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Note: 
 
The Totten Inlet Circulation Study (Evans-Hamilton, Inc., January 2006) is provided as Technical Report 
No. 6 on the CD of electronic files that accompany the North Totten Inlet Mussel Farm Draft EIS. 
Therefore, this report is not duplicated in Appendix A to the Newfields Assessment of Potential Water 
Column Impacts of Mussel Raft Culture in Totten Inlet (2009). 
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CHAPTER 1 
 

Introduction 
 

 

     
Figure 1:  Totten Inlet, Puget Sound, Washington 

 
Totten Inlet is an embayment located in Puget Sound, Washington.  The water body is presently 
used for the culture of Mytilus galloprovincialis (Gallo) mussels along with oysters (Pacific and 
Olympia) and clams (Manila).  One of the larger operations, in Totten Inlet, uses eight raft arrays 
each consisting of six square raft sections (Figure 1).  While the inlet provides an ideal location 
for mussel raft operations in terms of water properties, food supply, and flushing of waste 
materials: the optimum deployment scheme for the rafts is not known. 
 
The primary objectives of this study are to: 
 

1. Develop a baseline understanding of conditions at the aquaculture site. 
2. Construct computational hydraulic models of the floating aquaculture rafts. 
3. Determine if aggregate seeding strategies for the rafts are appropriate for the 

range of typical flow conditions. 
 
 
This summary document reports results of the Totten Inlet study.  The experimental design is 
presented in Chapter 2, and the modeling approach used to for the hydrodynamic calculations is 
described in Chapter 3.  Data acquisition techniques are explained in Chapter 4.  Results and 
analysis are presented in Chapter 5.  Conclusions and recommendations are made in Chapter 6.  
Appendices A and B contain photographs and a summary of the field data collection program.   
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CHAPTER 2 
 

Experimental Design 
Overview 
 
A combination of data collection and state-of-the-art computer simulation was used to assess the 
design of mussel rafts used in Totten Inlet.  Studies, prior to this one, have tended to focus on 
data collection.  In this study, we sought to capitalize on the strengths of numerical modeling to 
develop a comprehensive understanding of the performance individual raft and multiple raft 
arrays. 
 
The field program was carried out in the fall of 2003.  Upon collection and review of the data, 
flow patterns through individual mussel rafts were computed and compared with measured 
results. This information, combined with other physical data collected during the field program, 
was used to develop recommendations for improved animal husbandry and raft deployment 
schemes. 
 
Data Collection 
 
Two types of data were collected on site:  
 

• velocity measurements; to measure spatially varying 3-dimensional velocities in and 
around the aquaculture rafts at different times during the tidal cycle, and 

 
• fluorescence measurements; to measure relative phytoplankton concentrations and to 

estimate food demands of individual aquaculture rafts.  
 

The primary objectives of the data collection were to gather information describing flow patterns 
in the vicinity of the rafts and information used to estimate the depletion of phytoplankton 
concentrations caused by the feeding of the mussels.  Details regarding the data acquisition 
techniques and equipment used to gather the information are presented in Chapter 4 and 
Appendix B. 
 
 

 
Computer Modeling 
 
Finely detailed, numerical models of individual raft strings (Figure 2) and the eight raft array 
were used to estimate the distribution of flow and phytoplankton (food) within the aquaculture 
lease site.   These models were ultimately used to evaluate the performance of the current raft 
deployment scheme. 
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Figure 2:  Distribution of Phytoplankton within Raft String 
(colored by concentration - µg/l, x & y coordinates – ft, arrow shows nominal direction of flow) 

 
Details regarding the computer modeling techniques used to simulate the flow through the rafts 
are presented in Chapter 3. 
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CHAPTER 3 
 

Modeling Approach 
 

Overview 
 
Small scale, numerical flow models of individual mussel rafts were used to estimate the 
distribution of flow and phytoplankton (food) within the aquaculture lease site.  In following 
sections these models are referred to as Raft-Scale Models.  Computed results, from the raft-
scale models describe the movement of water through individual rafts and were used to evaluate 
the current deployment scheme used for the eight raft array. 
 
Raft-Scale Modeling 
 
Three-dimensional simulations of flow through individual mussel rafts were developed within 
the framework of the FLOW-3D software system.  FLOW-3D is a Computational Fluid 
Dynamics (CFD) software package designed to analyze complex flows (e.g., hydraulic jumps, 
Figure 3). 

 
 

 
 

Figure 3: Hydraulic Jump Controlled by an Abrupt Drop 
 (colored by turbulent kinetic energy) 

 
 
What is CFD? 
 
Computational Fluid Dynamics involves the use of a computer to investigate the dynamic 
behavior of liquids and gases.  The abbreviation, CFD, is commonly used in reference to 
computer programs for determining fluid motion in three-dimensions (i.e., Navier-Stokes based 
solvers). 

 
CFD programs are designed to produce simulations of fluid flows influenced by a wide variety 
of physical processes (e.g., heat conduction, solidification, cavitation, and surface tension).  
Because these programs are based on the fundamental laws of mass, momentum, and energy 
conservation, they are applicable to almost any type of flow process.  For this reason CFD 
programs are referred to as “general purpose” solvers. 

 
The roots of CFD, in the United States, may be traced back to original developments at the Los 
Alamos National Laboratory (LANL) beginning in the early 1960’s.  Many basic numerical 
techniques originated there for the solution of compressible and incompressible flow problems.  
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Widespread commercial use did not begin until the early 1980’s when CFD analysis was adopted 
by the aerospace industry for solving external flow problems (aerodynamics) and for designing 
fuel control systems (sloshing see Figure 4). Today, CFD is used extensively by hydraulic 
engineers, bio-medical engineers, automotive engineers, metal casters and inkjet designers to 
solve difficult flow problems. 

 
 

Figure 4: Fuel Slosh (colored by pressure) 
How Does it Work? 

 
CFD involves the solution of the governing equations for fluid flow (i.e., Navier-Stokes) at 
thousands of discrete points within a computational grid.  All of the computations presented in 
this report were done using a fixed (Eulerian) grid of rectangular control volumes because these 
are efficient to generate and they possess many other desirable properties (e.g., increased 
accuracy, smaller demands on memory, and simpler numerical approximations).  Next, a special 
technique called the FAVOR (Fractional-Area-Volume-Obstacle-Representation) method was 
used to define general geometric regions within the rectangular grid (Figure 5 [a-b]).  This 
method uses partial control volumes to provide the advantages of a body-fitted grid but retains 
the construction simplicity of ordinary rectangular grids.  The method also allows for the 
calculation of flow through “porous” media (e.g., an aquaculture raft). 

 
In this study, the Volume-of-Fluid (VOF) technique was used to track the motion of fluid 
through the grid (Figure 5 [c-d]).  The VOF method consists of three elements: a volume-of-fluid 
function for defining fluid regions, a special advection method that maintains a sharp definition 
of fluid surfaces as they move and deform within the computational grid and the application of 
normal and tangential stress boundary conditions at the fluid surfaces.  The VOF method is 
capable of modeling extremely complex fluid behaviors involving any number of independent 
free fluid surfaces.  The VOF method also allows for the breakup and coalescence of fluid 
surfaces. 

 
 

 
 

 
 

 
 

       (a)                       (b)                        (c) 
 
 

Figure 5:  Modeling Methods 
(a) rectangular grid, (b) sharp-crested weir using FAVOR, (c) fluid regions –w- VOF 
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Mussel Raft Modeling 
 

 
 

Figure 6: Wake Formation Downstream of Two Mussel Rafts 
 
The FAVOR method was used to construct numerical models of the raft used for aquaculture in 
Totten Inlet.  Regions where mussels are located (i.e., on individual lines) were assigned 
porosities according to the density of mussels found in those areas (purple areas in Figure 6).  
Coefficients controlling the loss of energy experienced by the flow as it passes through the 
porous regions were also calculated.  The values of these coefficients depend on a characteristic 
length (e.g., a length proportional to the diameter of the lines with mussels attached) and a 
roughness parameter.   
 
