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Abstract 

An evaluation of ecological responses to hypoxia in Hood Canal and an example of 
regional marine ecosystem-based management in practice 

 
Lindsay E. Correa 

 

Chair of the Supervisory Committee: 
Professor Terrie Klinger 
School of Marine Affairs 

 

Past reports of fish kill events in Hood Canal, a fjord like sub-basin of Puget 

Sound, have attracted legislative and community interest in the vulnerabilities of this 

ecosystem.  Here I seek to explore the impacts of prolonged and intensified seasonal 

hypoxia on the structure of resident food webs to evaluate ecological responses to 

hypoxia in Hood Canal and explore the application of ecosystem-based management 

(EBM) tactics for mitigating the problem of hypoxia in the region.  I use a quantitative 

modeling approach to construct mass-balanced food web models, enabling the 

exploration of system – level metrics that cannot be identified with a species or 

community-level approach.  Specifically, I developed four mass-balanced food web 

(Ecopath) models to evaluate differences in food web structures between a site that 

experiences regular seasonal hypoxia and one that does not.  I also compared seasonal 

shifts via analysis of food web structures prior to the onset of regular seasonal hypoxia 

and during seasonal hypoxia.  The food web structures at Hoodsport, which regularly 

experiences seasonal hypoxia, were characterized by reduced biomass, production, and 



 

 

 

 

absolute flow at all trophic levels compared with the food web structures at Hazel 

Point, which does not regularly experience seasonal hypoxia.  These differences were 

magnified with the onset of seasonal hypoxia.  Differences between time periods at 

Hoodsport reflects the hypoxia, seasonal, and other unidentified impacts, whereas the 

differences at Hazel Point reflect seasonal and unidentified impacts absent of hypoxia.   

Ecosystem-based management (EBM) is an integrated approach that considers 

entire ecosystems, including humans, the interactions among ecosystem components, 

and the cumulative impacts of multiple activities (McLeod et al. 2005, Leslie & 

McLeod 2007, Levin & Lubchenco 2008).  EBM can be applied to the management of 

stressed or disturbed marine ecosystems.  Here I used the stressed ecosystem of Hood 

Canal as an example of the application of the four principles for marine EBM at the 

regional scale.  I demonstrated the four key principles of EBM (Leslie & McLeod 

2007) at work to address the hypoxia problem in Hood Canal.  I identified the way in 

which each principle is currently addressed.  I summarized exemplary actions of the 

Hood Canal Dissolved Oxygen Program (HCDOP) and its partners relating to each 

principle.  Finally, I argue that the EBM approach used to address hypoxia in Hood 

Canal can be used as a model for managing other marine ecosystems under stress.   



 

 

i 

 

TABLE OF CONTENTS 

           Page 

LIST OF FIGURES ......................................................................................................... v�

LIST OF TABLES .......................................................................................................... vi�

Introduction ...................................................................................................................... 1�

Chapter 1:  Evaluating ecological responses to hypoxia in Hood Canal through food 

web modeling ................................................................................................................... 3�

Introduction .................................................................................................................. 3�

Methods ........................................................................................................................ 6�

Study Area ................................................................................................................ 6�

Ecopath ..................................................................................................................... 6�

Model Data ............................................................................................................... 8�

Model Balancing .................................................................................................... 11�

Model Analysis ....................................................................................................... 11�

Results ........................................................................................................................ 12�



 

 

ii 

 

Discussion .................................................................................................................. 16�

Chapter 2:  Applying the principles of ecosystem-based management to hypoxia in 

Hood Canal .................................................................................................................... 22�

Introduction ................................................................................................................ 22�

Four principles for implementing marine EBM ......................................................... 24�

Case Study:  Applying EBM to the problem of hypoxia in Hood Canal ...................... 25�

Hood Canal in a Nutshell ........................................................................................... 25�

Rehabilitating Hood Canal ......................................................................................... 26�

Principle 1: Address multiple spatial and temporal scales in the design and 

implementation of EBM efforts ................................................................................. 28�

Principle 2:  Increase recognition of the linkage among marine ecosystems and the 

human communities that depend on these systems .................................................... 31�

Principle 3:  Connect environmental policy and management across air, land, and sea 

boundaries .................................................................................................................. 34�

Principle 4:  Meaningfully engage stakeholders to create management initiatives that 

are credible, enforceable and realistic ........................................................................ 35�



 

 

iii 

 

Conclusion ................................................................................................................. 37�

Conclusion ..................................................................................................................... 40�

References ...................................................................................................................... 41�

Appendix A .................................................................................................................... 56�

Ecopath Basic Estimates ............................................................................................ 57�

Hazel Point June Model ......................................................................................... 57�

Hazel Point September Model ................................................................................ 58�

Hoodsport June Model ........................................................................................... 59�

Hoodsport September Model .................................................................................. 60�

Diet Matrices .............................................................................................................. 61�

Appendix B .................................................................................................................... 77�

A.B.1 Primary Producers ........................................................................................... 77�

A.B.2 Zooplankton and Pelagic Invertebrates ........................................................... 78�

A.B.3 Benthic invertebrates ....................................................................................... 81�

A.B.4 Pelagic forage fishes ........................................................................................ 91�



 

 

iv 

 

A.B.5 Other pelagic fish ............................................................................................ 91�

A.B.6  Gadiforms ....................................................................................................... 92�

A.B.5  Other demersal groundfish ............................................................................. 93�

A.B.6  Flatfish ............................................................................................................ 95�

A.B.7  Chondrichthyans ............................................................................................. 96�

 

 

 

  



 

 

v 

 

LIST OF FIGURES 

Figure Number         Page 

1. Ecoviz of Hazel Point in June model output ............................................................. 48�

2. Ecoviz of Hazel Point in September model output .................................................... 48�

3. Ecoviz of the Hoodsport in June model output. ........................................................ 50�

4. Ecoviz of the Hoodsport in September model output ................................................ 51�

5. Cumulative biomass of the four modeled systems .................................................... 52�

6. Cumulative production of the four modeled systems ................................................ 53�

7. Absolute flow by trophic level .................................................................................. 54�

8. Diagram of Hood Canal in a CHANS ....................................................................... 55�

  



 

 

vi 

 

LIST OF TABLES 

Table Number          Page 

1. Areas by depth ........................................................................................................... 46�

2. Ecopath group trophic levels and estimated change in biomass ................................ 47�

 

 

 

  



 

 

vii 

 

ACKNOWLEDGEMENTS 

The author is sincerely grateful for the support and mentoring of her thesis committee 

and the supplemental support of Professor Tom Leschine, Dr. Jan Newton, and Dr. 

Sandy Parker Stetter. The completion of this thesis would have never come to fruition 

without the encouragement of friends like Karin Harris and my ever supportive 

husband Matt, who has cheered for me and loved me along every step of the journey. 

  



1 

 

 

 

Introduction 

 Systems under stress warrant holistic evaluations and ecosystem-wide 

management approaches.  Hypoxia is an ecosystem stressor that affects more than 400 

systems worldwide and has been identified among the most widespread deleterious  

anthropogenic influences on estuarine and marine ecosystems (Diaz & Rosenberg 

2008).  Careful management of stressed ecosystems requires an understanding of the 

capacity of these systems to endure stress. 

 Ecosystem-based management (EBM) is one approach to managing stressed 

ecosystems.  EBM is an appropriate approach to managing hypoxia and its 

consequences because it considers the interdependence of all ecosystem components 

(for example, the human and natural processes that influence and are affected by 

hypoxia) and has the goal of  maintaining an ecosystem in a healthy productive and 

resilient condition (McLeod et al. 2005). 

Here I use the hypoxia problems in Hood Canal, Washington State to illustrate 

the evaluation of ecological responses to hypoxia across scales and demonstrate an 

example of regional EBM.  First, I evaluate the ecological responses to hypoxia in 

Hood Canal at the network level through the development of four mass-balanced food 

web models created using Ecopath to identify differences in food web structures 

between a site that experiences regular seasonal hypoxia and a reference site that does 
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not.  I compare seasonal shifts via analysis of food web structures before the onset of 

seasonal hypoxia and during a seasonal hypoxia event. I use network-analysis of the 

model outputs to evaluate the immediate and persistent ecological responses to hypoxia 

in Hood Canal.  Second, I illustrate the application of Leslie and McLeod’s (2007) four 

principles for marine EBM in the context of hypoxia in Hood Canal.  I summarize 

current actions in the region relating to each principle and discuss how the EBM 

approach used to address hypoxia in Hood Canal could be used as a model for 

managing other marine ecosystems under stress.   
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Chapter 1:  Evaluating ecological responses to hypoxia in Hood Canal 
through food web modeling 

Introduction 

Hypoxia affects more than 400 systems worldwide and has been identified as 

one of the most widespread deleterious anthropogenic influences on estuarine and 

marine ecosystems (Diaz & Rosenberg 2008). The detrimental effects of hypoxia are 

both direct and indirect.   Hypoxia erodes the habitat quality and quantity required by 

aerobic organisms and imposes indirect effects such as changes in the abundance and 

distribution of organisms, trophic interactions, and fisheries (Diaz & Rosenberg 2008, 

Breitburg et al. 2009).  System-level responses to hypoxia have been widely detected 

through network comparisons of mass-balanced food webs across scales (Baird et al. 

1991, Monaco & Ulanowicz 1997, Baird et al. 2004, Patricio et al. 2004).  Here I seek 

to explore the impacts of recurring seasonal hypoxia on food web structures through 

mass-balanced food web models and network analyses in Hood Canal, Washington 

State. 

Hood Canal, a sub-basin of Puget Sound, is stressed by chronic and seasonal 

hypoxia.  Marine and anthropogenic nitrogen loading contribute to hypoxia in the 

region (Newton et al. 2007).   The southern Hood Canal ecosystem is particularly 

vulnerable to hypoxia because of the long residence time of water in the sub-region 

(Newton et al. 2007).  Fish-kill events were recorded in southern Hood Canal during 
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2002-2004 and 2006.  These fatal events were attributed to both annual late-summer 

intrusion of new bottom waters and favorable wind conditions that forced low oxygen 

waters towards the surface (Newton et al. 2007).   

The state of Washington has a vested interest in the rehabilitation of the Hood 

Canal ecosystem and its ecosystem services.  Assessments of all components of the 

ecosystem impacted by hypoxia could help to guide ecosystem rehabilitation strategies.  

While much research has assessed the physical dynamics of Hood Canal (Collias et al. 

1974, Fagergren et al. 2004, Hull & Bryan 2005, Newton et al. 2007, Moore et al. 

2008), much remains unknown about the ecological impacts of hypoxia in Hood Canal.   

Network analyses illustrate the fundamental structures of food webs and 

provide a starting point for drawing comparisons among systems (Baird & Ulanowicz 

1989).  Compartment food web models and system-level assessments of ecosystem 

structure can be used to detect changes that cannot otherwise be detected through 

single species approaches (Baird et al. 2004).  For example, compartment food web 

models can be used to quantify energy transferred between trophic levels.  In some 

cases, compartment food web models and system-level assessments require less 

information than other models to describe complex trophic interactions (Baird et al. 

2004).   Flow diagrams of mass-balanced systems that account for all organisms or 

guilds within the system enhance knowledge concerning the main pathways, magnitude 
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of matter and energy flows within that system (Meyer & Poepperl 2004).  Mass-

balanced modeling and trophic network analyses are a proven method for capturing 

indirect impacts of ecosystem stressors on the production of ecological communities, 

especially for higher trophic organisms, and consequently can help inform marine 

ecosystem-based management (Baird et al. 2004).  

The primary objective of this study was to use mass-balanced food web 

(Ecopath) models to explore the system-level impacts of hypoxia on biota within a 

region of southern Hood Canal that experiences regular seasonal hypoxia through 

comparison with a site in northern Hood Canal that does not.  Specifically, I used food 

web comparisons to assess the differences among northern and southern Hood Canal 

food web structures prior to and during the onset of seasonal hypoxia.  Because the size 

and abundance of organisms within a stressed system are generally lower than in a 

system not under stress (Odum 1985), I hypothesized that (1) lower relative biomass 

and relative production exists in southern Hood Canal than in northern Hood Canal, 

and (2) relative biomass and production are lower with the onset of seasonal hypoxia in 

southern Hood Canal. 
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Methods  

Study Area 

Hood Canal is a glacially-carved sub-basin located on the western side of the 

main basin of Puget Sound in Washington State. The canal is approximately 96 km in 

length, 0.40 to 6.47 km in width, and up to 200 m in depth, with approximately 290 km 

of shoreline (Fagergren et al. 2004, Hull & Bryan 2005). The Hood Canal watershed 

covers the eastern slopes of the Olympic Mountains and the western side of the Kitsap 

Peninsula.  

Ecopath 

Ecopath food web models (Walters et al. 1997, Christensen et al. 2000) are 

compartment models of a static mass-balanced “snapshot” of an ecosystem and its 

trophic interactions.  Ecopath is a production balancing model  in which each group’s 

production is defined as the sum of its catch (or human removal), predation losses, net 

migration, biomass accumulation, and other mortality, indicating the elaboration of 

tissue within a discrete time period for the group (Christensen et al. 2000).  The 

conservation of energy within each group is ensured by fitting unknown parameters 

such that production is matched to losses within the model (Christensen et al. 2000, 
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Christensen & Walters 2004).  Ecopath is therefore centered on the balanced 

mathematical equation: 

Equation 1. Main Ecopath equation 
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where i denotes a prey group and j denotes a predator group.  Biomass (Bi and Bj) are 

estimated in kg�km-2, (P/B)i is the ratio of production-to-biomass, ecotrophic efficiency 

(EEi) is the proportion of each group’s total mortality explicitly accounted for in the 

model, BAi is biomass accumulation rate, Yi is fisheries yield, (Q/B)j is a ratio of the 

consumption-to-biomass of the predators,  and (DC)ji  is the  proportion of predator j’s 

diet that consists of prey i.  To create a mass balanced model, three of the four main 

parameters (B, P/B, Q/B, and EE) must be specified for each biomass pool and the 

fourth is estimated from Equation 1, solved simultaneously for all groups i,  to satistfy 

mass-balance constraints. 

I created four discrete Hood Canal Ecopath models: Hoodsport in June, 

Hoodsport in September, Hazel Point in June, and Hazel Point in September.  The two 

models for Hazel Point refer to a site in northern Hood Canal, and the two models for 
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Hoodsport refer to a site in southern Hood Canal.  Models were created at each site for 

two discrete time periods, the first time period (June) coincides with a period prior to 

the onset of seasonal hypoxia at the southern site and the second (September) coincides 

with the development of seasonal hypoxia at the southern site.   The northern site does 

not regularly develop seasonal hypoxia.   Each model shared the same 38 functional 

groups (except graceful crab Cancer gracilis in the Hoodsport in June model). Due to 

data constraints, the models were confined to the offshore (>20 m depth) food webs, 

including benthic, demersal and pelagic species therein.  The 38 functional groups are 

listed and described in Appendices A and B.   

