments, followed by 
‘after/impact’ period, of additional tether deployments being conducted in May after intensive 
removal/relocation effort.  The hypothesized result is that predation may decrease in removal reaches, 
increase in addition reaches, and the control reaches will provide a baseline to compare if any other 
seasonal changes are influencing predation rates. 
 
As an alternative measure, juvenile salmonid (Chinook salmon and steelhead Oncorhynchus mykiss) 
survival will also be measured through surgical implantation and release of acoustically tagged smolts 
(roughly 1500 steelhead and 1940 Chinook).  Receivers have been installed between each reach to 
measure relative survival through each section.  There will be some ambiguity in evaluating whether a 
smolt passed through a reach and survived, versus the potential it was consumed by a predatory fish, or 
succumbed to some other source of mortality.  In order to resolve the difference between smolt and 
predator behavior, roughly 150 fish that are potential salmon predators will be implanted with acoustic 
tags to provide behavioral metrics on their movement behavior using models under development at the 
University of Washington (R Buchanan unpublished).   The timing of release groups is schedule to be 
tested with the same BACI experimental design with releases occurring before and after removal efforts. 
 
The spatial and temporal overlap of acoustically tagged predators and salmon smolts will be examined 
to determine areas of the river where predators and prey have the most potential for interaction. A chi-
squared analysis will determine if predator-prey overlap is distributed evenly through space.  A 
generalized linear model approach will be used to determine if predator-prey overlap is a function of the 
fixed effects described below.  
 
Objective 4 – Predation effects of other environmental features 
 
There are many factors that influence the predation Chinook salmon smolts on their seaward migration.  
In an effort to partition the variation in salmon predation based on multiple explanatory variables, a 
model selection approach using Bayesian generalized linear modeling will be used to determine which 
factors are most likely to influence salmon predation. Salmon predation will be modeled separately for 
tethered fish vs. tagged fish that are released and allowed to migrate downstream.  Each tethered or 
tagged fish, within their respective models, will be a replicate and the response variable for each model 
will be the presence-absence of predation.  Both tether deployments and acoustically tagged fish 
releases are schedule for deployments to capture effects across a wide range of all variable listed below, 
and subsequently have very large samples sizes planned for data collection. 
  
The following variables will be considered as possible fixed effects on salmon smolt survival:  

• Temperature 
• Dissolved oxygen 
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• Discharge 
• Water velocity/direction (as influenced by tide, pumping and flow) 
• Turbidity 
• Light intensity 
• Predator density 
• Habitat type 
• Tide 
• Depth 
• Removal/addition treatment 
• Diel period 

 
Spatial autocorrelation will be assessed and if needed a correlation structure will be incorporated into 
the model based on distance between sample reaches. If needed, random effects will be incorporated 
into the modeling approach. Posterior distributions and variable weights will be generated which give 
the probability and relative influence of each variable within the top models.   
 
 
Summary 
The acoustic tagging of salmon smolts will be used for the purposes of measuring survival where there is 
no knowledge on the specific cause of smolt mortality. In this case all variables will be modeled to assess 
relative potential influence on mortality with no apriori presumption of predation.   The tethering 
experiment has an inherent bias in that smolts have restricted movement potentially increasing their 
susceptibility to predation.  The goal of this component is not to prove/disprove predation (this is the 
purpose of the genetic stomach content analysis and modeling of acoustic tagging survival), but rather 
to evaluate the potential influence of manipulated predator density and other associated variables on 
survival of tethered fish.   
 
These data will help fill a gap in knowledge regarding the effect of predation on salmon smolt survival. 
Acoustic surveys will identify the density of predators that can subsequently be related to salmon smolt 
predation rates. Genetic analysis will determine which if any predators eat salmon smolts. By explicitly 
manipulating predator density in replicated study reaches we can assess the degree to which predator 
density affects salmon smolt survival.  Quantifying other environmental variables that influence salmon 
predation will allow us to assess if there are optimal environmental conditions that will minimize salmon 
smolt predation. These data are necessary to inform future management decisions regarding the 
survival of ESA listed salmonids. 
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