In this study, as in past applications, we found that the calculated distribution of flow within the 
rafts compares closely with the measured distribution of flows.  The results of the raft-scale 
model simulations were used to evaluate the current deployment scheme used for the eight raft 
array. 
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CHAPTER 4 
 

Data Acquisition 
 
Overview 
 
An understanding of phytoplankton concentrations and flow speed is critical to estimating the 
performance of aquaculture rafts.  Preliminary data gathered by the Pacific Shellfish Institute 
provided velocity and fluorescence measurements made at different locations near the 
aquaculture rafts.  To expand on this work, the 2003 field study was organized.  Follow-up 
experiments designed to measure the depletion of phytoplankton within individual rafts were 
planned.  These experiments involved: 
 

1. the measurement of velocities in and around the aquaculture rafts, and  
2. the measurement of phytoplankton concentrations in and around the rafts, 

 
The field work was performed between 3 September 2003 and 5 September 2003.  The basic 
outline of the study program follows: 
 

I. Orientation & Mobilization 
 

Travel and transfer of equipment to Totten Inlet, Washington took 
place on 2 September 2003.  Upon arrival at Totten Inlet, a staging 
area for the field program was setup in a cabin located near the 
mouth of the inlet.   
 
The mobilization concluded with the testing of equipment on the 
first day of field work and the deployment of instruments for 
continuous sampling of currents speeds and phytoplankton 
concentrations. 
 

II. Data Acquisition 
 

Data was acquired in around the aquaculture rafts from 3 
September 2003 to 5 September 2003.   
 
The following apparatus were used for the data acquisition: 2 YSI 
Sonde CTD’s, a Seabird Profiling CTD, and an Interocean S4 
current meter. 

 
III. De-Mobilization 

 
A presentation of preliminary results was made to the Pacific 
Shellfish Institute on 5 September 2003.  The staging area was 
broken down on 6 September 2003, and all equipment was 
transferred back to Tenants Harbor, Maine. 
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Data Collection 
 
Two fundamental types of data were collected during of the field experiment.   These data 
included measurements of velocities, and fluorescence.  A summary the techniques used to 
collect these data follows: 
 
Velocity Data 

 
 

Figure 7: Interocean S4 Current Meter 
 
Continuous velocity measurements were made off a wood boom (5m outside the rafts, north 
side), inside the mussel rafts, and downstream of the mussel rafts (south side).   These 
measurements were made with an Interocean S4 current meter set to sample average speeds 
every minute during the deployments (Figure 7).   
 
Vertical velocity variations (i.e., profiles) were also measured with the S4 current meter.  To 
acquire these data, samples were acquired instantaneously.   



9                                

Fluorescence 
 

 
 

                                             (a)                                              (b)  
 

Figure 8: (a) Profiling CTD, (b) Multi-Parameter Sonde 
(courtesy of Seabird Electronics, Inc. and SonTek/YSI, Inc.) 

 
To estimate phytoplankton concentrations, chlorophyll a (chl a) in-vivo fluorescence was 
measured upstream of the mussel rafts, inside the mussel rafts, and downstream of the mussel 
rafts using a Sea-Bird CTD (Figure 8[a]) equipped with a fluorescence probe and two YSI 
sondes (Figure 8 [b]).   Each deployment began with the measurement of chl a with all three 
instruments positioned at the same location outside of the rafts (2.5 m water depth off the end of 
the north boom).  At the same time water samples were taken for extracted chl a, so that the 
fluorescence results could be correlated with the phytoplankton concentrations found in the water 
samples.  Previous deployments of the Sea-Bird in Maine have provided data that yields a 1:1 
relationship between extracted chl a and the in-vivo fluorescence measurements (personal 
communication with Carter Newell, Great Eastern Mussel Farms).  Note: the data recorded on 
the YSI Sondes appeared to be quite noisy compared to the information recorded on the Sea-
Bird.  The data provided by the Sea-Bird was considered to be superior to that recorded by the 
YSI instruments and only the Sea-Bird data was used in the final analysis. 
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CHAPTER 5 
 

Results and Analysis 
 

Overview 
 
A primary source of food for mussels in Totten Inlet is phytoplankton carried into the inlet from 
the adjacent waters of Puget Sound.1   
 
To determine the average rate of phytoplankton consumption by the mussels; measurements of 
phytoplankton concentrations and flow velocities within the rafts were compared to similar 
measurements taken in Totten Inlet (i.e., away for the rafts).  These data were used to calibrate 
numerical models of the rafts deployed in the configuration shown in Figure 1.  Additional 
calculations, to determine the optimum orientation of the raft array, were also performed. 
 
Results of the field study and analysis (described above) are presented in the following sections 
titled: data collection, modeling, and analysis.  Significant findings under each heading are stated 
summarily.   
 
1. Data Collection 
 
Two different types of data were collected during the September 2003 field program.  These data 
took the form of: velocity measurements, phytoplankton concentrations measured within the 
aquaculture rafts, and phytoplankton concentrations measured in the adjacent waters of Totten 
Inlet.  Together, these data were used to determine the optimum orientation of the raft array. 
 
Velocity Measurements 
 
Velocity measurements made in the vicinity of the mussel rafts were used to estimate the average 
amount of water passing through a raft over a 24 hour period.  Velocity measurements made at 
all raft locations display distributions similar to those shown in Figure 14.  That is to say, flow 
approaching the rafts slows rapidly as it passes through the rafts and accelerates to either side of 
the rafts.   
 
The ratio of average current speeds measured inside and outside of the mussel rafts was 
calculated.  As shown in Figure 11, measured current speeds were about 3.5 times lower inside 
the first raft and were about 13 times lower inside the second raft (raft one is the first raft in the 
string – i.e., the “upstream” most raft, and raft two is the second raft in the string).  This 
reduction in flow speed was reproduced by the numerical (see Appendix B for additional 
findings). 
 

                                                      
1 Another food source not measured as part of this study is derived from non-phytoplankton seston (e.g., dissolved 
and particulate material) as noted by Joth Davis (Taylor United, Inc.). 
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Figure 9: Ratio of Flow Speeds Inside and Outside of Rafts                                                      

(angle of incidence ~ 0 degrees) 
 

Chl a Fluorescence 
 
Relative fluorescence at depths between 0.0 and 10.0 meters was measured outside the perimeter 
of the aquaculture rafts and between 0.0 and 6.0 meters inside the aquaculture rafts.  Figure 12 
shows representative fluorescence data measured outside and inside one of the raft strings.  The 
results show a rapid depletion in fluorescence as water moves through the raft system (e.g., 
phytoplankton concentrations are reduced from values of 14-18 µg/l outside of the raft strings to 
less than 4 µg/l inside the raft strings) for this single incoming tide (i.e., the reported chl a 
concentrations are not averages, but instantaneous measurements made during a particular 
incoming tide). 
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Figure 10: Representative Fluorescence Data                                                       
(angle of incidence – 0 degrees) 
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Lateral Variation of Phytoplankton Concentrations 
 
A reduction of phytoplankton concentrations within the mussel rafts (at similar depths) 
was measured throughout the study.  The reduction of phytoplankton concentrations 
within the rafts is caused by the grazing of the mussels.  The average reduction in 
phytoplankton concentration was used to estimate the demand of the mussel rafts. 
 
Concentrations of phytoplankton in the wake of the rafts varied widely due to an 
upwelling effect caused by the acceleration of flows beneath the rafts and lateral mixing 
induced by the wake of the raft. 

 
Vertical Variation of Phytoplankton Concentrations 
  
Phytoplankton concentrations generally decreased with depth.  However, the variation of 
phytoplankton concentrations is not considered to be significant (Note: existing 
aquaculture rafts only extend to depths of about 5 meters).  

 
Consumption 
 
The amount of phytoplankton depletion caused by the raft array in Totten Inlet was estimated 
from fluorescence measurements made inside and outside the bounds the mussel-culture rafts.  
Reduced fluorescence levels inside the rafts is caused by the consumption of phytoplankton by 
the mussels.  The average reduction in chlorophyll concentration across an aquaculture raft was 
measured to be 2.05 micrograms/liter. 