Model Data 

Trawl Surveys   Biomass estimates for the majority of the demersal functional groups 

were calculated from a trawl survey conducted in 2007 (Essington & Paulsen in 

review).  Surveys consisted of depth-stratified sampling at Hazel Point and Hoodsport 

in June and September. Nine trawl stations were sampled at each of three depths 

(shallow (30m), intermediate (60m), and deep (100m)).  At each depth, sampling 

stations were haphazardly selected, with stations separated by at least one kilometer. 

Slope gradients larger than 20% were avoided, as were bottom terrains unsuitable for 

trawl gear.  Constraints of bottom terrain at Hazel Point required modification of 

sampling design to three shallow, two intermediate, and four deep stations.  
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 All trawls were performed using a 400-mesh Eastern otter trawl with a 3.2 cm 

mesh codend, a 21.4 m head rope, and a 28.7 m foot rope.  Tow duration was 

approximately five minutes at a speed of 2.5-3 knots depending on current.  Tow 

distances ranged from 0.24 km to 0.62 km.  The area swept ranged from 0.0027 km2 to 

0.0076 km2.   Fish were sorted by species, counted, and weighed.  

For each model, species were grouped into functional groups, biomass 

estimates were pooled and averaged by depth, and a weighted average biomass density 

was calculated for each functional group for each location and time period.  Total area 

swept at each depth was calculated based on a raster DEM for 30 m cells (Table 1). 

 Acoustic Surveys  Biomass estimates for Pacific Hake Merluccius productus were 

calculated for each model from acoustic sampling performed during the same trawl 

surveys (Parker-Stetter, personal communication). 

Benthic Grab Samples  Biomasses of  filter-feeding polychaetes, other polychaetes, 

other soft infauna, small crustacean omnivores, predatory benthic invertebrates, and 

infaunal bivalves were estimated from the Washington State Department of Ecology’s 

Puget Sound Ambient Monitoring Program marine sediment data spanning the years 

1989 to 2004 (Long et al. 2007).  These data were collected from Hazel Point samples 

(<122.667o W longitude; 47.68 o - 47.76o N latitude).  Hoodsport samples were those 

collected at 123 o W longitude; 47.376 o - 47.42 o N latitude.  The benthic grab data 
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were recorded as count data and were converted to wet weight biomass data using 

mean individual wet weights calculated for representative species where data were 

present in the Puget Sound Diet Database data, a catalog of salmon stomach content 

data from Puget Sound (Cordell, personal communication).  Because no individual wet 

weight data could be found for infaunal bivalves and other soft infauna, a value of 2/3 

the mean polychaete mass (0.00417904 g/individual) was used. Diet data for filter 

feeding polychaetes and other polychaetes were estimated from the “soft infauna” 

group (mostly comprised of the polychaetes) in the Puget Sound Central Basin EwE 

(Harvey unpublished data) and were divided among the polychaete and other soft 

infauna groups according to the relative biomass of each group.  

Diet  Diet data were obtained from the Puget Sound Central Basin EwE model (Harvey 

unpublished data) and diet information contained in a study performed by Reum and 

Essington (2008). 

Missing Parameters    Where biomass estimates were unavailable or unreliable due to 

sampling equipment and design constraints (for example, low catchability) biomass 

was estimated using Ecopath.  The Pacific herring Clupea pallasi group was one 

exception to this guideline, because spawning stock assessment data were available and 

biomass was estimated from the literature (Appendix B for more details).   When one 

of the four main parameters (P/B, Q/B, EE, P/Q) was not available as empirical data or 
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from the literature, parameter estimates were sometimes taken from functional groups 

sharing similar life history and trophic characteristics.  Often, an ecotrophic efficiency 

(EE) value was assigned to allow the model to estimate a missing parameters.  The EE 

value was assigned based upon my understanding of the group’s relative biomass and 

mortality from predators within the system (Christensen et al. 2000).  Parameter 

development for all functional groups is described in detail in Appendix B.  

Model Balancing 

To achieve mass-balance for each model the following guidelines were 

followed.  EEs when specified were generally given values of 0.900 or 0.800 and were 

adjusted slightly among groups to achieve mass-balanced models.  The majority of 

mass-balance adjustments were made to the estimates diet percentages.  When a 

group’s EE was � 1.00 its predation mortality was examined and diet percentages were 

adjusted for those top predators on that specific prey group.  Diet estimates were highly 

modified as the majority of diet estimates were extrapolated from the Puget Sound 

Central Basin EwE and were not assumed to accurately reflect the diets of the same 

groups in Hood Canal (Harvey unpublished data).  

Model Analysis 

A network analysis of the model outputs was performed by examining changes 

in biomass, total production and absolute flow between trophic levels to detect network 
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level changes between sites and hypoxic condition.  Visualization diagrams were 

created in Ecoviz to compare relative biomass between sites and hypoxic condition.  

Biomass and total production were plotted as cumulative distributions by trophic level.  

Trends in biomass by trophic level were compared among the model outputs to 

estimate changes in the robustness of key trophic levels between hypoxic conditions 

both within and among sites.  Total production by trophic level was used as a proxy for 

examining the efficiency at which energy was transferred within a food web (Baird and 

Ulanowicz 1989).  Absolute flow by trophic levels was charted to determine the 

shortening or lengthening of food web interactions and to provide a measurement of 

the overall “size” of each food web (Baird and Ulanowicz 1989).   

Results 

Differences in biomass and production were observed between sites and 

between hypoxic conditions at Hoodsport.  Biomass estimates indicated lower biomass 

and production by trophic level at Hoodsport in comparison with Hazel Point (Figures 

1-6). Biomass and production were generally consistent across seasons at Hazel Point.  

While similar changes in biomass and production occurred at all trophic levels in 

Hoodsport and Hazel Point, the magnitude of differences in biomass and production 

were greatest at Hoodsport between hypoxic conditions (Table 2).  
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Visual comparisons of the model outputs indicated similar trophic structures 

among sites and hypoxic conditions (Figures 1-4).   No differences in the species 

included in the modeled systems occurred among the sites at either sampling time 

except for the exclusion of graceful crab in the Hoodsport in June model. At Hoodsport 

there were some reductions in biomass densities of several groups in the middle to 

upper trophic levels between June and September reflecting seasonal plus hypoxia-

related shifts.  For example, large-mouthed flatfish, ratfish, and herring exhibited lower 

biomass under hypoxic conditions at Hoodsport.  Shifts in biomass densities also 

occurred at Hazel Point, which was not exposed to hypoxia, reflecting only seasonal 

shifts in biomass.  At Hazel Point, with the onset of late summer greater dogfish 

biomass and lower skates biomass occurred.  All of these groups represent upper-

middle (~3.0) to upper trophic (~3.0 to ~4) level groups within the modeled system.  

Dogfish, skates, and large mouthed flatfish were among the five top predators in the 

system.    

Estimated biomass was lower for the middle trophic levels (~2.0 to ~3.0) at 

Hoodsport independent of hypoxic condition.  Within the middle trophic level groups, 

anchovy biomass was particularly lower at Hoodsport compared to Hazel Point.  

Within the lower trophic levels (<2.0), the estimated biomass of infaunal bivalves and 

other polychaetes was noticeably lower at Hoodsport than at Hazel Point.   
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Cumulative biomass was lower at Hoodsport compared to Hazel Point for all 

trophic levels (Figure 5).  This partly reflects differences in the model’s estimate of the 

biomass of primary producers, which led to estimating a near tenfold difference in 

cumulative biomass at trophic level two between the northern and southern sites.  

Cumulative biomass among the Hoodsport and Hazel Point regions diverged further 

with increasing trophic level until about trophic level 3.75.  Hazel Point cumulative 

biomass estimates increased with increasing trophic level at a positive gradual rate, 

especially between trophic levels 2.0 and 3.0.  At Hoodsport, cumulative biomass 

decreased in the middle and upper trophic levels with the onset of seasonal hypoxia.  

The opposite occurred at Hazel Point; greater biomass was estimated for the upper 

trophic levels in late summer across all trophic levels.  Reductions in biomass after the 

onset of seasonal hypoxia in Hoodsport within the middle trophic levels were mostly 

attributed to the decreased biomass of groups such as ratfish and small-mouthed 

flatfish, which exhibited over a tenfold change in biomass (Table 3).  

 Similar rates of change in cumulative production with trophic level occurred in 

all modeled systems (Figure 6). Cumulative production was estimated to be lower in 

September compared to in June at Hoodsport, consistent with the expectation that the 

onset of seasonal hypoxia likely contributes to reduced production.  The opposite was 
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estimated for Hazel Point, where cumulative production was greater in September than 

June, and where no seasonal hypoxia occurred.   

Concomitant with differences in biomass, total cumulative production at 

Hoodsport was less than that estimated at Hazel Point for both time periods.  

Differences between southern and northern sites became greater during seasonal 

hypoxia. Greater differences in cumulative production were estimated at Hazel Point 

between June and September compared to estimated differences in cumulative 

production among hypoxic conditions at Hoodsport.  In the Hoodsport models, the 

greatest difference in production was estimated at approximately trophic level 2.5. 

Absolute flows differed between sites and had opposite patterns of high and 

low flows during June and September. Absolute flows at trophic levels I-IV in 

Hoodsport were nearly one-half the magnitude of those at Hazel Point (Figure 7), 

consistent with the estimated lower production by trophic levels at Hoodsport.  Total 

energy flowing through the four lowest trophic levels at Hazel Point was greater in 

September than June.  At Hoodsport greater absolute flow occurred in June and 

differences in flow between June and September were less than those observed at 

Hazel Point.  Conversely, at Hazel Point trophic level V had lower absolute flow in 

September compared with June. 
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Discussion 

The food web structures at Hoodsport, which regularly experiences seasonal 

hypoxia, were characterized by reduced biomass, production, and absolute flow at all 

trophic levels compared with the food web structures at Hazel Point, which does not 

regularly experience seasonal hypoxia.  These differences were magnified with the 

onset of seasonal hypoxia.   The structural differences in food webs suggest that where 

seasonal hypoxia regularly occurs in Hood Canal, biota exist in lower densities and 

food chains are shorter.  The greatest variation among the network indicators was 

observed between sites with different exposures to regular seasonal hypoxia; one 

possible explanation is that exposure to regular seasonal hypoxia has greater impacts 

on food web structures than seasonal impacts alone.   I suggest that food web structures 

incur both immediate and lasting impacts from regular seasonal hypoxia.  

The Ecopath models provide a snapshot of the potential impacts of hypoxia on 

the abundance of biota in the system, indicate the functional groups and species most 

responsive to hypoxia, and give an indication of the comparative degree to which a 

system is under stress.  In the modeled Hood Canal systems the middle trophic level 

(approximately between 2.0 and 3.0) groups were most responsive to seasonal 

differences in site and season.  One explanation for reduced biomass of middle trophic 

levels in Hood Canal is that highly mobile groups, such as anchovies, seek refuge from 
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hypoxia, and less mobile groups such as anemones, are less able to increase in biomass 

under the regular stress of seasonal hypoxia.  Such responses could be responsible for 

the overall reduction in biomass of the middle trophic level organisms.  The observed 

differences in reduced relative biomass at Hoodsport compared with Hazel Point 

suggest that the regular stress of hypoxia can have lasting effects in-between seasonal 

hypoxia events with some deleterious effects during the actual pulse events. 

Through network analysis, the more immediate impacts of seasonal hypoxia on 

biota and the groups most responsive to the stress of seasonal hypoxia were observed.  

The upper-middle and upper trophic level groups within the modeled systems 

responded to seasonal hypoxia at the Hoodsport site through reduced biomass.  This 

was also reflected in the incrementally smaller increases in cumulative biomass with 

increasing trophic level, reflecting the model’s sense of reduced “demand” for upper 

trophic levels.  Specifically, the impacts of seasonal hypoxia exhibited by middle 

trophic level organisms were also apparent in the upper trophic level predators, such as 

ratfish, which exhibited reduced biomass under hypoxia conditions.  These upper 

trophic level organisms represent some of the more mobile species in the modeled 

systems. Essington and Paulsen (in review) found that the more mobile species in 

Hood Canal showed stronger immediate responses to hypoxia, suggestive of behavioral 

responses that altered their normal ecological roles under hypoxic conditions. These 
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findings are consistent with the reduced biomass observed in the network analysis, but 

I also suggest that these responses are coupled with the indirect effects of hypoxia on 

lower trophic level organisms.  As an alternative explanation I suggest that lower to 

middle trophic level species are not actually less abundant, but are being used less 

efficiently; therefore consumption of these species does not efficiently transfer to upper 

trophic levels biomass.  If this were the case, measured Q/B values for the upper 

trophic levels would be lower under hypoxic conditions. 

The cumulative production analysis illustrated that lower production occurs in 

Hoodsport compared to Hazel Point implying that seasonal hypoxia has both 

immediate and lasting impacts on production.  While primary production estimates in 

these models were model-derived quantities and zooplankton estimates were highly 

constrained by the lack of available data (Appendix B), these estimates represent the 

best available science. At Hazel Point, where seasonal hypoxia does not regularly 

occur, cumulative production was greater in late summer (September) than early 

summer (June) among the upper trophic levels.  This finding suggests that where 

seasonal hypoxia does not occur, the onset of late summer coincides with the 

elaboration of tissue over the mid-summer months. 

 My results suggest that the stress of hypoxia in Hood Canal limits the transfer 

of lower trophic level production to the upper trophic levels (� 3.0).  This interpretation 
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is consistent with the observed responses in the Chesapeake Bay and Neuse River 

Estuary ecosystems which also experience regular seasonal hypoxia (Baird & 

Ulanowicz 1989, Baird et al. 2004).  An alternative interpretation of the lower 

production with the onset of seasonal hypoxia is that the stress of regular seasonal 

hypoxia leads to lasting changes in the productive capacity of the ecosystem.  Either 

way, both interpretations suggest that seasonal hypoxia interferes with the upward 

transfer of energy within food webs.  