 
 
2. Modeling 
 
Numerical modeling relied on the FLOW-3D CFD software package used to simulate the flow 
through the mussel raft arrays.  Boundary conditions for these simulations were derived from 
measurements taken during the September 2003 field trip.  The results of the FLOW-3D 
simulations provide: 
 

1. a means by which the design of the mussel rafts can be critiqued, and 
2. a platform from which the performance of other innovative designs can be evaluated. 

 
Raft-Scale Modeling 
 
The FLOW-3D computer software package was used to construct detailed numerical models of 
the mussel rafts currently in use in Totten Inlet (note: details concerning the approach used in the 
numerical analysis are given in Chapter 3 of this report).  The detailed raft-scale models 
accurately predict the attenuation of flow induced by the floating rafts and the results of the 
simulations enable the determination of the optimum orientation of the raft arrays.   
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The most common raft design used in Totten Inlet is one where mussels are suspended by ropes.  
This raft design requires that mussels be attached to ropes that are hung vertically downward into 
the water from a floating support structure.  Once in place, tidally driven currents flow between 
the ropes carrying phytoplankton and other nutrients to the mussels on the ropes.   
 
The most significant parameter, relative to the design of these rafts, is the spacing used to 
separate the individual ropes onto which the mussels are attached.  In Totten Inlet we measured 
phytoplankton concentrations sufficient for good mussel growth (phytoplankton concentrations > 
3 µg/l) in half of the raft string during peak flow conditions.  Figure 11 shows the results of a 
computation where the approach flow is moving at a speed of 0.5 ft/s from the right of the figure 
towards the left.  Phytoplankton concentrations in the approach flow are 18µg/l.  The raft string 
is made of six different rafts.  For this flow condition, phytoplankton concentrations in three of 
the rafts are calculated to be less than 3 µg/l (a minimum food concentration required for 
adequate mussel growth).  Since the direction of flow through the rafts changes direction; the 
part of the raft that does not receive adequate food during the first half of the tidal cycle does 
receive adequate food during the second half of the tidal cycle.  If an additional raft was added to 
the raft string, then the center raft might never receive food in adequate quantities.  Thus, we 
would not recommend increasing the length of the individual raft strings (i.e., six is maximum 
according to this analysis). 
 

 
Figure 11:  Calculated Phytoplankton Concentrations within Aquaculture Raft 

 (dimensions are in ft, concentrations are in µg/l, arrow shows nominal direction of flow) 
 
Figure 12 was produced from the results of the same simulation; however, in this figure the field 
is colored by speed.  In these results, the flow rapidly slows by a factor of five or more.  The fact 
that the flow moves slowly through the raft string contributes substantially to the low 
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phytoplankton concentrations calculated (and measured).  Because flow speeds within the rafts 
are so low and because predator nets are used at this site we would not recommend that the 
spacing between ropes be decreased (i.e., we would not recommend that more ropes be added to 
the rafts).  In fact, some experimentation involving a decrease in the number of ropes per raft 
could be considered to increase mussel growth rates. 

 
 

Figure 12: Calculated Flow Speeds within Aquaculture Raft 
(dimensions are in ft, speed is ft/s, arrow shows nominal direction of flow) 

 
Note: Results of the computations shown in Figures 11 and 12 represent nominal conditions 
existing in each of the eight raft strings that make up the Totten Inlet array shown in Figure 1.  
When the angle of incidence of the approach flow is about zero, as is the case in these 
calculations, the effects of adjacent rafts are minimal. 
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CHAPTER 6 

 
Conclusions and Recommendations 

 
Conclusions reached as a result of this study are as follows: 
 
Design of Rafts 
 
• Rope spacing used in the existing raft design is adequate for aquaculture within Totten Inlet.  

Phytoplankton concentrations in all parts of the raft string are substantially less than those 
measured in the surrounding waters.  Therefore, an increase in the number of ropes carried 
by a single raft is not recommended.   

 
• For the existing raft design: the number of rafts that make up a string (six) is maximum for 

flow conditions in Totten Inlet.  If the number of rafts in a string were increased, then the 
number of ropes on each raft should be decreased. 

 
Orientation of Rafts 
 
• The existing raft array should be rotated 30 to 50 degrees to increase mean flow speeds 

within the raft array.  Figure 15 shows results of a series of calculations where the direction 
of flow approaching the raft array was changed 90 degrees.  Maximum velocities inside the 
rafts on average occur when the raft array is rotated between 30 and 50 degrees. 

 
Average Velocity Vs. Angle

0.000

0.020

0.040

0.060

0.080

0.100

0.120

0.140

0 10 20 30 40 50 60 70 80 90

Angle of Flow

A
ve

ra
ge

 V
el

oc
ity

 M
ag

ni
tu

de
 

 
Figure 13: Average Flow Speeds Versus Approach Flow Angle 

(angle of flow in degrees, speed is ft/s) 



16                                

 
 
Based on the findings of this analysis, we recommend the following: 
 
• Rotate the raft array 30 to 50 degrees to increase flow speeds through the rafts. By changing 

the positioning of the rafts more food would be provided to the mussels, thus, faster growth 
rates might be observed.  Alternatively, if the rafts were rotated, then it would be possible to 
increase the seeding density of mussels per rope without reducing growth rates. 

 
• Use ropes with pegs and biodegradable cotton sockings to more evenly distribute mussels, 

promote faster growth, and decrease drop-off.2 
 
• Replace the small predator nets, with bottoms, with larger mesh nets, without bottoms, when 

the mussels reach a predator resistance size to fish.  If this is not possible, then the nets 
should be changed more frequently to increase food supplied to the mussels (note: we 
observed significant reduction in flow and food concentrations inside the mussel rafts due to 
the predator nets). 

 

                                                      
2 Mussel distribution along the mesh socks was uneven; with large bunches at the location of the inserted discs (see 
Figure A-3). 
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APPENDIX A:  Photographs 
 

 
 

Figure A-1: Totten Inlet 
 

 
 

Figure A-2: Feeding Chamber 
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Figure A-3: Measuring Line Diameters 
 
 
 
 

 
 

Figure A-4: Barge with Crane 
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Figure A-5:  Mussel Line 
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APPENDIX B: Site Visit Summary 
 

 
a. Introduction. 
 
      We performed a site visit from September 2-6, 2003 at the Taylor Mytilus galloprovincialis (Gallo) 

mussel raft lease area in the Totten Inlet, Puget Sound, Washington.  The Gallo mussel rafts were 
composed of plastic floats, wood and aluminum pontoons, and 2x4 inch wood crossbeams from 
which the mussel droppers were attached.  The mussel droppers, which were tied to the crossbeams,  
were composed of tubular mesh with coconut rope inside, and had discs attached along the line and 
cement dropper weights attached to the bottom.  These 5m long lines were attached to 6 total rafts 
moored together in a line of 6 rafts per moored array.  There were a total of 6 active arrays in the 
lease site. The rafts were surrounded (sides and bottom) by a predator net which was heavily 
colonized by fouling organisms.  

 
      Seed obtained from a hatchery (both diploid and triploid) were cultured on window screen PVC 

frames and seeded into tubular mesh socks for grow-out. 
  
b. Tides  
 
      The semi-diurnal tides with a period of 24.8 hours were characterized by a low tide (-.3 ft.) at 5:00 

A.M. on Sept. 3 followed by a high of 9.6 feet at 12:17, a low of 6.5 feet at 17:01, and a high of 10.8 
feet at 22:37 A maximum flood tide occurred during the mid-morning during our site visit when we 
did profiles of current speed and chl a.  A 25 hour period was chosen to encompass all tidal cycles for 
estimates of mussel raft consumption. 

 
c.  Data collection techniques. 
 
      We used an Interocean S4 current meter, a Sea-Bird 19 plus CTD with fluorescence probe, and YSI 

Sondes (2 from Maine, 9-3 to 9-5-2003, and 2 from PSI (9-11 to 9-14-2004) to collect data on the 
ambient currents and the distribution of chl a outside and around the mussel raft system.  Current data 
was also collected during 2002 from the PSI group, as well as chl a concentration and data from these 
deployments is also included in this report.  

 
i. The S-4 current meter was set to sample average speeds every minute during 

deployments, both off the wood boom 5m outside the rafts and inside the mussel rafts.  
Current data obtained from PSI in 2002 from locations inside and outside the mussel 
rafts was also used in the analysis. 

 
ii. We measured chl a in-vivo fluorescence using a Sea-Bird CTD with a fluorescence 

probe in profile mode and for moored mode, we used two YSI Sondes. We measured 
chl a with all 3 instruments (1 Sea-Bird, 2 Sondes) at a location outside the rafts (2.5 m 
depth off the N boom) prior to each deployment, at which time water samples were 
taken for extracted chl a (PSI data).  Previous deployments of the Sea-Bird in Maine 
have resulted in a 1/1 relationship between extracted chl a and in-vivo fluorescence. We 
noticed that the YSI Sondes had a lot of noise in the data, whereas the Sea-Bird was 
quite stable in its readings. This is probably because the Sea-Bird pumps a large volume 
past the probe while the Sondes depend on water passing by the probe. We also used 
Sonde data from previous PSI deployments to estimated chl a inside and outside the 
mussel rafts, based on samples taken every minute. 
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iii. We did a series of profiles upstream and downstream of the raft systems in the vicinity 
of the farm to determine if there were far-field effects of the raft system on chl a 
concentration. 

 
iv. Consumption by the mussel rafts was estimated by determining the mean flow through 

the mussel rafts and the difference between chl a concentration inside and outside the 
rafts.  The equation for consumption is:      flow rate (m3 h-1) x ln (co/ct)           where  co 
is concentration of chl a outside the raft, and ct is concentration of chl a by the time the 
water passes through the raft.  

 
v. Mussel raft dimensions were measured with a tape measure and obtained from Taylor 

staff. The distance between each 6-raft array was estimated using a hand-held GPS. 
Mussel raft sock diameter was measured with a ruler over several representative 
locations along the mussel socks at the different rafts investigated. We used a crane 
scale to measure the weight of mussel socks in the water, and out of the water to 
determine the relationship between mussel weight in and out of the water.  The biomass 
can be determined the following formula:  mussel live wt/sock = (weightwater)*(weightair 
/ weightwater)* F  where F = % of weight of sock out of water as live mussel biomass  

 
      d.  Results 
 

  i. Current data taken with the S4 on the flood tide of the two raft systems are summarized in 
Figure B-1.  Current speeds were measured at upstream boom locations (outside data 
locations in Figure B-1) and at two locations inside the raft strings (i.e.., the second raft in – 
inside 1, and in the center of the “downstream” most raft – inside 2)at a depth of 2.5 meters.  
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Figure B-1:  Current speed on the flood tide relative to outside and raft location. 
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The ratio of current speed outside the raft for two series of measurements on raft arrays 1 and 1a 
relative to the inside of rafts 1 and 2 from the end at a depth of 2.5 m are presented in Figure B-2 
(mean +/- standard error).  Current speed is about 3.5 times lower inside raft 1, and about 13 times 
lower inside raft 2 than upstream of the raft system.   
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Figure B-2: The ratio of current speed outside/inside rafts for both systems combined. 
 
 
ii. Sea-Bird profiles upstream and inside the raft systems are presented in Figure B-3. 
 

0

2

4

6

8

10

12

14

16

18

20

0 2 4 6 8 10 12

Depth (m)

C
hl

 a
 fl

ur
oe

se
nc

e n boom
raft 1
raft 2
raft 6
s boom
50 m s
150 m n 
250 m s

 
 

Figure B-3: Chl a on the flood tide upstream, in three rafts, and downstream of a six raft array                                    
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The ratio of chl a upstream to downstream is presented in Figure B-4.  There was about 6.5 
times as much chl a outside the raft then inside raft 1, and about 8.5 times as much chl a 
outside the raft than inside raft 2.   Ln (co/ct) values of about 1.9 could be combined with 
flow rates through the rafts estimated by raft cross-sectional area times a mean flow speed of  
3 cm s-1 to estimate mussel raft consumption. 
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Figure B-4: Ratio of chl a outside/inside rafts 1 and 2m and 4m depth. 
 
 

iii.  Pacific Shellfish Institute current data was also provided for 2002 rafts of a slightly different 
design (2 instead of 3 pontoons).    The data is presented in Figure B-5.  The average velocity 
in 2002 was 3.8 times higher outside than in the center of the mussel raft array.   
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Figure B-5: Depth averaged velocity outside and inside mussel rafts in 2002  

(values are mean +/- std. error for all depths at each location) 
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Current measurements at 3 different depths in the center of the middle mussel raft in 
November, 2002 are presented in Figure B-6.  The mean velocity was about 3 cm s-1 for all 
depths.   
 

11/6-11/8/02 center raft

0
1
2
3
4
5

1m 2.5m 5m all depths

depth 

C
ur

re
nt

 s
pe

ed
 (c

m
 s

-1
)

 
 

Figure B-6:  Current speed at different depths in the middle raft of a 6 mussel raft array 
(values for 1, 2.5 and 5 m depths are mean +/- standard error) 

      
 

iv. The current speed outside and inside a mussel raft with predator nets and without (nets 
actually dropped to the bottom, not removed) is presented in Figure B-7.  
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Figure B-7:  Current speed outside mussel rafts and inside with and without predator nets 

(mean +/- std. error) 
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Figure 10: Sloped Beach – Velocity Distribution 
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Appendix D. Life Histories of Key Taxa 
 

The food web model that was used to evaluate the long-term effects of the proposed mussel raft 
in Totten Inlet was based the life history information provided in the following sections.  The 
purpose of this review is not to describe all aspects of life history for each key taxa, but rather to 
focus on what key taxa are present, the population size (represented by biomass, standing stock, 
and production) and seasonal distribution, and the prey composition.  Information sources 
included site-specific data collected by the Pacific Shellfish Institute, data from both peer-
reviewed and gray literature, and personal communications with regional experts, including State 
and Tribal biologists.  Where possible, life history data from Totten Inlet or south Puget Sound 
were used to develop the food web.  However, regional data for some species is limited; in such 
cases, data from broader regions were used to fill data gaps.    

Zooplankton 
Zooplankton are a remarkably diverse assemblage of small water-column organisms.  They 
include not only animals that are planktonic throughout their entire life (holoplankton), but also 
animals that are planktonic only in their larval form (meroplankton).  Two important categories of 
zooplankton, microzooplankton and gelatinous zooplankton (jellyfish) will be discussed 
separately below.  Zooplankton provide a crucial link between the photosynthetic phytoplankton 
and the fish and shellfish resources in Puget Sound.  Although there is a substantial amount of 
information on zooplankton population structure and abundance in Puget Sound, there is 
considerably less data on zooplankton in Totten Inlet.   

Data on population structure and seasonal population size was collected in Totten Inlet by PSI and 
Budd Inlet (Giles and Cordell 1998).  As with phytoplankton, zooplankton populations cycle 
throughout the year, both in abundance and in species composition.  PSI examined zooplankton in 
water samples collected during their extensive phytoplankton sampling effort in Totten Inlet in 
2002 and 2003 (Cheney, et al. unpublished data).  Once monthly, five gallon water samples from 
discrete water depths were examined for phytoplankton (identified to species) and zooplankton 
(macroplankton and microplankton identified to family).  Peak zooplankton abundance was 
observed in June and July, with sporadic presence in May and from August to November.  No 
zooplankton were observed in February or March.  Because this effort sampled limited water 
volumes from discrete depths (generally near surface) and zooplankton have diel vertical 
migration patterns, it is likely that the reported abundance is an underestimate.  This is reflected in 
the low densities of copepods, which are typically numerically dominant in Puget Sound.  This 
sampling effort did, however, provide a good characterization of the microzooplankton 
community.  Heleocostamella and other tintinnids were the most common microzooplankton, 
occurring most frequently and comprising 60% to >90% of the zooplankton observed in samples.  
Other dominant groups were copepods, barnacle and crab nauplii, and Tiarina.  In 
August/September, unidentified species (“other”) were numerically dominant.  Based on Giles 
and Cordell (1998), these may be larvaceans or cladocerans. 