The absolute flow analysis of the modeled systems indicates trophic levels and 

food chains at Hoodsport are shorter and that less energy is available to pass to 

subsequent trophic levels.  Absolute flow is a component of ascendency, a quantitative 

term used to explain the level and structure of organization of an ecosystem network in 

terms of growth and development  (Baird & Ulanowicz 1989, Christensen & Walters 

2004, Patricio et al. 2004, Ulanowicz 2004).  The quantitative assessment of food web 

length allows for the comparison of before and after system level responses to 

perturbations (Patricio et al. 2004).  In Hood Canal, because greater June-to-September 

differences occurred at Hoodsport than at Hazel Point, I speculate that the network 

response to seasonal hypoxia is a shortening of the food web.  Where seasonal hypoxia 

did not occur I observed longer food webs and few structural changes among the 

summer months.   
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Differences in food web length depicted by differences in absolute flow are 

important ecosystem characteristics that indicate how well an ecosystem is organized 

(Monaco & Ulanowicz 1997), and therefore its potential to endure disturbances.  

Because I observed shortened food web structures in Hoodsport, with even shorter food 

webs with the onset of seasonal hypoxia, we can infer that food web length can be used 

as an indicator of how well a system responds to hypoxia.  This suggests that the short 

food webs could be indicators of a stressed ecosystem.  Longer food web structures 

would therefore be indicators for more robust and resilient ecosystems, as they would 

have greater capacity to withstand stress events.  

 My network analysis of the ecological systems in Hood Canal created snapshots 

of the food web structures and identified gaps in data availability with implications for 

improved monitoring and assessment of single species and groups.  The network 

approach for modeling utilized the best available data, but better biomass estimates of 

the primary producers and lower trophic level groups would have allowed us to 

estimate the network responses to changes in primary production.  For example, to date 

little information exists regarding the copepod and euphausiid densities in Hood Canal, 

yet these groups are important prey groups in all four models. Similarly, because diet 

compositions were borrowed from models of adjacent areas to inform the development 

of these models, more reliable diet data could lead to alternative model outputs.  
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Regardless, model estimates and outputs were produced to create a snapshot of the 

Hood Canal systems in between and during the onset of seasonal hypoxia.   

Ecopath models that evaluate the ecosystem responses to hypoxia in Hood 

Canal would benefit from improvements in data quality and from multi-year data sets.  

Multi-year comparisons of the ecosystem responses to hypoxia could identify trends in 

the transfer of energy through the modeled system with varying degrees of seasonal 

hypoxia.  They could also help determine the differences among immediate and lasting 

impacts of hypoxia in the network indicators 

Overall, I demonstrated a system level approach to assessing the ecological 

responses to hypoxia in Hood Canal through the examination and comparison of 

network indices of four modeled systems.  My network analysis approach provides a 

relatively rapid assessment of system level changes associated with disturbance events 

such as hypoxia.  Rapid assessments of ecological systems have intrinsic value to 

resource managers and decision makers whose work often requires rapid evaluation on 

slow ecological processes.  Additionally, the system-level evaluation of ecological 

responses to hypoxia in Hood Canal illustrated the development of a comparative 

ecological framework for creating site and hypoxic condition scaled decisions in 

ecosystem-based management toward the rehabilitation of an ecosystem. 
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Chapter 2:  Applying the principles of ecosystem-based management 
to hypoxia in Hood Canal 

Introduction 

Ecosystem-based management (EBM) is an integrated approach that considers 

entire ecosystems, including humans, the interactions among ecosystem components, 

and the cumulative impacts of multiple activities (McLeod et al. 2005, Leslie & 

McLeod 2007, Levin & Lubchenco 2008).  In 2005 this definition was adopted  in a 

consensus statement signed by over 220 scientists and policy experts from academic 

institutions in the United States (McLeod et al. 2005).   The expert group defined the 

goal of EBM, “to maintain an ecosystem in a healthy productive and resilient condition 

so that it can provide the services humans want and need” (McLeod et al. 2005).   

In the United States, marine EBM is currently recognized as a necessary step 

towards effectively managing living marine resources (Levin et al. 2009). While 

implementation of marine ecosystem-based approaches to management lags behind 

terrestrial ecosystem-based management, the development of marine EBM from theory 

into practice is evident in the United States (NOAA 2005, United States Joint 

Subcommittee on Ocean Science and Technology 2007) .  McLeod and Leslie (2009) 

offer one explanation for the delayed development of marine EBM, suggesting that the 

complexity of marine ecosystems and the influence of human activity on these systems 

are currently less well studied and less well understood than in terrestrial systems.  
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Marine scientists and policy practitioners are applying strategies and lessons learned 

from the legacy of terrestrial EBM to design and advance effective management of 

marine ecosystems (Leslie & McLeod 2007).  

EBM can be applied to the management of stressed or disturbed marine 

ecosystems.  After considering compounded perturbations to several ecological 

systems, Paine et al. (1998) concluded that, “Understanding the role of compounded 

disturbances, some natural and others of anthropogenic origin, will be basic to 

environmental management decisions in the 21st century.”  EBM is a strategy that can 

address compounded disturbances and stressors from multiple sources.   EBM 

considers ecosystems as dynamic, constantly responding to stressors that put the 

system at risk of instability.  These stressors can be human-induced (e.g., pollution) or 

naturally occurring (e.g., storms).   

Because EBM considers the interconnectedness of marine systems and the 

importance of the ecological and social interactions, it can also be used to understand 

the system’s resilience, the ability to absorb disturbances without loss of function 

(Walker & Salt 2006).   Substantial scientific evidence suggests that ecological 

interactions in marine systems are essential to the resilience of these systems (Leslie & 

McLeod 2007).  Stress on these interactions can reduce the system’s ability to recover 
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and lead to a decline in desired ecosystem goods and services (Paine et al. 1998, Leslie 

& McLeod 2007). 

Four principles for implementing marine EBM 

Four key principles for  implementing marine EBM are generally accepted by 

both academics and practitioners (Leslie & McLeod 2007):  

·  Principle 1: address multiple spatial and temporal scales in the design and 

implementation of EBM efforts 

·  Principle 2:  increase recognition of the linkage among marine ecosystems 

and the human communities that depend on these systems 

·  Principle 3:  connect environmental policy and management across air, 

land, and sea boundaries 

·  Principle 4:  meaningfully engage stakeholders to create management 

initiatives that are credible, enforceable and realistic   

The four principles create a framework for implementing marine EBM at 

multiple scales, including local and regional.  Local and regional scales are recognized 

as the scales at which people are most closely linked to and dependent upon marine 

ecosystems (Leslie & McLeod 2007).  Here I use the stressed ecosystem of Hood 
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Canal as an example of the application of the four principles for marine EBM at the 

regional scale.   

Case Study:  Applying EBM to the problem of hypoxia in Hood Canal 

Hood Canal in a Nutshell 

Hood Canal is a glacially-carved L-shaped sub-basin located on the western 

side of the main basin of Puget Sound. The canal is approximately 96 km in length, 

0.40 to 6.47 km in width, and up to 200 m in depth, with approximately 290 km of 

shoreline (Fagergren et al. 2004, Hull & Bryan 2005). The Hood Canal watershed 

covers the eastern slopes of the Olympic Mountains and the western side of the Kitsap 

Peninsula.  Five major rivers discharge into the canal from the Olympic Mountains 

(Fagergren et al. 2004, Hull & Bryan 2005), and water circulation within Hood Canal 

is strongly influenced by surface layers of cold fresh water from river discharge. The 

fresh water generally flows northward while the deeper more saline water is drawn 

southward from the Strait of Juan de Fuca.  While this is a simplification of the natural 

water circulation and mixing dynamics, it helps explain the natural factors that 

contribute to hypoxia in Hood Canal (Cannon et al. 1990, Moore et al. 2008).   

Urban development in Hood Canal is confined to two unincorporated 

communities, Belfair at the terminal end of Hood Canal and Hoodsport, located on the 
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western shore (Hull & Bryan 2005).  Residential use dominates the existing and 

emerging shoreline development.  In 2000, the residential population in the watershed 

was estimated at nearly 54,000 with the largest concentrations of homes on the 

northern and southern shorelines, and near the head of the canal (Fagergren et al. 2004, 

Hull & Bryan 2005).  The distribution of an increasing human population on the shores 

and surrounding hills of the canal plays a contributing role in the development of 

hypoxic conditions in Hood Canal (Fagergren et al. 2004, Newton 2005, Newton et al. 

2007).  

Rehabilitating Hood Canal 

 Hood Canal has environmental, cultural, economic, recreational, and aesthetic 

importance to the state of Washington (Washington State Legislature 2007b).   The 

state has a vested interest in the rehabilitation of the Hood Canal ecosystem and its 

goods and services.  Under Washington State Legislature funding for rehabilitation 

projects, studies, and activities are coordinated and administered under a partnership 

between the Hood Canal Coordinating Council (HCCC), a watershed-based council of 

governments including tribal, county, state and federal agencies , and the Puget Sound 

Partnership (PSP), a state-funded entity consisting of citizens, governments, tribes, 

scientists and businesses working to restore and protect Puget Sound (PSP website, 

"About the Partnership"  Washington State Legislature 2007a).  



27 

 

 

 

In 2005 Congressman Norm Dicks secured federal funding for the Hood Canal 

Dissolved Oxygen Program (HCDOP) to identify sources contributing to hypoxia in 

Hood Canal and determine which, if any, human activities are influencing the problem 

(HCDOP website, "IAM study approach").  HCDOP was born out of discussions 

among scientists, managers, and policy makers with an interest in mitigating the 

problem of hypoxia in Hood Canal (Newton, personal communication).   HCDOP was 

intentionally designed with two interconnected arms, the Corrective Action and 

Education (CAE) arm and Integrated Assessment Modeling (IAM) arm.  The IAM 

science informs the recommendations and actions of the CAE arm, which regularly 

collaborates with PSP, HCCC, and other stakeholders (HCDOP website, "Structure").   

The combined efforts of these two HCDOP arms have established a new level of 

understanding surrounding the sources of hypoxia in Hood Canal and EBM 

recommendations for rehabilitation. 

Here I demonstrate the four key principles of EBM at work to address the 

hypoxia problem in Hood Canal.   Specifically, I identify the way in which each 

principle is currently addressed.  I summarize exemplary actions of HCDOP and its 

partners relating to each principle.  Finally, I discuss how the EBM approach used to 

address hypoxia in Hood Canal could be used as a model for managing other marine 

ecosystems under stress.   
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Principle 1: Address multiple spatial and temporal scales in the design and 

implementation of EBM efforts 

 The application of EBM for improved management surrounding hypoxia in 

Hood Canal requires the recognition of several interconnected scales.  The Hood Canal 

sub-basin has system properties that differ from the greater Puget Sound, for example 

unique oceanographic features (Cannon et al. 1990, Moore et al. 2008) and fewer urban 

landscapes. Consequently, it is appropriate to apply EBM at this regional scale.  Within 

the Hood Canal system, smaller-scale spatial and temporal variation can be addressed, 

for example biogeophysical and social differences between northern and southern 

Hood Canal, as well as seasonal, annual, and historical variation.  

Low dissolved oxygen (DO) levels have been identified as a natural occurrence 

within Hood Canal, and were recorded as early as the 1950s (Collias et al. 1974, 

Newton et al. 2007).  Historical data indicate that low DO levels are a part of this 

natural system (Collias et al. 1974).  The shape and configuration of the water body, 

stratification of fresh and saline water, and the physical characteristics of sills and 

depth gradient variation between northern and southern Hood Canal constrain 

circulation.  High productivity combined with high organic loading from terrigenous 

sources and slow circulation result in dynamics that contribute to the naturally low DO 

levels in Hood Canal (Newton 2005).  
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Both chronic and episodic low DO occur within Hood Canal (Newton et al. 

2007).  Chronic low DO varies across a spatial gradient, in which DO levels decline 

with greater distance from the mouth (in the north) to the head (in the south) of Hood 

Canal (Newton et al. 2007).  Episodic low DO regularly occurs during the summer 

months in Hood Canal.  Episodic low DO events are associated with upwelling 

processes that bring deep low-oxygen water to the surface. Upwelling is caused by the 

intrusion of newer, denser ocean water at depth, or southerly winds that push the 

surface water layer in the main stem of Hood Canal northwards (Newton et al. 2007, 

Moore et al. 2008).   Episodic hypoxia is also referred to as seasonal hypoxia.  Regular 

seasonal hypoxia occurs in southern Hood Canal, but does not typically occur in 

northern Hood Canal.  Seasonal hypoxia has contributed to past fish-kill events in 

southern Hood Canal.   

Ecological differences between northern and southern Hood Canal were 

detected though food web modeling (Chapter 1).   Lower biomass, production and 

energy flows between trophic levels in southern compared to northern Hood Canal 

could reflect spatial differences in the impacts of regular seasonal hypoxia (Chapter 1).  

Consideration of these spatial differences among natural system variables is important 

for designing scale-matched solutions within an EBM strategy. 
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 While the ecological scales at which hypoxia impacts the ecosystem are 

important to the design of EBM strategies, the capacity to implement EBM is likely 

dependent on institutional capacities.  For this reason, sociopolitical spatial scales are 

also critical scales to address.  In the case of Hood Canal this includes the 

consideration of multiple jurisdictions and stakeholders (for example, federal, tribal, 

state, and local entities) and the spatial scales at which they interact with the Hood 

Canal ecosystem.   

In Hood Canal spatial distributions of population densities are also important.  

Southern Hood Canal is more densely populated than northern Hood Canal.  Spatial 

variation in population densities in Hood Canal overlays and potentially confounds 

spatial variation in ocean circulation patterns and processes.  This creates an argument 

for seriously considering the social-ecological interactions within the ecosystem 

because the two are potentially highly confounded in the system. 

 EBM in Hood Canal allows the design of management strategies that recognize 

the seasonal, annual, and historical scales at which hypoxia impacts the ecosystem.  

The impacts of hypoxia vary both seasonally and interannually (Newton 2005, Newton 

et al. 2007).  Historical, or legacy impacts, could also contribute to current conditions 

in Hood Canal.  For example, the impacts of historical timber harvest that played a role 

in the conversion of coniferous habitat to nitrogen-fixing alder habitat within the 
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ecosystem could contribute to hypoxic conditions observed in the present (Newton et 

al. 2007).   Greater understanding of legacy impacts and the annual and seasonal 

variability of hypoxia in Hood Canal can assist in better understanding the impacts of 

hypoxia for setting appropriately scaled goals for rehabilitation. 

Summary of Actions 

Issues of scale are directly addressed in the current EBM efforts in Hood Canal.  