Giles and Cordell (1998) conducted a zooplankton study in Budd Inlet examining abundance, 
biomass, and species distribution of macroplankton zooplankton (>200 um) throughout the inlet.  
Vertical zooplankton tows were conducted in six locations in Budd Inlet on 21 sampling events 
from October 1996 to September 1997 using a 220-µm mesh net.  The northern and central 
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portions of Budd Inlet were most similar to conditions in north Totten Inlet and were used for this 
evaluation. 

At the northern portion of the inlet, zooplankton abundance was lowest during the fall and winter 
months and was generally less than 1000 ind/m3 from November to February.  Abundance 
increased in spring and early summer from 5,000 to 30,000 ind/m3 between mid-March to mid-
July.  This was presumably a response to increasing phytoplankton abundance with increasing 
light.  Abundance declined throughout the summer as various species of fish and crustacean 
larvae successively develop.  This increased the predatory pressure on the zooplankton 
population, as well as decreasing the contribution of meroplankton to the zooplankton biomass.  
The decreased abundance observed in the mid-summer months can allow a second phytoplankton 
bloom in the late summer.  Zooplankton abundances in late July to September were approximately 
5,000 ind/m3.  Abundance in the mid-bay stations was generally similar; however, peak 
abundance in early June reached 65,000 ind/m3. 

Average zooplankton biomass followed a similar seasonal pattern as abundance (Figure D1.) 
with peak biomass occurring from April to August.  From October 1996 to September 1997 in the 
North Bay and Central Bay stations the average zooplankton biomass was 0.097 g dry wt.   It is 
difficult to discern whether the data in Giles and Cordell (1998) are reported for the entire sample 
(collected over the entire water-column) or as g DW/m3.  As a conservative estimate, it is assumed 
that the data were for the entire sample and were corrected based on the volume sampled.  
Assuming the 50% of the dry weight was carbon (Winter et al. 1975; Rodhouse and Roden 1987), 
the average standing stock was 5.6 gC/m2, with a seasonal average of 2.0 gC/m2 (95% CI: 1.5 
gC/m2) in the Fall/Winter and 8.3 gC/m2 (95% CI: 4.0 gC/m2) in the spring/summer. There is a 
wide range of production to biomass (P:B) ratios for zooplankton, ranging from <5 to 55 per year 
(Dalsgaard et al. 1998); however, for omnivorous zooplankton, the P:B ratio is typically between 
10 and 20 (Valiela 1995; Dalgaard et al. 1998) and a value of 15/yr will be used here.  Based on 
the P:B ratio of 15, average annual production would be 80.3 gC/m2/yr, with seasonal average 
values of 29.2 gC/m2/yr in fall/winter and 124 gC/m2/yr in the spring/summer. 

 

Figure D1.  Zooplankton Biomass (g dw/m3) in Budd Inlet.   
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Forage Fish 
The term forage fish refers to a number of fish species that are common prey items for large 
juvenile and adult salmonids.  In Puget Sound, this includes herring, Pacific sand lance, eulachon, 
surf smelt, and longfin smelt.  In Totten Inlet there are known populations of herring, sand lance, 
and surf smelt.  Although the temperature in Totten Inlet may reach temperatures thought to be 
prohibitive to forage fish, currently there is not sufficient data available to exclude these fish in 
the summer portion of the food web model (Kurt Stick, WDFW biologist, personal 
communication 2006). 

Pacific Herring (Clupea harengus pallasi) 
Herring distribution in south Puget Sound is poorly understood.  While there is reliable data 
regarding the spawning population and locations of spawning activity, there is little data on the 
movement of adults or juveniles.  Because the both the distribution and feeding habits of herring 
adults and juveniles differ, they will be evaluated separately in the food web model. 

Herring spawn in distinct locations throughout Puget Sound, each with specific grounds and 
timing.  The peak of spawning seldom varies by more than seven days from year to year (Pentilla 
2000).  The Squaxin Pass stock is the only South Puget Sound herring stock and is considered 
moderately healthy.  Squaxin Pass herring spawn in January to April, with spawning grounds 
including Squaxin Pass, portions of the eastern shore of North Totten Inlet north of Gallagher 
Cove, a small portion of Little Skookum Inlet, and the mouth of Hamersley Inlet (WDFW 2004).  
The average adult run size is estimated using hydroacoustic surveys of spawning schools and by 
estimating adult biomass from egg densities, using age-class specific mortality rates.  Between 
1977 and 2004 the average estimated herring biomass for the Squaxin Pass stock was 819 tons 
(7.4 x 105 kg; WDFW 2004) which is nearly twice that of previous estimates (WDFW 1998; 
Preikshot and Beattie 2001), largely due to increased biomass estimates in 2001-2003.   Based on 
the area of south Puget Sound (394 km2), this would represent an adult wet weight biomass of 1.9 
g wet wt/m2.  Based on a wet weight to carbon (B:C) of 9%, the estimated standing stock was 
estimated at 0.17 gC/m2.  The bulk of this biomass is present from January to April.  Based on a 
P:B ratio of 0.6 (Dalgaard et al. 1998), production would be estimated to be 0.11 gC/m2/yr. 

 Some herring remain in Puget Sound during the Spring/Summer period.  However, there is some 
indication that herring will move to cooler waters during the summer months avoiding water 
>15°C (MACSIS 2002; Anderson 2005).  Late summer temperatures at depth in Totten Inlet can 
exceed 15°C which may push herring out of the inlet.  Some herring summer in coastal areas of 
Washington and southern British Columbia (Trumble 1983); this has not necessarily been linked 
to summer warming in Puget Sound (Kurt Stick, personal communication).  Fresh et al. (1981) 
found herring throughout the year in parts of south Puget Sound.  For the purposes of the food 
web model, the adult herring population in the Spring/Summer period will be set at 10% of the 
annual standing stock and production, 0.017 gC/m2 and 0.01 gC/ m2/yr respectively.   

Adult herring feed primarily on planktonic crustaceans throughout their life cycle (ADFG 1986).  
Stomach contents analysis of herring in central and south Puget Sound indicated that juvenile 
herring in sublittoral habitats feed on calanoid copepods (45%), decapod larvae (23%), and 
chaetognaths (10%; Fresh et al. 1981).  However, they are opportunistic feeders as well, and will 
consume other forage fish.  In neritic habitats, prey items are dominated by calanoid and 
harpacticoid copepods and euphausiids. 
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Herring eggs hatch after 10-14 days, at which point the larvae drift at the surface with local 
currents.  Food availability is critical during this stage and strongly linked to year class strength 
(Sinclair and Tremblay 1984).  Following metamorphosis at 3 months of age, young herring 
spend a year in Puget Sound, although not necessarily close to natal waters.  Herring mortality in 
Puget Sound is quite high, with 25% to 30% survival.  Natural mortality is the predominant cause 
of mortality (60% to 70%), with fishery-related mortalities of approximately 5 to 10% (WDFW 
1998, on-line data 2004).  Natural mortality is due in large part to predation of floating eggs, as 
well as juvenile and adult forms, from Pacific cod, whiting, lingcod, halibut, coho and chinook 
salmon, seabirds, and marine mammals (Barnhart 1988; ADFG 1986; Grosse and Hay 1988).  
Disease can also be a significant contributor to herring survival, effectively cropping the older, 
more reproductively successful herring from the population (Hershburger, P, unpublished data). 

Fecundity rates (eggs/female) for Pacific herring are related to length, and range from 10,000 to 
50,000 for females from 150 to 220 mm in length in Washington waters (Stout et al. 2001).  The 
Squaxin Pass stock is dominated by 2 to 3 year olds (152mm and 161mm mean length; Stick 
2005) and would be expected to have a fecundity of approximately 15,000 eggs per female.  
Based on an estimated biomass of 91 g/ind. (Stout et al. 2001), the total number of spawners 
would be estimated to be 8,190,000, with ~4,000,000 females.  Assuming 80% of the females 
spawn in a given year, the total annual egg production would be estimated to be 4.8 x1010 eggs.  
Mortality is extremely high for both the embryo and larval stages with ~80% mortality for eggs 
and 90% for larvae (Barnhart 1988).  An estimated 0.96 billion larvae would then be released into 
south Puget Sound.  Based on a mean biomass for herring larvae of 2.0 grams (Paul Hershberger, 
personal communication), the expected biomass for larvae in south Puget Sound would be 
4.3 g/m2.  Based on a wet weight to carbon conversion of 9%, the estimated standing stock was 
estimated at 0.39 g C/m2.  Based on a P:B ratio of 0.6 (Dalsgaard et al. 1998), the mean 
production for juveniles would be 0.24 gC/m2/yr. 

As soon as the yolk is exhausted, herring larvae begin exogenous feeding.  This is a critical period 
because the margin between sufficient nutrition and starvation is exceedingly narrow.  The first 
food consists mainly of invertebrate eggs, copepod nauplii, and diatoms.  Juvenile herring 
consume mostly crustaceans such as copepods, amphipods, cladocerans, decapods, barnacle 
larvae, and euphausiids (Barnhart 1988). 

Sand Lance (Ammodytes hexapterus) 
While sand lance are widely distributed throughout Puget Sound, there is surprisingly little 
information on abundance or distribution.  Forage fish surveys have not found spawning grounds 
inside Totten Inlet.  There are, however, spawning areas in Squaxin Pass and Pickering Passage 
(Pentilla 1997; WDFW 1998) and it is likely that larval and adult sand lance are present in Totten 
Inlet.  Sand lance spawn between November 1 and February 15, and deposit eggs on a fine sand to 
gravel beaches from +5 ft. to 0 ft. MLLW.  Eggs hatch in approximately four weeks and move 
into the water column.  Larvae reside in the nearshore, migrating passively with currents and 
tides.  Once larvae reach adult size, they travel in schools feeding in the open water during the 
daylight hours.  At night, sand lance move to the bottom and burrow into the substrate.  Little is 
known about the movement of adults in Puget Sound, however, based on some plankton surveys 
conducted by WDFW (referred to in WDFW 1998), they appear to be common and quite 
numerous throughout the Sound.  Fresh et al. (1981) found sand lance in Central Puget Sound 
from May to August in surveys that included hook and line, purse-seine, mid-water trawls, and 
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beach seine sampling of nearshore and neritic waters.  No sand lance were found in South Puget 
Sound stations from September to April. 

Larval and adult sand lance feed on primarily on zooplankton.  Sand lance stomach contents from 
central Puget Sound (Fresh et al. 1981) were dominated by calanoid copepods (71%), with some 
harpacticoid and cyclopoid copepods.  Sand lance are an important trophic link between 
zooplankton and larger predators.  Sand lance comprise 35 percent of salmon diets in Puget Sound 
and are also important components of Pacific cod, Pacific hake, and dogfish diets (WDFW 1998). 

Surf Smelt (Hypomesus pretiosus) 
Surf smelt are common, year-round residents of nearshore Puget Sound waters.  As with sand 
lance, there is little data to estimate abundance.  However, based on estimates of surf smelt 
spawner biomass from an egg production model which was based on spawner beach surveys 
(Pentilla 1997; WDFW 1998), the South Puget Sound biomass is approximately 4.2 million 
kilograms wet weight. 

In south Puget Sound, spawning occurs in the fall and winter months.  Spawning grounds in south 
Puget Sound include Totten Inlet, Hammersley Inlet, Pickering and Squaxin Passages, Eld Inlet, 
and Budd Inlet (WDFW 1998; Pentilla 1997). Adults spawn on at the water’s edge during high 
tide.  Eggs hatch after 27 to 56 days.  Hatching larva move passively in the currents and tides in 
the nearshore waters until they mature after approximately three months.  The movement of 
juvenile and adult smelt is virtually unknown.  Stocks of mixed juvenile and recovering-spent surf 
smelt in the general vicinity of spawning grounds suggest long-term residency.  Based on research 
trawls, there does not appear to be a migration out of Puget Sound, nor are surf smelt found in the 
mid-water.  Thus it appears that Puget Sound surf smelt are resident in Puget Sound, if not 
regionally within Puget Sound and they reside either in the shallower nearshore zones or close to 
the bottom. 

As with other forage fish, surf smelt feed primarily on planktonic organisms and are an important 
component of seabird, marine mammal, and fish diets.  Fresh et al. (1981) found that surf smelt 
ate primarily pelagic prey including calanoid copepods (24%), urochordates (25%), carideans 
(10%) and euphausiids (10%).  However, the presence of small numbers of harpacticoid copepods 
in a large proportion of the stomachs observed indicate that surf smelt are also epibenthic feeders. 

Annual Productivity Estimate for Surf Smelt and Sand Lance.  Both surf smelt and sand lance 
populations are considered present in variable abundance throughout the year.  Based on 
Priekshot and Beattie (2001), the estimated biomass for forage fish (excluding herring) is 3.6 g 
wet wt/m2.  Based on C:B of 9% and P:B ratio of 0.6, the standing stock would be 0.3 gC/m2 and 
0.19 gC/m2/yr.  

Salmonids 
The low gradient streams that feed Totten Inlet support runs of fall chum and coho salmon and 
winter steelhead trout.  Though not well documented, it is also likely that there are coastal 
cutthroat trout in the Totten Inlet watersheds.  While there was some historic evidence of fall 
chinook in Little Skookum Inlet, they were considered strays from the Elson Creek hatchery and 
not naturally supported by the small streams and low flows in this watershed (WSCC 2003, 
Joseph Peters, pers. comm..); therefore chinook will not be included in this assessment.  The 
salmon stocks in south Puget Sound are not Federally listed at Threatened or Endangered; 
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however, the Puget Sound steelhead were proposed for a listing as threatened (71 FR 15666). The 
occurrence and life histories of the salmon runs currently in Totten Inlet are discussed below.   

Fall chum (Oncorhynchus keta) 
Totten Inlet supports three genetically and/or geographically distinct fall chum stocks, the Totten 
Inlet stock, the Upper Skookum Creek stock, and the Skookum Inlet stock.  The chum population 
in Totten Inlet is classified as “healthy” and is characterized as a mixed stock with both native 
(Totten Inlet and Upper Skookum Creek) and hatchery reared (Skookum Inlet) fish. 

Adult chum salmon enter South Puget Sound during early October and spawn in late October 
through January, depending on the stock.  The Totten Inlet stock spawns in Kennedy Creek from 
late October to early December, peaking in mid-November.  Kennedy Creek is one of the most 
productive chum-rearing streams in Puget Sound, with a mean escapement of 41,000 fish between 
1992 and 2001 (WDFW 2002).  Skookum Inlet chum are primarily fish (WSCC 2003) from the 
Elson Creek Hatchery, with contributions from native stocks in lower Skookum Creek and its 
tributaries.  Mean escapement from this stock was 7,000 fish between 1993 and 2000 (WSCC 
2003).  The Upper Skookum Creek chum are primarily wild fish, with mean escapement of 
11,900 fish during this same time period.  Spawning in the Skookum Inlet and Skookum Creek 
stocks occurs in December and January (WSCC 2003).  The ratio of males to females for the 
entire run is considered to be 1:1, with males more dominant early in the run and females more 
dominant later in the run (Salo 1991).   

On average, females lay approximately 3,000 eggs (WDFW 2002).  Chum fry emerge from the 
gravel from March to May and migrate immediately downstream to the estuary.  Chum salmon 
are highly dependent upon the estuary during fry development, moving from the upper to lower 
estuary depending upon productivity (Salo 1991).  Chum fry remain in the estuary for several 
months, with the timing of smoltification dependent upon the warming of marine waters and 
spring plankton blooms (WDFW 2002).  Duffy (2003) found juvenile chum abundance in South 
Puget Sound estuaries/deltas peaked in early April to early May.  Abundance in the nearshore 
marine waters peaked in mid-May and decreased in mid-June.  Bax (1983) found that chum fry 
entering the nearshore areas of Hood Canal in February and March migrated more rapidly (7-14 
km/d) than fry that enter the nearshore area later in Spring (May and June) as epibenthic and 
neritic food resources increase, suggesting that residence time in the nearshore area is related to 
food availability.  Simenstad et al. (1982) suggest that the summer out-migration of juveniles 
northward along Washington and British Columbia coastlines is related to declining food in Hood 
Canal and diet changes towards more nektonic and pelagic organisms.  This agrees with 
observations by Duffy (2003) that juvenile chum abundance at neritic sites peaks in mid-June. 