Research performed by HCDOP-IAM has contributed to the scientific understanding of 

the ecological and anthropogenic variables (for example, water circulation patterns and 

human nitrogen inputs) that influence hypoxia in Hood Canal with particular attention 

to the temporal scales at which they act (Newton 2005, Newton et al. 2007, Hood 

Canal Dissolved Oxygen Program 2008).   HCDOP and its multiple partners 

demonstrate the recognition of the sociopolitical scales at which stakeholders are 

directly linked to the ecosystem under stress (HCDOP website, "Partners").   

Principle 2:  Increase recognition of the linkage among marine ecosystems and the 

human communities that depend on these systems 

EBM in Hood Canal can address the interplay between the natural and human 

systems that comprise the ecosystem.  Current evidence suggests that both human 

factors (e.g. loading of nutrients and carbon) and natural factors (e.g. climate and 

circulation patterns) contribute to hypoxia in Hood Canal (Fagergren et al. 2004, Hull 
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& Bryan 2005, Newton et al. 2007).  Changes in the ecological system variables related 

to hypoxia, such as water quality, could have impacts on the human system, limiting 

the availability of ecosystem goods and services that residents currently rely on.  The 

coupled human and natural system (CHANS) model of Liu et al. (2007b) can be used 

to elucidate linkages between the human and natural system in the case of Hood Canal 

(Figure 8).  

Coupled human-natural systems (Liu et al. 2007a) are not static; they can 

change over time, and are characterized by both slow- and fast-acting variables 

(Walker & Salt 2006).  The Hood Canal CHANS encompasses ecological and physical 

domains within its natural system.  The physical variables support and constrain the 

ecological variables.  The linked natural system and the human system both contain 

slow and fast acting variables.   Management strategies typically target the fast 

variables, those that are more dynamic and responsive to perturbation events 

(Carpenter et al. 2001), and ignore the slow variables.   To fully understand and 

manage the low dissolved oxygen problem, both human and natural system variables 

must be understood.  

The CHANS model acknowledges the complexity of integrated systems and the 

need for integrative approaches to understand and manage key variables to reduce 

linkages between natural and human systems that can reduce resilience in the coupled 
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system (Liu et al. 2007b).  With greater understandings of how CHANS change in 

response to disturbances come opportunities to avoid the collapse of systems (Walker 

& Salt 2006).  Understanding the interplay of human and natural ecosystem attributes 

of hypoxia in Hood Canal could lead to a better understanding of what attributes put 

the system at risk of rapid change. 

Summary of Actions 

 The study design and actions of HCDOP, PSP, HCCC and other contributors to 

EBM in Hood Canal directly address the linkage among marine ecosystems and the 

human communities that depend on them.  The approach of HCDOP and its partners is 

a systems-based approach that  includes humans within the ecosystem (HCDOP 

website, "Structure", HCDOP website, "Partners"), and considers human ties to the 

goods and services provided by the natural system.  HCDOP-CAE and its partners’ 

commitment to education and outreach efforts (HCDOP website, "Structure") illustrate 

a commitment to creating sustained understanding of the interplay between human and 

natural attributes that contribute to and are affected by hypoxia in the Hood Canal 

ecosystem.   
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Principle 3:  Connect environmental policy and management across air, land, and 

sea boundaries 

 Management actions to address hypoxia in Hood Canal are not limited to 

aquatic boundaries, but extend to consideration of terrestrial and ambient factors that 

influence and are affected by hypoxia.  As identified under principle one, there are 

multiple physical and social scales at which hypoxia affects the ecosystem.  Therefore, 

the physical domains and sociopolitical entities that represent these scales can be 

connected to the design and implementation of EBM.  For example, in the Hood Canal 

ecosystem this could include connecting environmental policy and management 

objectives for shoreline use, habitat modification, water quality, and fisheries harvest 

that were originally developed as individual management objectives. 

Summary of Actions 

HCDOP-IAM is actively studying the factors contributing to hypoxia in Hood 

Canal across physical and ecosystem boundaries in order to make recommendations for 

corrective action and education that connect environmental policy and management 

across these boundaries.  For example, in 2004 initial HCDOP-IAM assessments 

suggested that nutrient loading from shore-based on-site septic systems contributes to 

the low dissolved oxygen problems in the ecosystem and recommendations for 

corrective actions were made (Fagergren et al. 2004).  In response, local government in 
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the form of the Kitsap County Health District initiated a Pollution Identification and 

Corrective project to protect public health from water quality related hazards as well as 

to test whether or not repairing on–site septic systems leads to reduced land-based 

nutrient inputs (Banigan et al. 2007).  The Kitsap County Health District identified ten 

failing on-site septic systems between January and April of 2007 and determined that 

correcting failing on-site septic systems leads to net reductions in shoreline nutrient 

loading (Banigan et al. 2007). The Health District is continuing to proactively educate 

homeowners about the connections between failing on-site septic systems, water 

quality, and public health (Banigan et al. 2007).   

Principle 4:  Meaningfully engage stakeholders to create management initiatives 

that are credible, enforceable and realistic   

 Diverse entities in Hood Canal need to work collaboratively to mitigate the 

hypoxia problem.  A key factor in achieving this is the involvement of local and 

community stakeholders in the creation of management initiatives (Leslie & McLeod 

2007).  In the case of Hood Canal this includes representatives of groups such tribes, 

local governments, shoreline property owners, land developers, local shellfish growers, 

local foresters, and scientists.  Meaningful engagement among these and other 

stakeholders can present significant challenges to implementing EBM when common 

vision and objectives cannot be identified (Leslie & McLeod 2007).  Building the 
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institutional capacity for stakeholder involvement at the onset can lead to stronger 

investments in the devised management initiatives. 

Summary of Actions 

In the case of Hood Canal active citizenry and engaged stakeholders have built 

the institutional capacity to create management initiatives that are credible, enforceable 

and realistic.  From the onset, HCDOP, PSP and HCCC, all multi-stakeholder entities, 

have worked collectively toward understanding the problem of hypoxia in the context 

of making recommendations for mitigation and creating realistic policy and 

management strategies toward rehabilitating Hood Canal (HCDOP website, 

"Structure").  These umbrella entities have engaged diverse stakeholders, fostered 

communication across disciplines, and intentionally supported local community 

involvement (PSP website, "About the Partnership", Newton, personal 

communication). 

One example of an engaged local stakeholder group is the Lower Hood Canal 

Watershed Implementation Coalition, a local citizen group that exists to protect and 

rehabilitate the canal (Tollefson 2008).  They meet to review studies, such as the 

HCDOP-IAM studies, and discuss and develop rehabilitation initiatives in Hood Canal 

(Tollefson 2008, Newton personal communication).  This unique citizen group does 

not accept grants for their work, focuses on issues such as the affects of  septic-systems 
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on water quality, and embodies a diversity of stakeholders including local property 

owners, state agency representatives, tribal representatives, and business owners to 

name a few (Tollefson 2008).  The advance of credible and realistic EBM initiatives in 

Hood Canal can likely be attributed to the engagement of local groups such as the 

Lower Hood Canal Implementation Coalition and other meaningfully engaged 

stakeholder groups in Hood Canal (HCDOP website, "Partners").   

Conclusion 

 The social-ecological system within Hood Canal illustrates the opportunities for 

implementing marine EBM in a system under stress.  The system provides an example 

of success where ecosystem-based goals have helped to inform management actions. 

The HCDOP approach to the hypoxia problem in Hood Canal is an example of 

regional EBM at work and a model for future EBM applications to other social-

ecological systems under stress. 

While HCDOP did not explicitly set out to label their efforts as EBM, or to 

create an innovative model for future EBM efforts (Newton, personal communication), 

they are achieving both.  Success of HCDOP in the context of EBM can be attributed 

the following (Newton , personal communication): 

·  commitment to research and to no-regret actions at the outset 
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·  use of a systems approach  that includes basin, watershed, biota, humans, 

and climate 

·  establishment of partnerships across entities to conduct research 

·  effective coordination among scientists and between scientists, managers, 

and decision-makers  

·  involvement of local and tribal governments and the community at large 

·  emphasis on public outreach and sharing of data 

·  allocation of funding for targeted research 

Each of these addresses one or more of Leslie and McCleod’s four principles for 

marine EBM.  The HCDOP approach illustrates the identification of crucial research 

needs, the building of interdisciplinary capacity, and synthesizing and communicating 

of scientific knowledge, all key approaches recommended by Leslie and McLeod 

(2007) for overcoming the challenges of implementing marine EBM.  As a result, 

diverse stakeholders are working collectively towards understanding, monitoring, 

education, and implementing corrective action to mitigate the hypoxia problem in 

Hood Canal.  

This case study illustrates the evolution of marine EBM.  It provides one 

example of the advancement of marine EBM from theory into practice.  Finally, it 
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highlights attributes of success and describes the HCDOP approach as a model for 

advancing regional EBM to other ecosystems under stress. 
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Conclusion 

Here I performed a network-analysis of the ecological responses to hypoxia in 

Hood Canal and demonstrated the application of the four principles of marine EBM 

(Leslie & McLeod 2007) for mitigating the hypoxia problem.  I evaluated the lasting 

and immediate impacts of regular seasonal hypoxia on food web structures within 

Hood Canal.  I found that both immediate and lasting impacts incur from regular 

seasonal hypoxia.  The impacts were detected through network indicators, and 

illustrated lower biomass, production and absolute flow in the southern Hood Canal 

food webs compared to northern Hood Canal food webs.  These findings helped to 

inform the first principle of marine EBM, addressing multiple spatial and temporal 

scales in the design and implementation of EBM efforts (Leslie & McLeod 2007).  I 

further demonstrated the application of all four principles of marine EBM in Hood 

Canal and highlighted the current actions that demonstrate the address of each 

principle.  I proposed that the Hood Canal Dissolved Oxygen Program’s approach to 

the hypoxia problem in Hood Canal is an effective model for applying EBM to other 

ecosystems under stress.  In full this study provided an example of an ecological 

evaluation that helped inform EBM principles and provided an example of marine 

EBM in practice.   
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Table 1.  Areas by depth (km2) 

Depth Hazel Point Hoodsport 

Shallow (>20-45 m) 0.6876 0.2718 

Intermediate (>45-80 m) 0.5724 0.2259 

Deep (>80 m) 23.2182 10.9791 
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Table 2. Ecopath group trophic levels and estimated change in biomass expressed as ratio of June to 
September levels. 
    June : September biomass) 
Group name Trophic level Hazel Point Hoodsport 
Phytoplankton 1 0.934991521 1.005943024 
Algal/plant detritus 1 1 1 
Detritus 1 1 1 
Small Seastars 2 0.049367089 0.529182879 
Sea cucumbers 2 32.27272727 0.011820331 
Geoducks 2 1 1 
Infaunal bivalves 2 1 1 
Other Polychaetes 2 1 1 
Microzooplankton 2 0.891098615 1.010205909 
Filter Feeding Polychaetes 2.1 1 1 
Tunicates 2.1 0.304123711 12.07261725 
Euphausiids 2.12 1.027859238 1.100702576 
Copepods 2.2 1.13461618 1 
Small crustacean omnivores 2.36 0.916572815 2.606060606 
Other Soft Infauna 2.46 1 1 
Small gelatinous zoops 2.57 0.712625339 1.025565146 
Anemones 2.59 1.144199449 0.763265306 
Benthic shrimps 2.71 1.621808398 1.11675238 
Anchovies 2.84 0.722059372 1.005410889 
Predatory benthic inverts 3.01 0.877894737 3.013415893 
Ratfish 3.08 0.567713787 4.544861338 
Small mouthed Flatfish 3.12 0.821958457 13.96103896 
Small rockfish 3.14 0.313266444 4.206349206 
Jellies 3.17 3.879032258 3.774131274 
Large Seastars 3.24 0.174504249 208 
Red Rock Crab 3.29 0.680661578 107.2727273 
Graceful Crab 3.29 0.190697674 -- 
Herring 3.3 1 1 
Dungenous Crab 3.31 0.60749331 2.491017964 
Slender sole 3.42 0.375 10.32822757 
Tomcod + Walleye Pollock 3.46 0.634730539 1.276553106 
Demersal forage fish 3.48 0.751020408 2.857142857 
Midshipmen 3.53 1.664835165 4.141749723 
Large mouthed Flatfish 3.54 1.169732441 693 
Skates 3.72 2.321585903 2.667506297 
Pacific hake 3.88 2.032934807 0.94789965 
Large rockfish 4.08 0.206442167 1 
Dogfish 4.26 0.325287573 0.754518072 
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Figure 1. Ecoviz of Hazel Point in June model output where font size is relative to biomass and vertical position within the box indicates trophic position. 
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Figure 2.  Ecoviz of the Hazel Point in September model output where font size is relative to biomass and vertical position within the box indicates trophic 
position. 
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Figure 3.  Ecoviz of the Hoodsport in June model output where font size is relative to biomass and vertical position within the box indicates trophic 
position. 
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Figure 4.  Ecoviz of the Hoodsport in September model output where font size is relative to biomass and vertical position within the box indicates trophic 
position.
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Figure 5. Cumulative biomass of the four modeled systems (Biomass in log (t/km2) 
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Figure 6. Cumulative production of the four modeled systems (Production in log (t/km2/yr)) 
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Figure 7. Absolute flow by trophic level (absolute flow in (t/km2/year).   
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Figure 8. Diagram of Hood Canal in a CHANS framework.  Functional group abundance and species composition in 
this system are also elements of food webs.  (S= slow variable; F=fast variable.) 
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Appendix A 

The following are the Ecopath basic estimates and diet matrices for the four modeled 

systems: Hazel Point June, Hazel Point September, Hoodsport June, and Hoodsport 

September. 