Chum fry enter the nearshore areas at size classes <40 mm fork length (FL), or 0.8 g (Salo 1991; 
Duffy 2003).  Growth rates in the nearshore are exponential, averaging 3.4% body weight per day, 
based on a natural food diet (Salo 1991).  Juvenile chum are typically leaving the nearshore and 
moving offshore when they reach lengths that allow them to feed on larger neritic prey (55 to 90 
mm length or 1.2 g to approximately 3 g/ind.).  Fresh et al. (1981) found chum in the sublittoral 
zone at 47 to 101 mm FL (mean = 69 mm FL); whereas in the neritic zone, juvenile chum ranged 
from 80 mm to 128 mm (mean =100 mm FL). 

Survival rate of eggs is dependent upon a number of complex interactions between environmental, 
biological, and human factors.  Based on a review of survival rates of egg to fry and fry to adult in 
Washington, British Columbia, Alaska, USSR, and Japanese waters, mean survival rates to fry 
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were 10.1% (1.5% to 27.6%; Salo 1991).  Survival of fry to adult was considerably lower, at 1.8% 
(range: 0.8% to 2.8%; Salo 1991).  An estimate of the number of fry entering Totten Inlet can be 
calculated using mean survival of fry to adult, mean escapement data for each of the chum runs, 
and the overall sex ratio of 1:1. 

No. Smolts = (Mean Escapement/2) x (Eggs/Female) x Survival Rate (egg-fry)             Eq 2 
Based on the average Kennedy Creek escapement of 41,000 adults and an overall male to female 
ratio of 1:1, an estimated 6.2 million fry would enter the Kennedy Creek estuary in February to 
April.  Based on the mean escapement of 18,900 fish for the Skookum Inlet and Upper Skookum 
Creek runs combined, 2.8 million fry would enter via Skookum Inlet.  It is important to note that 
chum mortality within the nearshore areas of Totten Inlet is fairly high, perhaps as high as 95% 
during the first five months (Salo 1991).  Smolt mortality in marine waters is largely due to 
predation from birds and other fish species, such as coho and cutthroat trout.  Based on 
bioenergetics and population models (Preikshot and Beattie 2001), the emigrating population 
would be approximately 43,804 smolts.  Biomass increases at a rate similar to mortality, such that 
total biomass ranges from 0.43 g wet wt./m2 at immigration to 0.39 g wet wt./m2 at smolt 
outmigration.  Based on a B:C ratio of 9%, the standing stock would be estimated to be 0.04 
gC/m2 and based on a P:B ratio of 2.2 (Preikshot and Beattie 1998), smolt production would be 
estimated to be 0.073 gC/m2/yr, occurring exclusively during the spring/summer period. 

During their residence in the estuary, the dominant prey items for juvenile chum are chironomids, 
harpacticoid copepods, larvaceans, insect larvae and benthic invertebrates (Gardiner 2003; 
WDFW 2003; Duffy 2003).  Once in the nearshore zone, juvenile chum feed primarily over 
submerged tidal flats, feeding in the water column during the daylight hours and feeding on 
epibenthic prey at night (Feller 1974).  Stomach contents analysis of fish captured in May in 
South Puget Sound confirm this trend, with epibenthic organisms comprising >75% of prey 
during the dusk and dark hours (Duffy 2003).  During daylight hours, planktonic and insect prey 
comprised >60% of the diet.  However, chum preferentially feed during the daylight and 
crepuscular hours, indicating that planktonic and insect prey are more important overall. 

Juvenile chum appear to have distinct nearshore and offshore stages, for both feeding and 
residence.  Duffy (2003) noted a shift from epibenthic feeding in the deltas during April and May 
to more planktonic and neustonic feeding in the nearshore in June and July.  Gut contents analysis 
of juvenile chum in the nearshore area of South Puget Sound indicate that their diet is dominated 
by euphausiids, calanoid copepods, gammarid amphipods, ostracods, larvaceans, as well as 
harpacticoid copepods (Duffy 2003).  This is consistent with gut content analyses conducted on 
fish from Hood Canal, which indicated that gammarid amphipods and calanoid copepods were the 
dominant prey from nearshore and neritic sampling sites (Simenstad 1976, Fresh et al. 1981).  In 
the neritic sites sampled by Duffy (2003), copepods, larvaceans, and crab larvae were the 
dominant prey items.  Chum salmon tend to be both size and taxa selective in the neritic 
environment (Healey et al. 1982; Simenstad et al 1982).  Selectivity is based on visual perception, 
active selection based on gape, and optimal bioenergetics of foraging (Salo 1991). 

Duffy (2003) further evaluated consumption by juvenile salmonids in South Puget Sound (SPS) 
using the Wisconsin bioenergetics model.  This model uses an energy-balance approach in which 
total energy consumption equals the sum of growth, metabolic costs, and waste losses.  
Proportional prey consumption was then calculated based on stomach contents analysis and prey 
energy densities, expressed as Joules per gram.  In simulations of SPS sites, average weekly 
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individual consumption increased from 0.7 g in late April to 1.1 g prey in early June to satisfy 
their estimated growth rates.  Proportion consumption for different prey categories were: 
copepods (38% to 68%), crab larvae (2% to 25%), insects (4% to 28%), and other prey, including 
larval forms, amphipods, and fish (14% to 20%).  As was noted above, the diet shifted towards 
more pelagic and neustonic prey items with season. 

It is important to note that juvenile chum are also opportunistic and are able to adapt their diet to 
available food (Gardiner 2003; von Saunders 2004), provided available prey is within their size 
selection range.  Gardiner (2003) showed that the stomach contents of juvenile chum from 
estuarine channels were dominated by marine ostracods that were transported by wind driven 
currents/tides into the estuary.  Juvenile salmonids in highly stressed urban estuaries may shift 
their diet to available prey items in selected size classes (von Saunders 2004). 

Coho (Oncorhynchus kisutch) 
Both Kennedy and Skookum Creek support significant coho salmon runs.  Adult coho enter the 
freshwater to spawn in mid-September to mid-November.  Adults typically make short migrations 
into the streams, and then return to salt water prior to up-migration.   Up-migration will then occur 
during a high flow event.  Escapement from Totten, Hammersley and Eld inlets have shown a 
decreasing trend with mean escapement of 3,500 fish between 1993 and 2002 (SSHIAP 1999; 
WSCC 2003).  The sex ratio of coho salmon smolts is 1:1; however, up-migrating stocks include 
early migrating “jacks”.  Jacks are males that only stay in marine water for 4 to 6 months.  Thus, 
the sex ratio of the adult return can be variable with males comprising greater than 50% of smolts.  
In the absence of coho biomass estimates specifically for Totten Inlet, the entire mean escapement 
will be attributed to Totten Inlet to ensure the estimated effect of the mussel raft on the food web 
is sufficiently protective of coho salmon.   

Female coho salmon lay approximately 2,500 eggs.  Fry emerge in late spring, and remain in 
freshwater, rearing in the streams for just over one year.  Downstream migration begins in the 
spring.  Duffy (2003) observed juvenile coho arriving in the deltas in April to early June, with 
abundance peaking in mid-May.  There was little difference between peak abundance in the delta 
and nearshore sites, suggesting a relatively short residence time in the estuaries prior to entering 
the nearshore zone.  Coho residence time in nearshore areas is tied to environmental conditions 
and food availability.  Juvenile coho spend several months in the nearshore zone prior to 
migrating to the Pacific Ocean (Sandercock 1991).    Duffy (2003) found that coho residence time 
in South Puget Sound was approximately 18 weeks; however, juveniles appeared to move 
throughout the region, with local residence times of 1 to 3 weeks. 