 

 �
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Ecopath Basic Estimates 

Hazel Point June Model 

Group name Trophic  
level 

B  
(t/km^2) 

P/B  
(/year) 

Q/B 
(/year) 

EE P/Q 

Dogfish 4.26 1.725 0.10 2.69 0.00 0.04 
Skates 3.72 4.216 0.31 1.40 0.00 0.22 
Ratfish 3.08 26.024 0.20 1.65 0.10 0.12 
Pacific hake 3.88 36.048 0.41 2.57 0.99 0.16 
Tomcod + Walleye Pollock 3.46 0.053 1.08 5.41 0.90 0.20 
Large rockfish 4.08 0.141 0.24 2.03 0.07 0.12 
Small rockfish 3.14 0.00281 0.44 4.27 0.32 0.10 
Large mouthed Flatfish 3.54 4.197 0.36 1.74 0.15 0.21 
Slender sole 3.42 0.0321 0.24 1.90 0.65 0.13 
Small mouthed Flatfish 3.12 0.277 0.26 1.74 0.96 0.15 
Herring 3.3 86.322 1.90 9.48 0.26 0.20 
Anchovies 2.84 13.548 1.67 7.00 0.80 0.24 
Demersal forage fish 3.48 1.84 1.20 6.00 0.70 0.20 
Midshipmen 3.53 0.0303 2.27 5.70 0.80 0.40 
Benthic shrimps 2.71 30.743 2.00 12.00 0.90 0.17 
Dungeness Crab 3.31 0.681 1.20 6.42 0.58 0.19 
Red Rock Crab 3.29 0.535 1.20 6.42 0.18 0.19 
Graceful Crab 3.29 0.0328 1.20 6.42 0.88 0.19 
Large Seastars 3.24 0.308 0.52 2.60 0.87 0.20 
Small Seastars 2 0.0156 0.22 1.28 0.95 0.17 
Small crustacean omnivores 2.36 10.58 3.57 25.00 0.90 0.14 
Sea cucumbers 2 0.0568 1.11 20.00 0.91 0.06 
Predatory benthic inverts 3.01 0.417 1.01 5.05 0.60 0.20 
Geoducks 2 0.1 0.05 2.00 0.20 0.02 
Infaunal bivalves 2 90.562 1.11 3.71 0.44 0.30 
Filter Feeding Polychaetes 2.1 4.716 4.32 21.60 0.77 0.20 
Other Polychaetes 2 65.138 4.32 21.60 0.75 0.20 
Other Soft Infauna 2.46 10.502 4.24 21.20 0.80 0.20 
Tunicates 2.1 0.00236 2.06 10.30 0.10 0.20 
Anemones 2.59 9.133 2.00 10.00 0.00 0.20 
Microzooplankton 2 19.491 100.00 285.71 0.80 0.35 
Copepods 2.2 54.836 15.00 75.00 0.90 0.20 
Euphausiids 2.12 0.0701 10.68 44.15 0.90 0.24 
Small gelatinous zoops 2.57 54.937 9.00 30.00 0.80 0.30 
Jellies 3.17 0.481 3.00 12.00 0.00 0.25 
Phytoplankton 1 72.776 222.65 - 0.61 - 
Algal/plant detritus 1 1 - - 0.012 - 
Detritus 1 1 - - 0.533 - 
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Hazel Point September Model 

Group name Trophic 
level 

B 
(t/km^2) 

P/B 
(/year) 

Q/B 
(/year) 

EE P/Q 

Dogfish 4.26 1.725 0.103 2.692 0.004 0.038 
Skates 3.72 4.216 0.31 1.398 0 0.222 
Ratfish 3.08 26.024 0.199 1.653 0.097 0.12 
Pacific hake 3.88 36.048 0.405 2.571 0.987 0.158 
Tomcod + Walleye Pollock 3.46 0.053 1 5 0.974 0.2 
Large rockfish 4.08 0.141 0.24 2.03 0.074 0.118 
Small rockfish 3.14 0.00281 0.44 4.27 0.323 0.103 
Large mouthed Flatfish 3.54 4.197 0.36 1.742 0.149 0.207 
Slender sole 3.42 0.0321 0.24 1.9 0.65 0.126 
Small mouthed Flatfish 3.12 0.277 0.26 1.742 0.96 0.149 
Herring 3.3 86.322 1.896 9.48 0.256 0.2 
Anchovies 2.84 13.548 1.671 7 0.8 0.239 
Demersal forage fish 3.48 1.84 1.2 6 0.7 0.2 
Midshipmen 3.53 0.0303 2.273 5.703 0.8 0.399 
Benthic shrimps 2.71 30.737 2 12 0.9 0.167 
Dungeness Crab 3.31 0.681 1.2 6.42 0.581 0.187 
Red Rock Crab 3.29 0.535 1.2 6.42 0.178 0.187 
Graceful Crab 3.29 0.0328 1.2 6.42 0.883 0.187 
Large Seastars 3.24 0.308 0.519 2.595 0.874 0.2 
Small Seastars 2 0.0156 0.217 1.276 0.951 0.17 
Small crustacean omnivores 2.36 10.576 3.57 25 0.9 0.143 
Sea cucumbers 2 0.0568 1.113 20 0.91 0.056 
Predatory benthic inverts 3.01 0.417 1.01 5.05 0.6 0.2 
Geoducks 2 25.281 0.046 2 0.802 0.023 
Infaunal bivalves 2 90.562 1.113 3.71 0.444 0.3 
Filter Feeding Polychaetes 2.1 4.716 4.32 21.6 0.773 0.2 
Other Polychaetes 2 65.138 4.32 21.6 0.749 0.2 
Other Soft Infauna 2.46 10.502 4.239 21.196 0.8 0.2 
Tunicates 2.1 0.00236 2.059 10.295 0.1 0.2 
Anemones 2.59 9.133 2 10 0.002 0.2 
Microzooplankton 2 19.49 100 285.714 0.8 0.35 
Copepods 2.2 54.833 15 75 0.9 0.2 
Euphausiids 2.12 0.0701 10.683 44.145 0.9 0.242 
Small gelatinous zoops 2.57 54.937 9 30 0.8 0.3 
Jellies 3.17 0.481 3 12 0 0.25 
Phytoplankton 1 73.052 222.65 - 0.61 - 
Algal/plant detritus 1 1 - - 0.012 - 
Detritus 1 1 - - 0.534 - 
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Hoodsport June Model 

Group name Trophic 
level 

B 
(t/km^2) 

P/B 
(/year) 

Q/B 
(/year) 

EE P/Q 

Dogfish 4.25 0.501 0.103 2.692 0.012 0.038 
Skates 3.57 1.059 0.31 1.398 0 0.222 
Ratfish 3.09 2.786 0.199 1.653 0.267 0.12 
Pacific hake 3.81 32.494 0.405 2.571 0.997 0.158 
Tomcod + Walleye Pollock 3.37 0.000637 1.018 5.092 0.963 0.2 
Large rockfish 4.05 0.001 0.24 2.03 0.309 0.118 
Small rockfish 3.14 0.159 0.44 4.27 0.002 0.103 
Large mouthed Flatfish 3.51 0.693 0.36 1.742 0.212 0.207 
Slender sole 3.34 0.944 0.24 1.9 0.007 0.126 
Small mouthed Flatfish 3.11 0.215 0.26 1.742 0.428 0.149 
Herring 3.3 15.493 1.896 11.597 0.848 0.163 
Anchovies 2.84 2.973 1.671 7 0.8 0.239 
Demersal forage fish 3.48 0.32 1.2 6 0.7 0.2 
Midshipmen 3.47 0.374 0.035 5.703 0.8 0.006 
Benthic shrimps 2.52 30.618 2 12 0.9 0.167 
Dungeness Crab 3.28 0.208 1.2 6.42 0.861 0.187 
Red Rock Crab 3.23 0.0885 1.2 6.42 0.223 0.187 
Large Seastars 3.25 0.0208 0.519 2.595 0.922 0.2 
Small Seastars 2 0.00136 0.217 1.085 0.675 0.2 
Small crustacean omnivores 2.35 1.376 3.57 25 0.9 0.143 
Sea cucumbers 2 0.001 1.113 20 0.287 0.056 
Predatory benthic inverts 3.01 0.0292 1.01 5.05 0.6 0.2 
Geoducks 2 1 0.046 2 0 0.023 
Infaunal bivalves 2 14.673 1.113 3.71 0.32 0.3 
Filter Feeding Polychaetes 2.1 0.539 4.32 21.6 0.66 0.2 
Other Polychaetes 2 11.676 4.32 21.6 0.974 0.2 
Other Soft Infauna 2.46 3.538 29.245 146.226 0.8 0.2 
Tunicates 2.1 0.000798 2.059 10.295 0.1 0.2 
Anemones 2.59 0.0561 2 10 0.018 0.2 
Microzooplankton 2 11.284 100 285.714 0.8 0.35 
Copepods 2.2 48.33 15 75 0.484 0.2 
Euphausiids 2.12 0.047 10.683 44.145 0.9 0.242 
Small gelatinous zoops 2.57 12.476 9 30 0.8 0.3 
Jellies 3.17 1.955 3 12 0 0.25 
Phytoplankton 1 46.717 222.65 - 0.61 - 
Algal/plant detritus 1 1 - - 0.009 - 
Detritus 1 1 - - 0.338 - 
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Hoodsport September Model 

Group name Trophic 
level 

B 
(t/km^2) 

P/B 
(/year) 

Q/B 
(/year) 

EE P/Q 

Dogfish 4.26 0.664 0.103 2.692 0 0.038 
Skates 3.65 0.397 0.31 1.398 0 0.222 
Ratfish 3.04 0.613 0.199 1.653 0.853 0.12 
Pacific hake 3.82 34.28 0.405 2.571 0.779 0.158 
Tomcod + Walleye Pollock 3.42 0.000499 1.5 7.5 0.866 0.2 
Large rockfish 4.07 0.001 0.24 2.03 0.433 0.118 
Small rockfish 3.14 0.0378 0.44 4.27 0.01 0.103 
Large mouthed Flatfish 3.53 0.001 0.36 1.742 0.834 0.207 
Slender sole 3.38 0.0914 0.24 1.9 0.095 0.126 
Small mouthed Flatfish 3.11 0.0154 0.26 1.742 0.845 0.149 
Herring 3.3 15.493 1.896 11.597 0.903 0.163 
Anchovies 2.84 2.957 1.671 7 0.8 0.239 
Demersal forage fish 3.49 0.112 1.2 6 0.7 0.2 
Midshipmen 3.55 0.0903 0.204 5.703 0.8 0.036 
Benthic shrimps 2.63 28.464 2 12 0.9 0.167 
Dungeness Crab 3.3 0.0835 1.2 6.42 0.737 0.187 
Red Rock Crab 3.03 0.000825 1.2 6.42 0.737 0.187 
Graceful Crab 2.94 0.000977 1.2 6.42 0.737 0.187 
Large Seastars 3.25 0.0001 0.519 2.595 0.914 0.2 
Small Seastars 2 0.00257 0.217 1.085 0.002 0.2 
Small crustacean omnivores 2.35 0.537 3.57 25 0.9 0.143 
Sea cucumbers 2 0.0846 1.113 20 0 0.056 
Predatory benthic inverts 3.01 0.00969 1.01 5.05 0.6 0.2 
Geoducks 2 1 0.046 2 0 0.023 
Infaunal bivalves 2 14.673 1.113 3.71 0.103 0.3 
Filter Feeding Polychaetes 2.1 0.539 4.32 21.6 0.706 0.2 
Other Polychaetes 2 11.676 4.32 21.6 0.717 0.2 
Other Soft Infauna 2.46 3.538 22.979 114.896 0.8 0.2 
Tunicates 2.1 6.61E-05 2.059 10.295 0.1 0.2 
Anemones 2.59 0.0735 2 10 0 0.2 
Microzooplankton 2 11.177 100 285.714 0.8 0.35 
Copepods 2.2 48.33 15 75 0.476 0.2 
Euphausiids 2.12 0.044 10.683 44.145 0.9 0.242 
Small gelatinous zoops 2.57 12.165 9 30 0.8 0.3 
Jellies 3.17 0.518 3 12 0 0.25 
Phytoplankton 1 46.457 222.65 - 0.61 - 
Algal/plant detritus 1 - - - 0.008 - 
Detritus 1 - - - 0.292 - 
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Diet Matrices 
Hazel Point June Model Diet Matrix (1 of 4)  
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Dogfish
Skates
Ratfish 0.1
Pacific hake 0.025 0.04 0.0005
Tomcod + Walleye Pollock 0.001 0.001 0.0003 0.0008
Large rockfish 0.0005
Small rockfish 0.00008
Large mouthed Flatfish 0.02 0.005
Slender sole 0.001
Small mouthed Flatfish 0.001 0.002 0.01
Herring 0.4 0.04 0.025 0.063 0.62 0.07
Anchovies 0.011 0.003 0.08 0.01
Demersal forage fish 0.018 0.017 0.008 0.04
Midshipman 0.007 0.07
Benthic shrimps 0.02 0.584 0.018 0.096 0.316 0.11 0.077
Dungeness Crab 0.014 0.004 0.00088
Red Rock Crab 0.01 0.003 0.00069
Graceful Crab 0.004 0.002
Large Seastars
Small Seastars
Small crustacean omnivores 0.01 0.075 0.1 0.01 0.25 0.09 0.215
Sea cucumbers
Predatory benthic inverts 0.001 0.001
Geoducks
Infaunal bivalves 0.0001 0.44 0.01
Filter Feeding Polychaetes 0.00003 0.01 0.00096 0.004 0 0.005
Other Polychaetes 0.00041 0.15 0.013 0.058 0.01 0.08
Other Soft Infauna 0.00007 0.02 0.002 0.009 0 0.1
Tunicates 0
Anemones
Microzooplankton 0.0005 0.035 0.002 0 0.2 0.022
Copepods 0.016 0.0005 0.096 0.04 0.45 0.008
Euphausiids 0.0008 0.0009 0.0006
Small gelatinous zoops
Jellies
Phytoplankton
Algal/plant detritus 0.04 0.0001
Detritus
Import 0.285
Sum 0.928 0.746 0.815 0.261 0.736 1.03 0.65 0.645
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Hazel Point June Model Diet Matrix (2 of 4)   
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Dogfish
Skates
Ratfish
Pacific hake 0.005
Tomcod + Walleye Pollock 0.001
Large rockfish
Small rockfish
Large mouthed Flatfish 0.006
Slender sole
Small mouthed Flatfish 0.004
Herring 0.01 0.094 0.037
Anchovies 0.01 0.05
Demersal forage fish 0.033
Midshipman
Benthic shrimps 0.345 0.026 0.089 0.328 0.02 0.2
Dungeness Crab 0.00058
Red Rock Crab 0.00046
Graceful Crab 0.00028
Large Seastars
Small Seastars
Small crustacean omnivores 0.192 0.161 0.002 0.386 0.3 0.01 0.082
Sea cucumbers
Predatory benthic inverts 0.0006 0.001 0.001 0.003
Geoducks
Infaunal bivalves 0.002 0.231 0.045 0.263
Filter Feeding Polychaetes 0.014 0.04 0.003 0.018 0.006
Other Polychaetes 0.194 0.4 0.043 0.25 0.081
Other Soft Infauna 0.04 0.061 0.007 0.039 0.013
Tunicates 0.0004
Anemones
Microzooplankton 0.001 0.002 0.15 0.15 0.00001 0.005
Copepods 0.001 0.002 0.25 0.3 0.099 0.005 0.08
Euphausiids 0.0002 0.0001 9E-05 0.0002 0.002 0.00007
Small gelatinous zoops 0.2 0.15
Jellies
Phytoplankton 0.35
Algal/plant detritus 0.013 0.01
Detritus 0.25 0.01
Import
Sum 0.79 0.925 0.622 1 0.818 0.64 0.667 0.717
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Hazel Point June Model Diet Matrix (3 of 4)  
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Dogfish
Skates
Ratfish
Pacific hake
Tomcod + Walleye Pollock 0.001 0.001
Large rockfish
Small rockfish
Large mouthed Flatfish 0.006 0.006
Slender sole
Small mouthed Flatfish 0.004 0.004
Herring 0.037 0.037
Anchovies
Demersal forage fish
Midshipman
Benthic shrimps 0.165 0.165
Dungeness Crab 0.00046 0.00028
Red Rock Crab 0.00036 0.00022
Graceful Crab 0.00022 0.0001
Large Seastars 0.1
Small Seastars 0.002
Small crustacean omnivores 0.08 0.08 0.02
Sea cucumbers 0.03 0.0005
Predatory benthic inverts 0.003 0.003
Geoducks
Infaunal bivalves 0.263 0.263 0.42 1E-05 0.05 0.45
Filter Feeding Polychaetes 0.006 0.006 0.0001 0.013 0.006
Other Polychaetes 0.081 0.081 0.0005 0.178 0.081
Other Soft Infauna 0.013 0.013 0.029 0.013
Tunicates
Anemones 0.02 1E-05
Microzooplankton 0.1
Copepods
Euphausiids
Small gelatinous zoops
Jellies
Phytoplankton 0.75 0.28 0.7
Algal/plant detritus 0.01 0.01 0.3 0.05 0.03 0.02
Detritus 0.01 0.01 0.4 0.53 0.97 0.25 0.7 0.2
Import
Sum 0.68 0.68 0.572 0.701 0.87 1 0.551 1 1 1
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Hazel Point June Model Diet Matrix (4 of 4)   
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Dogfish
Skates
Ratfish
Pacific hake
Tomcod + Walleye Pollock
Large rockfish
Small rockfish
Large mouthed Flatfish
Slender sole
Small mouthed Flatfish
Herring 0.003
Anchovies
Demersal forage fish
Midshipman
Benthic shrimps
Dungeness Crab
Red Rock Crab
Graceful Crab
Large Seastars
Small Seastars
Small crustacean omnivores 0.01
Sea cucumbers
Predatory benthic inverts 0.001
Geoducks
Infaunal bivalves 0.001
Filter Feeding Polychaetes 0.005
Other Polychaetes 0.02
Other Soft Infauna 0.015
Tunicates
Anemones
Microzooplankton 0.005 0.1 0.2 0.2 0.05 0.2 0.2
Copepods 0.36 0.1 0.05 0.1 0.3
Euphausiids 0.00009 0.001
Small gelatinous zoops 0.05 0.05
Jellies
Phytoplankton 0.7 1 0.8 0.8 0.35
Algal/plant detritus 0.03 0.05
Detritus 0.97 0.535 0.2 0.3 0.05
Import
Sum 1 0.95 1 0.652 1 1 0.95 0.7 0.554
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Hazel Point September Model Diet Matrix (1 of 4)  
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Dogfish
Skates
Ratfish 0.1
Pacific hake 0.025 0.03 0.0005
Tomcod + Walleye Pollock 0.001 0.001 0.0003 0.0008
Large rockfish 0.0005
Small rockfish 0.00008
Large mouthed Flatfish 0.02 0.005
Slender sole 0.001
Small mouthed Flatfish 0.001 0.002 0.009
Herring 0.4 0.04 0.025 0.063 0.622 0.07
Anchovies 0.011 0.003 0.08 0.01
Demersal forage fish 0.018 0.017 0.008 0.04
Midshipmen 0.007 0.072
Benthic shrimps 0.02 0.584 0.018 0.096 0.316 0.11 0.077
Dungeness Crab 0.017 0.004 0.001
Red Rock Crab 0.012 0.003 0.00076
Graceful Crab 0.003 0.00066 0.00017
Large Seastars
Small Seastars
Small crustacean omnivores 0.01 0.075 0.1 0.01 0.25 0.086 0.215
Sea cucumbers
Predatory benthic inverts 0.001 0.001
Geoducks
Infaunal bivalves 0.0001 0.44 0.01
Filter Feeding Polychaetes 0.00003 0.01 0.001 0.004 0.0004 0.005
Other Polychaetes 0.00041 0.15 0.013 0.058 0.005 0.08
Other Soft Infauna 0.00007 0.02 0.002 0.009 0.0008 0.1
Tunicates 0.001
Anemones
Microzooplankton 0.0005 0.035 0.002 0.001 0.2 0.022
Copepods 0.016 0.0005 0.096 0.044 0.5 0.008
Euphausiids 0.0008 0.0009 0.0006
Small gelatinous zoops
Jellies
Phytoplankton
Algal/plant detritus 0.04 0.0001
Detritus
Import 0.285
Sum 0.931 0.746 0.815 0.251 0.736 1.031 0.7 0.645
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Hazel Point September Model Diet Matrix (2 of 4)  
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Dogfish
Skates
Ratfish
Pacific hake 0.005
Tomcod + Walleye Pollock 0.0008
Large rockfish
Small rockfish
Large mouthed Flatfish 0.003
Slender sole
Small mouthed Flatfish 0.002
Herring 0.01 0.094 0.02
Anchovies 0.01 0.05
Demersal forage fish 0.033
Midshipmen
Benthic shrimps 0.345 0.026 0.089 0.328 0.02 0.111
Dungeness Crab 0.00087
Red Rock Crab 0.00061
Graceful Crab 0.00013
Large Seastars
Small Seastars
Small crustacean omnivores 0.192 0.161 0.002 0.386 0.3 0.01 0.044
Sea cucumbers
Predatory benthic inverts 0.0006 0.001 0.001 0.002
Geoducks
Infaunal bivalves 0.002 0.231 0.045 0.142
Filter Feeding Polychaetes 0.014 0.04 0.003 0.018 0.006
Other Polychaetes 0.194 0.4 0.043 0.25 0.081
Other Soft Infauna 0.04 0.061 0.007 0.039 0.013
Tunicates 0.0004
Anemones
Microzooplankton 0.001 0.002 0.15 0.15 0.00001 0.005
Copepods 0.001 0.002 0.18 0.3 0.099 0.005 0.08
Euphausiids 0.0002 0.0001 0.00009 0.0002 0.002 0.00007
Small gelatinous zoops 0.2 0.15
Jellies
Phytoplankton 0.35
Algal/plant detritus 0.013 0.01
Detritus 0.25 0.01
Import
Sum 0.79 0.925 0.552 1 0.818 0.64 0.667 0.446
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Hazel Point September Model Diet Matrix (3 of 4) 
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Dogfish
Skates
Ratfish
Pacific hake
Tomcod + Walleye Pollock 0.0007 0.00015
Large rockfish
Small rockfish
Large mouthed Flatfish 0.002 0.0005
Slender sole
Small mouthed Flatfish 0.002 0.00006
Herring 0.014 0.003
Anchovies
Demersal forage fish
Midshipmen
Benthic shrimps 0.078 0.017
Dungeness Crab 0.00061 0.00013
Red Rock Crab 0.00043 9.4E-05
Graceful Crab 9.4E-05 2.1E-05
Large Seastars 0.1
Small Seastars 0.002
Small crustacean omnivores 0.031 0.007 0.02
Sea cucumbers 0.0001 0.0001
Predatory benthic inverts 0.001 0.00025
Geoducks
Infaunal bivalves 0.099 0.022 0.42 1E-05 0.05 0.45
Filter Feeding Polychaetes 0.006 0.006 1E-04 0.013 0.006
Other Polychaetes 0.081 0.081 5E-04 0.178 0.081
Other Soft Infauna 0.013 0.013 0.029 0.013
Tunicates
Anemones 0.02 1E-05
Microzooplankton 0.1
Copepods
Euphausiids
Small gelatinous zoops
Jellies
Phytoplankton 0.75 0.28 0.7
Algal/plant detritus 0.01 0.01 0.3 0.05 0 0.02
Detritus 0.01 0.01 0.4 0.53 1 0.25 0.7 0.2
Import
Sum 0.349 0.17 0.542 0.701 0.87 1 0.55 1 1 1
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Hazel Point September Model Diet Matrix (4 of 4)  
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Dogfish
Skates
Ratfish
Pacific hake
Tomcod + Walleye Pollock
Large rockfish
Small rockfish
Large mouthed Flatfish
Slender sole
Small mouthed Flatfish
Herring 0
Anchovies
Demersal forage fish
Midshipmen
Benthic shrimps
Dungeness Crab
Red Rock Crab
Graceful Crab
Large Seastars
Small Seastars
Small crustacean omnivores 0.01
Sea cucumbers
Predatory benthic inverts 0
Geoducks
Infaunal bivalves 0
Filter Feeding Polychaetes 0.01
Other Polychaetes 0.02
Other Soft Infauna 0.02
Tunicates
Anemones
Microzooplankton 0.005 0.1 0.2 0.2 0.05 0.2 0.2
Copepods 0.36 0.1 0.05 0.07 0.3
Euphausiids 0.00009 0
Small gelatinous zoops 0.05 0.05
Jellies
Phytoplankton 0.7 1 0.8 0.8 0.35
Algal/plant detritus 0.03 0.05
Detritus 0.97 0.535 0.2 0.3 0.05
Import
Sum 1 0.95 1 0.65 1 1 0.95 0.67 0.55
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Hoodsport June Model Diet Matrix (1 of 4)  
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Dogfish
Skates
Ratfish 0.108
Pacific hake 0.027 0.156 0.00078
Tomcod + Walleye Pollock 0.00011 6.7E-05 2.2E-05 0.000078
Large rockfish 5.4E-05
Small rockfish 8.6E-05
Large mouthed Flatfish 0.022 0.008
Slender sole 0.001
Small mouthed Flatfish 0.001 0.003 0.009
Herring 0.43 0.054 0.027 0.246 0.603 0.109
Anchovies 0.012 0.004 0.078 0.016
Demersal forage fish 0.019 0.023 0.009 0.062
Midshipmen 0.008 0.07
Benthic shrimps 0.022 0.784 0.02 0.391 0.429 0.107 0.12
Dungeness Crab 0.023 0.008 0.002
Red Rock Crab 0.01 0.003 0.00065
Large Seastars
Small Seastars
Small crustacean omnivores 0.011 0.101 0.109 0.004 0.34 0.083 0.334
Sea cucumbers
Predatory benthic inverts 0.001 0.002
Geoducks
Infaunal bivalves 0.00013 0.481 0.016
Filter Feeding Polychaetes 3.2E-05 0.011 0.004 0.005 0.0004 0.008
Other Polychaetes 0.00044 0.164 0.051 0.079 0.005 0.124
Other Soft Infauna 7.5E-05 0.022 0.008 0.012 0.0008 0.155
Tunicates 0.001
Anemones
Microzooplankton 0.00055 0.137 0.003 0.001 0.308 0.034
Copepods 0.021 0.109 0.13 0.043 0.692 0.012
Euphausiids 0.003 0.001 0.00093
Small gelatinous zoops
Jellies
Phytoplankton
Algal/plant detritus 0.044 0.00014
Detritus
Import 0.285
Sum 0.978 1 1 1 1 1 1 1
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Hoodsport June Model Diet Matrix (2 of 4)  
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Dogfish
Skates
Ratfish
Pacific hake 0.007
Tomcod + Walleye Pollock 9.1E-05
Large rockfish
Small rockfish
Large mouthed Flatfish 0.008
Slender sole
Small mouthed Flatfish 0.01
Herring 0.016 0.138 0.047
Anchovies 0.016 0.05
Demersal forage fish 0.048
Midshipmen
Benthic shrimps 0.437 0.028 0.13 0.745 0.049 0.264
Dungeness Crab 0.003
Red Rock Crab 0.001
Large Seastars
Small Seastars
Small crustacean omnivores 0.243 0.174 0.002 0.366 0.2270.001 0.105
Sea cucumbers
Predatory benthic inverts 0.00076 0.001 0.001 0.002
Geoducks
Infaunal bivalves 0.003 0.25 0.066 0.337
Filter Feeding Polychaetes 0.018 0.043 0.004 0.002 0.011
Other Polychaetes 0.246 0.433 0.063 0.097 0.148
Other Soft Infauna 0.051 0.066 0.01 0.218 0.051
Tunicates 0.00043
Anemones
Microzooplankton 0.001 0.002 0.242 0.15 1.5E-05 0.011
Copepods 0.001 0.002 0.403 0.3 0.145 0.011 0.024
Euphausiids 0.00025 0.00011 0.00014 0.00029 0.005 0.00017
Small gelatinous zoops 0.322 0.15
Jellies
Phytoplankton 0.35
Algal/plant detritus 0.019 0.013
Detritus 0.607
Import
Sum 1 1 1 1 1 1 0.998 1
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Hoodsport June Model Diet Matrix (3 of 4)  
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Dogfish
Skates
Ratfish
Pacific hake
Tomcod + Walleye Pollock 0.00011
Large rockfish
Small rockfish
Large mouthed Flatfish 0.006
Slender sole
Small mouthed Flatfish 0.008
Herring 0.039
Anchovies
Demersal forage fish
Midshipmen
Benthic shrimps 0.217
Dungeness Crab 0.002
Red Rock Crab 0.00094
Large Seastars 0.184
Small Seastars 0.004
Small crustacean omnivores 0.086 0.012
Sea cucumbers 0.0009 0.00091
Predatory benthic inverts 0.004
Geoducks
Infaunal bivalves 0.277 0.774 1E-05 0.058 0.817
Filter Feeding Polychaetes 0.021 0.0001 0.015 0.011
Other Polychaetes 0.286 0.0007 0.207 0.147
Other Soft Infauna 0.042 0.034 0.024
Tunicates
Anemones 0.037 1E-05
Microzooplankton 0.1
Copepods
Euphausiids
Small gelatinous zoops
Jellies
Phytoplankton 0.75 0.28 0.7
Algal/plant detritus 0.011 0.428 0.058 0.03 0.02
Detritus 0.571 0.616 0.97 0.25 0.7 0.2
Import
Sum 1 1 1 1 1 1 1 1 1
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Hoodsport June Model Matrix (4 of 4)  
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Dogfish
Skates
Ratfish
Pacific hake
Tomcod + Walleye Pollock
Large rockfish
Small rockfish
Large mouthed Flatfish
Slender sole
Small mouthed Flatfish
Herring 0.01
Anchovies
Demersal forage fish
Midshipmen
Benthic shrimps
Dungeness Crab
Red Rock Crab
Large Seastars
Small Seastars
Small crustacean omnivores 0.015
Sea cucumbers
Predatory benthic inverts 0.002
Geoducks
Infaunal bivalves 0.002
Filter Feeding Polychaetes 0.008
Other Polychaetes 0.031
Other Soft Infauna 0.023
Tunicates
Anemones
Microzooplankton 0.005 0.1 0.307 0.2 0.053 0.286 0.36
Copepods 0.379 0.153 0.053 0.143 0.54
Euphausiids 0.00013 0
Small gelatinous zoops 0.071 0.09
Jellies
Phytoplankton 0.7 1 0.8 0.842 0.5
Algal/plant detritus 0.03 0.053
Detritus 0.97 0.563 0.2 0.46 0.053
Import
Sum 1 1 1 1 1 1 1 1 1
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Hoodsport September Model Matrix (1 of 4)  
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Dogfish
Skates
Ratfish 0.05
Pacific hake 0.025 0.04 0.0005
Tomcod + Walleye Pollock 0.0001 0.00005 0.00002 0.00005
Large rockfish 0.00005
Small rockfish 0.00008
Large mouthed Flatfish 0.0001 0.005
Slender sole 0.001
Small mouthed Flatfish 0.0009 0.001 0.009
Herring 0.4 0.04 0.025 0.063 0.622 0.07
Anchovies 0.011 0.003 0.08 0.01
Demersal forage fish 0.018 0.017 0.008 0.04
Midshipmen 0.007 0.072
Benthic shrimps 0.02 0.584 0.018 0.1 0.316 0.11 0.077
Dungeness Crab 0.03 0.008 0.002
Red Rock Crab 0.0003 0.000077 0.000019
Graceful Crab 0.00036 0.000092 0.000023
Large Seastars
Small Seastars
Small crustacean omnivores 0.01 0.075 0.005 0.001 0.25 0.086 0.215
Sea cucumbers
Predatory benthic inverts 0.001 0.001
Geoducks
Infaunal bivalves 0.0001 0.44 0.01
Filter Feeding Polychaetes 0.00003 0.01 0.00096 0.004 0.00036 0.005
Other Polychaetes 0.00041 0.15 0.013 0.058 0.005 0.08
Other Soft Infauna 0.00007 0.02 0.002 0.009 0.00078 0.1
Tunicates 0.001
Anemones
Microzooplankton 0.0005 0.035 0.002 0.001 0.2 0.022
Copepods 0.016 0.0005 0.096 0.044 0.45 0.008
Euphausiids 0.0008 0.0009 0.0006
Small gelatinous zoops
Jellies
Phytoplankton
Algal/plant detritus 0.04 0.0001
Detritus
Import 0.285
Sum 0.86 0.744 0.72 0.256 0.736 1.031 0.65 0.644
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Hoodsport September Model (2 of 4)  
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Large rockfish
Small rockfish
Large mouthed Flatfish 0.0001
Slender sole
Small mouthed Flatfish 0.001
Herring 0.01 0.094 0.036
Anchovies 0.01 0.05
Demersal forage fish 0.033
Midshipmen
Benthic shrimps 0.345 0.026 0.089 0.328 0.02 0.202
Dungeness Crab 0.003
Red Rock Crab 0.000028
Graceful Crab 0.000034
Large Seastars
Small Seastars
Small crustacean omnivores 0.192 0.161 0.001 0.25 0.1 0.0005 0.08
Sea cucumbers
Predatory benthic inverts 0.0006 0.001 0.001 0.003
Geoducks
Infaunal bivalves 0.002 0.231 0.045 0.257
Filter Feeding Polychaetes 0.014 0.04 0.003 0.002 0.006
Other Polychaetes 0.194 0.4 0.043 0.04 0.081
Other Soft Infauna 0.04 0.061 0.007 0.09 0.039
Tunicates 0.0004
Anemones
Microzooplankton 0.001 0.002 0.15 0.15 0.00001 0.005
Copepods 0.001 0.002 0.25 0.3 0.099 0.005 0.08
Euphausiids 0.0002 0.0001 0.00009 0.0002 0.002 0.00007
Small gelatinous zoops 0.2 0.15
Jellies
Phytoplankton 0.35
Algal/plant detritus 0.013 0.01
Detritus 0.25
Import
Sum 0.79 0.925 0.621 1 0.682 0.44 0.482 0.719
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Hoodsport September Model (3 of 4)  
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Pacific hake
Tomcod + Walleye Pollock 0.000019 0.000023
Large rockfish
Small rockfish
Large mouthed Flatfish 0.00003 0.00004
Slender sole
Small mouthed Flatfish 0.000077 0.000092
Herring 0.00036 0.00042
Anchovies
Demersal forage fish
Midshipmen
Benthic shrimps 0.002 0.002
Dungeness Crab 0.000028 0.000034
Red Rock Crab 0.00000028 0.00000033
Graceful Crab 0.00000033 0.00000039
Large Seastars 0.1
Small Seastars 0.002
Small crustacean omnivores 0.00079 0.00094 0.01
Sea cucumbers 0.005 0.0005
Predatory benthic inverts 0.000029 0.000034
Geoducks
Infaunal bivalves 0.003 0.003 0.42 0.00001 0.05 0.45
Filter Feeding Polychaetes 0.006 0.006 0.0001 0.013 0.006
Other Polychaetes 0.081 0.081 0.0005 0.178 0.081
Other Soft Infauna 0.00039 0.00046 0.029 0.013
Tunicates
Anemones 0.02 0.00001
Microzooplankton 0.1
Copepods
Euphausiids
Small gelatinous zoops
Jellies
Phytoplankton 0.75 0.28 0.7
Algal/plant detritus 0.000097 0.00011 0.3 0.05 0.03 0.02
Detritus 0.01 0.4 0.53 0.97 0.25 0.7 0.2
Import
Sum 0.093 0.105 0.547 0.701 0.86 1 0.551 1 1 1