A variety of estimates have been made for fry to smolt and smolt to adult survival.  Fry to smolt 
survival estimates range from 0.7% to 9.65% in the Pacific Northwest; however, 1% to 2% appear 
to be the average range (for the purposes of this study, 2% will be used).  Smolt to adult survival 
rates for northwest coho runs range 3.2% to 10.8%, with an average survival of 7.1% (Sandercock 
1991).  Because the sex ratio is variable due to the presence of jacks, it is difficult to know the 
extent of this imbalance.  For the sake of estimating abundance of juvenile salmon in Totten Inlet, 
a ratio of 1:1 will be used.  Based on an escapement of 3,500 adults, it is estimated that 
approximately 87,500 smolts enter Totten Inlet.  While in the estuary, coho smolts are exposed to 
predation from both birds and fish, such as cutthroat trout.  In the neritic waters, coho are also 
exposed to predation from dogfish and marine mammals.  Based on survival rates for the first six 
months, the population of coho smolts in Totten Inlet is estimated as high as 87,500 in the 
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estuaries to 6,125 emigrating fish after six months.  Based on bioenergetics and population 
modeling in south Puget Sound, Preikshot and Beattie (2001) estimate that 25% of entering smolts 
emigrate in July and that biomass increases during that period by approximately 8-fold.  Smolt 
biomass at entry is estimated at 0.14 g wet wt/m2 and 0.28 g wet wt/m2 at emigration.  Production 
rates are relatively low for returning salmon, since most growth has already occurred at sea.  
Estimated production is based on a growth rate of 3%. Tertiary production for chum and Coho 
smolts is estimated at 1.4 gC/m2/yr.   

While in the nearshore zone, coho smolts feed on various planktonic crustaceans, pink and chum 
salmon fry, herring, sand lance, and other fishes.  Juvenile fish from sublittoral habitats had 
stomach contents consisting mainly of decapod crustacean larvae, plus fishes (mostly herring), 
amphipods and polychaetes (MACSIS, Marine and Coastal Species Information System).  Duffy 
(2003) found gut contents in south Puget Sound coho shifted as the fish moved from the river 
delta to the nearshore to the neritic waters.  In the delta, juvenile coho diet was comprised of 
polychaetes, gammarid amphipods, insects, isopods, and crab larvae.  In the nearshore zone, 
juvenile coho consumed gammarid amphipods, mysid shrimp, euphausiids, and fish.  Once in the 
neritic zone, gut contents was almost exclusively crab larvae and fish (Pacific sand lance and 
herring).   Young coho from the offshore pelagic zone consumed euphausiids, fishes (mostly 
herring), gammarids, and decapod larvae (Salo 1991).  Fishes formed the highest biomass in 
stomach contents, but occurred in only 30% of the coho salmon stomachs analyzed.  Juvenile 
coho can consume fish up to 50% of their body length.  Coho size analysis indicated that mean 
nearshore size is 84 mm and 110-130 mm at neritic sites. 

Based on bioenergetics model analysis, Duffy (2003) calculated apparent growth rates for juvenile 
coho at 1.3 to 2.0% body weight per day.  Based on this growth rate, consumption rates were 
calculated at 3.4 g to 8.4 g of prey per week.  Using prey energy density and stomach contents 
analysis, juvenile coho consumed 0.00 - 0.33 g of amphipods, 0.08 - 0.18 g of euphausiids, 0.28 - 
2.41 g crab larvae, and 0.93 - 2.76 g of other invertebrate prey in order to satisfy estimated 
growth.  Similar prey items were important in the nearshore fish in 2002.  In the neritic sample, 
crab larvae comprised 82% of the diet; however, this was only one sample. 

The food of marine adults is more pelagic and more varied than that of many Pacific salmon.  
Fishes made up 70% to 80% of the coho diet and 20% to 30% were invertebrates. The following 
species were common prey items:  pilchard, herring, anchovy, coho salmon, capelin, laternfish, 
Pacific saury, hake, whiting, rockfishes, black cod, sculpins, sand lance, squid, barnacles, isopods, 
amphipods, euphusiids, crab larvae, and jelly fish (ADFG 1986).  Herring and sand lance made up 
75% of the biomass.  Cloud (2001 in WSCC 2003) indicated that returning coho are not feeding 
prior to entering their natal streams. 

Coastal Cutthroat Trout (Oncorhynchus clarki clarki) 
Coastal cutthroat trout are the most widely distributed salmonid in the Totten Inlet watersheds 
(WSCC 2003), with the anadromous populations occurring in most South Puget Sound tributaries.  
Adult, sea-run cutthroat trout return to their natal stream to spawn.  Migration begins in 
November, peaking in January/February.  Spawning occurs in late winter and spring.  Spawned 
sea-run cutthroat can return to marine waters, and generally migrate downstream in late March to 
early April.  Smolt traps deployed in Skookum Creek indicated that mean cutthroat smolts ranged 
in size from 148 to 163 mm between 2001 and 2004 (Joseph Peters, Squaxin Tribe, personal 
communication).  Smolts runs were observed from early April to late June and abundance ranged 
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from 504 to 2,430 fish per year during that time.  However, captured fish were not tagged, so it is 
difficult to determine whether fish were being resampled during the trapping events, and more 
quantitative distribution and abundance data are currently unavailable (Joseph Peters, Squaxin 
Tribe biologist, personal communication 2006). 

Adults will return to salt water if available to them (NOAA fisheries biologist, personal 
communication), but their distribution and movement is unknown.  In the nearshore areas, sea-run 
cutthroat remain near the mouth of their natal river (within 50 km).  Schools of cutthroat feed and 
migrate along the shoreline, mostly in water less than 3 m deep.  Although residence time in 
marine waters varies, cutthroat return to freshwater in the same year they migrated out.  Based on 
estimates in Oregon, smolt survival is 20% to 40%.  Predation by Pacific hake, spiny dogfish, 
harbor seals and adult salmon accounts for the majority of smolt mortality (Trotter 1997).  
Cutthroat trout smolts are generally larger than the juvenile salmonids in Puget Sound, ranging 
from 148 mm (Peters, personal communication) and 356 ± 82 mm FL (Fresh et al. 1981).  Based 
on a mean smolt production estimate of 1300 smolts/year and mortality of 30%, the smolt 
population would be estimated at 900 smolts per year.  Based on wet weight relationship of 0.02 
g/mm, the estimated wet weight biomass would range from 0.0001 g/m2 to 0.0004 g/m2 and mean 
annual production would be 0.0002 to 0.0009 gC/m2/yr 

In the marine environment, cutthroat trout feed on gammarid amphipods, isopods, callianassid 
shrimp, immature crabs, and various fish, including chum salmon, pink salmon, and sand lance.  
Herring and sculpins have also been observed in cutthroat trout stomachs (Jaquet 2002).  
Cutthroat trout from central and south Puget Sound were mostly piscivorius, with fish comprising 
74% of the stomach contents (Fresh et al. 1981).  Sand lance made up 60% of the fish prey 
biomass.  The major invertebrate prey was gammarid amphipods, making up 16% of the prey 
biomass. 

Winter Steelhead (Oncorhynchus mykiss) 
Totten Inlet steelhead spawn in Kennedy, Skookum, and Schneider Creeks; however, low flows 
and limited spawning habitat limit production within the watershed (WSCC 2003).  The status of 
these stocks is poorly understood. 

Winter steelhead typically enter freshwater December through mid-March and spawn in early 
February to early April.  Outmigration to marine waters is determined primarily by size and 
environmental factors.  In this region, juvenile steelhead typically enter marine waters at two 
years of age (WSCC 2003).  Steelhead in sampled central and south Puget Sound were 259 mm ± 
125 mm FL (Fresh et al. 1981).  Winter steelhead and coastal cutthroat are present in the spring 
through late summer.  Resident adult standing stock is 0.16 gC/m2.  The steelhead diet is 
dominated by fish and gammarid amphipods, whereas coastal cutthroat are feeding primarily on 
fishes, as well as euphausiids and decapod larvae (Pearcy 1997).   Production is likely to be higher 
in the spring as younger adults enter south Puget Sound; however, due to the limited data 
regarding stocks, it is not possible to estimate annual production. 

In the marine environment steelhead have a diet similar that of coho, with smaller fish feeding on 
benthic and nearshore invertebrates and larger fish feeding on small fish (Costello 1977).  The 
prey found in stomachs of adult steelhead captured in central and south Puget Sound were 
numerically dominated by euphausiids, gammarids, insects, and decapod larvae (Fresh et al 
1981).  Herring were also present and dominated the prey biomass in larger fish. 