76 

 

 

Hoodsport September Model (4 of 4) 
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Dogfish
Skates
Ratfish
Pacific hake
Tomcod + Walleye Pollock
Large rockfish
Small rockfish
Large mouthed Flatfish
Slender sole
Small mouthed Flatfish
Herring 0.003
Anchovies
Demersal forage fish
Midshipmen
Benthic shrimps
Dungeness Crab
Red Rock Crab
Graceful Crab
Large Seastars
Small Seastars
Small crustacean omnivores 0.01
Sea cucumbers
Predatory benthic inverts 0.001
Geoducks
Infaunal bivalves 0.001
Filter Feeding Polychaetes 0.005
Other Polychaetes 0.02
Other Soft Infauna 0.015
Tunicates
Anemones
Microzooplankton 0.005 0.1 0.2 0.2 0.05 0.2 0.2
Copepods 0.36 0.1 0.05 0.1 0.3
Euphausiids 0.00009 0.001
Small gelatinous zoops 0.05 0.05
Jellies
Phytoplankton 0.7 1 0.8 0.8 0.35
Algal/plant detritus 0.03 0.05
Detritus 0.97 0.535 0.2 0.3 0.05
Import
Sum 1 0.95 1 0.652 1 1 0.95 0.7 0.554
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Appendix B 

The following is an explanation of the parameter estimations and assumptions in the 

Hood Canal Ecopath models.  Here I define the data sources and/or supporting 

referenced literature for each functional group in the models.  For each functional 

group I give an overview of included species.  Age structure is not explicitly addressed 

in these models.  Biomass, production rates, and consumption rates for mature adults 

were used.    

A.B.1 Primary Producers 

Phytoplankton�

Phytoplankton is the only primary producer in the models.  No research to date has 

directly quantified its biomass in Hood Canal.  Chlorophyll a can be used as a 

surrogate for phytoplankton biomass (Harvey unpublished data).  While, past studies 

have estimated chlorophyll a concentrations in Dabob Bay, Washington, (Dagg et al. 

1997, Horner et al. 2005), which neighbors this study’s northern Hood Canal site, they 

directly quantified spring time (March) concentrations and found peak ranges between 

200 to 400 mg �m-2.   A literature review of the Hood Canal and Puget Sound records 

of chlorophyll a concentrations was performed for the Puget Sound Central Basin EwE 

model by Harvey (Harvey unpublished data), who created weighted averages for the 

P/B parameters.  The Puget Sound Central Basin EwE estimates for P/B (222.650) and 
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EE (0.610) (Harvey unpublished data) were used in the Hood Canal models.  Biomass 

was estimated using Ecopath. 

Algal/Plant Detritus and Detritus 

Within these models the algal/plant detrital group is limited to phytoplankton detritus.  

The detritus functional group captures the remainder of detritus in the modeled 

systems.  Parameters for this functional group were completely model derived. 

A.B.2 Zooplankton and Pelagic Invertebrates 

Microzooplankton�

Microzooplankton biomass was estimated by Ecopath due to the lack of Hood Canal 

data. Parameters from the Puget Sound Central Basin EwE models were used (Harvey 

unpublished data).   A P/B of 100.00and a P/Q of 0.350 were used.  An EE of 0.800 

was assumed for this group. 

Copepods 

Copepods are an important lower trophic species in the Hood Canal system as they are 

incorporated into the diets of predators from multiple trophic levels in these models.  

Reliable parameter estimates for copepods in Hood Canal was a limiting factor in the 

development of these models.  Biomass estimates were calculated by both acoustic 

sampling methods and plankton tows in the Hoodsport region only (Langness & 



79 

 

 

Parker-Stetter,personal communication, Parker-Stetter, personal communication).   

These two sources of data were the only quantitative density estimates available for 

copepods in Hood Canal.  Biomass was estimated from density estimates by 

calculating the mean individual wet weight of a copepod and dividing the density by 

this value.  Mean individual wet weight was calculated from the Puget Sound Diet 

Database data (a catalog of salmon stomach content data in Puget Sound) (Cordell, 

personal communication).  Biomass was eventually estimated by Ecopath and 

predators’ copepod diets reduced to account for the very low estimates gleaned from 

the tow data.  Tow data was not directly used because of low sample sizes.  The P/B 

was entered from the Puget Sound Central Basin EwE (Harvey unpublished data).  An 

EE of 0.900 was entered as a best estimate considering the very low copepod densities 

inventoried in the acoustic sampling. 

Euphausiids 

Euphausiids support many higher trophic species in the Hood Canal system.  To date 

few studies have quantified the density of euphausiids in Hood Canal.  Biomass 

estimates were calculated using acoustic sampling methods (Parker-Stetter, personal 

communication).  Low confidence in the acoustic biomass estimates resulted in using 

the acoustic biomass numbers as guidelines for a reasonable model estimated biomass, 

assuming an EE of 0.900.  Predation on euphausiids was greatly reduced to balance the 
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models and reflect low biomass estimates in these models.  Diet data for this groups 

were otherwise replicated from the Puget Sound Central Basin EwE (Harvey 

unpublished data).  P/B and Q/B were entered from the Puget Sound Central Basin 

EwE (Harvey unpublished data).  An EE of 0.900 was entered as a best estimate given 

the low densities inventoried in the acoustic sampling. 

Small gelatinous zooplankton 

This functional group was put in the models to represent the presence of groups such as 

salps.  There were no direct measurements used for small gelatinous zooplankton 

biomass.  The P/B, Q/B, EE,  and diet compositions for this group were gleaned from 

the Puget Sound Central Basin EwE (Harvey unpublished data) and biomass was 

estimated by the model. 

Jellyfish 

Jellyfish biomass estimates were approximated from trawl survey data.  Species in this 

functional group include, Fried Egg Jellyfish (Phacellophora camschatica), Lion’s 

Mane Jellyfish (Cyanea capillata), Moon Jellyfish (Aurelia aurita) and Water Jellyfish 

(Aequorea victoria).  Diet compositions and parameters established in the Puget Sound 

Central Basin EwE (Harvey unpublished data) were used in these models as Hood 

Canal specific estimates were not available. 
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A.B.3 Benthic invertebrates�

Benthic shrimps�

This group is comprised of Alaska Crangon/Northern Crangon (Crangon alaskensis), 

Alaska Pink Stripe (Pandalus eous), Coonstripe Shrimp (Pandalus hypsinotis), Eualus 

sp., Ghost Shrimp/ Glass Shrimp (Palaemonetes sp), Horned Shrimp (Paracrangon 

echinata), Hypolitidae Shrimp,  Sidestripe Shrimp (Pandalopsis dispar), Spirontocaris 

Lamellicornis, Spot Prawn (Pandalus platyceros), and unidentified shrimp.  Biomass 

estimations were obtained from the trawl surveys.  The most abundant of the Hood 

Canal benthic shrimp species were Spot Prawn, Alaska Pink, and Glass Shrimp.  The 

biomass estimated from the trawl data raised some concern regarding the catchability 

of the shrimp by the trawl net and thus biomass for this group was estimated by 

Ecopath.  An EE of 0.900 was entered as a best estimate.  Diet compositions, P/B and 

Q/B were derived from the Puget Sound Central Basin EwE (Harvey unpublished 

data).  Commercial and tribal landings were estimated as 0.0388 t/km2 for all models 

from mean annual commercial and tribal fisheries landing of pink shrimp and other 

shrimp between 1998-2007 (PacFin , Plummer unpublished data).  

Dungeness crab 

Dungeness crab (Cancer magister) is one of few functional groups with an active 

fishery (primarily recreational) in Hood Canal.  Biomass estimates were calculated 
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from the trawl survey data and primarily account for adults and juveniles.  The “cancer 

crab” functional group P/B (1.200) and Q/B (6.420) from the Puget Sound Central 

Basin EwE were used in our models for all three crab species.  No Hood Canal specific 

estimates were available.  Diet data from the “cancer crab” group in the Puget Sound 

Central Basin EwE was also used to estimate the diet percentages within the Hood 

Canal models.  Diet percentages from the cancer crab functional group were allocated 

to each of the three cancer crab species (Dungeness, Red Rock and Graceful crab) in 

Hood Canal proportional to biomass of each species in the modeled system.  

Dungeness crab was the most abundant crab species in all four models.  Diets were fine 

tuned during the balancing process.  No recreational fisheries landing data were 

available.  Commercial and tribal landings were estimated as 0.326t/km2 for the Hazel 

Point models from mean annual commercial and tribal fisheries landings of Dungeness 

crab between 1998-2007 (PacFin , Plummer unpublished data).   The landing estimate 

was reduced to 0.160 t/km2 in the Hoodsport models to account for low biomass in the 

area. 

Red Rock crab 

Red rock crab (Cancer productus) was the second most abundant crab species sampled 

in Hood Canal.  This species of crab is minimally harvested, an estimated 0.00034 

t/km2 was estimated from mean annual commercial and tribal fisheries landing between 



83 

 

 

1998-2007(PacFin , Plummer unpublished data).   Biomass estimates were calculated 

from the trawl survey data and primarily account for adults and juveniles.  See the 

Dungeness crab section for parameter and diet estimate details. 

Graceful crab 

Graceful crab (Cancer gracilis) was the least abundant crab species sampled in Hood 

Canal.  This species was absent in the Hoodsport June trawl surveys and was therefore 

not included in that particular model.  Graceful crab is not harvested within the 

modeled systems.   Biomass estimates were calculated from the trawl survey data and 

primarily account for adults and juveniles.  For parameter and diet estimate details see 

the Dungeness crab section. 

Large sea stars 

The large seastar group included Pisaster Spp., Solastar dawsoni, Phanerozonia 

seastars, and  Pycnopia helianthoides.  Biomass estimates for this group were from the 

trawl survey data.  The diet composition was approximated by averaging the diet 

compositions for the aforementioned species in sandy and mud bottoms as were 

determined by Mauzey et al. (1968).   The P/B  and Q/B ratios were borrowed from the 

Puget Sound Central Basin EwE (Harvey unpublished data).  
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Small sea stars 

The small seastar group included Mediaster aequalis, Hippasteria spinosa, Fish-Eating 

Star, Crossaster papposus, Solaster papposus, Pink Sea Star, and Stimsons Sea Star.  

Biomass estimates for this group were gathered from the trawl survey data.   Diet 

composition was approximated by averaging the diet compositions for Hippasteria 

spinosa, Mediaster aequalis, and Crossaster papposus in sandy and mud bottoms as 

were determined by Mauzey et al. (1968).  A P/B was calculated using the Hoenig 

equation using the “mollusks” regression using a 27.5 year lifespan; estimating a P/B 

of 0.217.  A 27.5 year long lifespan was used to reflect a greater than 20 year lifespan, 

which was determined for Crossaster papposus (Carlson & Pfister 1999).  Q/B was 

derived by assuming a growth efficiency (P/Q) of 20%, or 0.2.  Dividing P/B by P/Q 

yields the Q/B value. 

Small crustacean omnivores 

Small crustacean omnivores were primarily represented by ostracods and amphipods, 

but also include the following species Euphilomedes producta, Eudorella pacifica, 

Euphilomedes carcharodonta, Pinnixa sp., Leptochelia dubia, Westwoodilla caecula, 

Haliophasma geminatum, Protomedeia prudens, Neotrypaea sp., Ampelisca careyi, 

Heterophoxus sp., Anarthruridae, Byblis millsi, Aoroides sp., Photis sp., Bathymedon 

pumilus, and Rhepoxynius boreovariatus.  Small crustacean omnivore biomass 
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estimates in these models were guided by Washington Department of Ecology (ECY) 

benthic grab data (Long et al. 2007).  A mean density estimate was calculated and an 

average individual wet weight of 0.0008345 g was calculated from the Puget Sound 

Diet Database (Cordell, personal communication) to determine the mean biomass 

estimates for each site. 

EE values were set at 0.900 in all four models.  P/B and Q/B estimates were 

entered from the Puget Sound Central Basin EwE (Harvey unpublished data).The 

benthic sampling data was valuable in estimating a reasonable biomass estimate but is 

highly confined by sampling methodology.  Because small crustacean omnivores are 

highly mobile and quick swimmers, they are likely to have low catchability with a 

benthic grab sampling apparatus.  The limitations of the sampling methods suggest 

actual biomass is greater than the sampling estimate.  For these reasons I allowed 

Ecopath to estimate biomass.   The models are limited by the lack of more targeted 

density estimates for small crustacean omnivores in Hood Canal. 

Sea cucumbers 

This group was mostly comprised of Giant California sea cucumber (Parastichopus 

californicus), creeping pedal sea cucumber (Psolus chitinoides), sweet potato 

cucumber (Caudina arenicola), and low densities of unidentified cucumbers.  Biomass 

was estimated from the trawl survey data, which was very patchy.  In Hoodsport June 
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zero biomass was estimated from the trawl surveys and a very low biomass estimate 

was entered into the model as a placeholder (0.001).  Other model parameters and diet 

data were entered from the Puget Sound Central Basin EwE (Harvey unpublished 

data).  An EE of 0.900 was entered in all four models.  A landing estimate of 0.0136 

t/km2 was entered into the Hazel Point models.  The landing estimate was calculated 

from mean annual commercial and tribal fisheries for sea cucumber from 1998-2007 

(PacFin , Plummer unpublished data). The landing estimate was reduced to 0.000136 

t/km2 in the Hoodsport models to account for low biomass of sea cucumbers in the 

region. 

Predatory benthic invertebrates 

The predatory benthic invertebrate group was created to represent larger gastropods 

that drill holes in other mollusks, such as moon snails, whelks, etc.  While the trawl 

surveys did yield very small biomass estimates for unspecificied nudibranchs and a 

very small amount of Tritonia, these estimates were not thought to be representative 

because of low catchability from the sampling method used.  Diet data and parameter 

estimates were derived from the Puget Sound Central Basin EwE (Harvey unpublished 

data) and biomass was estimated by Ecopath. 
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Geoduck 

Geoduck biomass estimates were informed by dive transects data collected near Hazel 

Point in Hood Canal (Essington, personal communication). A biomass estimate was 

derived from the offshore environment (20m and deeper and to the surface) density 

estimate.  The biomass estimate was calculated using a mean density of 1.4 geoduck/ 

m2 and mean body size of 0.5-0.75kg.  Minimal geoduck habitat at Hazel Point led to 

entering a very low placeholder estimate in the model (0.100 t/km2). An estimate of 1.0 

t/km2 was entered to account for the geoduck biomass at Hoodsport, because few 

geoduck have been sighted in that region but greater geoduck habitat is present 

(Essington, personal communication).  Diet data, P/B, and Q/B values were entered 

from the Puget Sound Central Basin EwE (Harvey unpublished data).   

A landing estimate of 0.932 t/km2 was estimated  from mean annual 

commercial and tribal fisheries landings of geoduck from 1998-2007 (PacFin , 

Plummer unpublished data).  This estimate was reduced to reflect the minimal geoduck 

habitat located in this model.  In Hazel Point models, the harvest number was reduced 

to 0.1% of the original estimate ( 0.000932 t/km2) and no landings were estimated in 

the Hoodsport models. 
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Infaunal bivalves 

The infaunal bivalves in these models consisted of Axinopsida serricata, Macoma 

carlottensis, Rochefortia tumida, Parvilucina tenuisculpta, Ennucula tenuis, Nutricola 

lordi, Odostomia sp, Compsomyax subdiaphana, Acila castrensis, Macoma elimata, 

Tellina modesta, Delectopecten vancouverensis, Thyasira flexuosa, Lyonsia 

californica, Macoma golikovi, Yoldia seminude, Adontorhina cyclia, Nemocardium 

centifilosum, Lirobittium sp, and Macoma sp.  Biomass was estimated from the benthic 

grab data collected by the Department of Ecology.  Diet data,  P/B and P/Q estimates 

were entered from the Puget Sound Central Basin EwE (Harvey unpublished data). 

Filter feeding polychaetes 

The filter feeding polychaete functional group is composed of benthic species in Hood 

Canal.  The annelid species Leitoscoloplos pugettensis, Phyllochaetopterus prolific, 

Spiocheatopterus pottsi, Phylo feliz, and Phylochaetopterus limicolus comprise the 

filter feeding polychaete functional group.  Filter feeding species were distinguished 

from other polychaetes based on family feeding characteristics. Biomass was estimated 

via the benthic grab sampling methods.  McLusky and McIntyre (1988) documented a 

P/B of 4.32 for Pectinaria californiensis in Puget Sound; it along with a P/Q estimate 

of 0.200 was used to estimate Q/B and EE.   
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Other polychaetes 

This composite group of polychaetes is comprised of all non-filter feeding polychaetes 

present in the sampling areas.  The polychaete families included in this group were: 

Ampharetidae, Capitellidae, Cirratulidae, Cossuridae, Glyceridae, Goniadidae, 

Lumbrineridae, Maldanidae, Nephtyidae, Nereididae, Onupihidae, Opheliidae, 

Oweniidae, Paraonidae, Pectinariidae, Pholoidae, Phyllodocidae, Pilargidae, 

 Spionidae, Syllidae, and Terebellidae. Spionidae was the most abundant of the 

families.  Biomass was estimated via the benthic grab sampling methods.  McLusky 

and McIntyre (1988) documented a P/B of 4.32 for Pectinaria californiensis in Puget 

Sound; it along with a P/Q estimate of 0.200 was used to estimate Q/B and EE.  Diets 

percentages for this group were guided by the other soft fauna functional group in the 

Puget Sound Central Basin EwE (Harvey unpublished data) and were adjusted in the 

balancing process to account for differences in biomass of the predator and prey 

biomass estimates in the Hood Canal systems.    

Other soft infauna 

The other soft infauna group was comprised of Astyris gausapata, Alvania compacta, 

Turbonilla sp, Tubulanus polymorphus, Phoronidae, Micrura sp, Amphiodia sp, 

Nemertea, Phoronis sp, Oligochaeta, Cylichnidae, and Thysanocardia nigra.  P/B and 
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P/Q values were entered to match the Puget Sound Central Basin EwE (Harvey 

unpublished data). 

Tunicates 

Biomass was estimated through model balancing as the only estimates for this group 

were from the trawl 2007 data.  Very low densities were captured by the trawl, and low 

catchability was assumed via the sampling method.  The only identified species 

captured in the trawl survey was the Solitary Sea Squirt (Ciona savignyi). P/B, EE, and 

P/Q values were entered from the Puget Sound Central Basin EwE (Harvey 

unpublished data). 

Anemones 

Biomass estimates for the anemones were gathered from the trawl survey data.  Diet 

proportions were estimated from literature (Purcell 1977), however; no Hood Canal 

specific information was found.  Production was estimated.  The P/B ratio was entered 

as 2.00 and the P/Q as 0.200.  No Hood Canal specific parameters were found for this 

group.  The Ecopath estimated were derived for the Q/B and the EE values.  

�
�
�
�
�
�
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A.B.4 Pelagic forage fishes 

Herring 

The Herring functional group in these models is explicitly Pacific herring (Clupea 

pallasii).  Trawl survey estimates were rejected because of assumed low catchability.  

Herring biomass was estimated from the most current Washington State Herring Stock 

Assessment report (Stick 2004).  The biomass estimates from the South Hood Canal 

Herring Stock were used for the Hoodsport models and the Quilcene Bay Herring 

Stock estimates were used for the Hazel Point models.  Biomass estimates were 

calculated from the mean biomass estimates from the “5 year” figures, converted to 

metric tons, and divided by sum of the areas by depth (24.3882 km2 in Hazel Point and 

15.49282 km2 in Hoodsport). P/B and P/Q estimates and diet data were used from the 

Puget Sound Central Basin EwE (Harvey unpublished data).  A landing estimate of 

0.0166 t/km2 was entered into the models from mean annual commercial and tribal 

fisheries landings of herring between 1998-2007 (PacFin , Plummer unpublished data). 

A.B.5 Other pelagic fish 

Anchovies 

This group is comprised of Northern Anchovy (Engraulis mordax).  Biomass was 

estimated by Ecopath.  The P/B ratio was calculated using the McLusky and McIntyre 
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equation (1988) , assuming a maximum lifespan of four years (McCrae 1994).  Q/B, 

EE, and diet data was replicated from the other pelagic planktivore group in the Puget 

Sound Central Basin EwE (Harvey unpublished data). 

A.B.6  Gadiforms 

Pacific hake 

Pacific hake (Merluccius productus) biomass estimates were made from acoustic 

sampling performed in July and September at the Hoodsport and Hazel Point sites 

(Parker-Stetter, personal communication).  A weighted mean density was calculated 

from the minimum and maximum densities for each site and sampling time.  Densities 

were converted to biomass by multiplying each weighted mean density by the mass 

(12.92 kg, calculated using the Puget Sound Pacific hake length to mass conversion 

formula (Essington 2008b)) of the average length Pacific hake from the sample data 

(14.65 cm).  The P/B and Q/B estimates and diet data were entered to match the Puget 

Sound Central Basin EwE estimates (Harvey unpublished data). 

Tomcod and Walleye Pollock 

This group included Pacific Tomcod (Microgadus proximus) and Walleye Pollock 

(Theragra chalcogramma).  Biomass estimates were calculated from the trawl survey 

data.  The P/B value was estimated by calculating total mortality using the Hoenig 

regression for fish, using a maximum age of 4 years (Froese & Kesner-Reyes 2002), 
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and yielding a rate of 1.081t/km2/yr.  A P/Q value of 0.2 was assumed for model 

balancing.  Diet data were entered from the Puget Sound Central Basin EwE (Harvey 

unpublished data). 

A.B.5  Other demersal groundfish 

Small rockfish 

This group included Brown Rockfish (Sebastes auriculatus), Copper Rockfish 

(Sebastes caurinis), Puget Sound Rockfish (Sebastes emphaeus), Redstripe Rockfish 

(Sebastes proriger), Splitnose Rockfish (Sebastes diploproa), and juvenile Quillback 

Rockfish (Sebastes maliger).  Biomass estimates were estimated from the trawl survey 

data.  P/B, Q/B, and diet data were entered from the Puget Sound Central Basine EwE 

(Harvey unpublished data). 

Large rockfish 

This functional group was constructed of adult Quillback Rockfish (Sebastes maliger).  

Biomass was estimated from the trawl survey data.  P/B, QB, and diet data for this 

group were entered from the Puget Sound Central Basin EwE (Harvey unpublished 

data). 
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Demersal forage fish 

Biomass for this group was estimated by the model. Insufficient data from the trawl 

survey existed for this group.  However, the trawl survey identified the following 

species in the Hood Canal sampling sites: Bigfin Eelpout (Lyopsetta exilis), Blackbelly 

Eelpout (Lycodes pacificus), Blackfin Poacher (Bathyagonus nigripinnis), Blackfin 

Sculpin (Malacocottus kincaidi), Blacktip Poacher (Xeneretmus latifrons), Bluebarred 

Prickleback (Plectobranchus evides), Gray Starsnout Poacher (Bathyagonus alascana), 

Great Sculpin (Myoxocephalus polyacanthocephalus), Poacher Unidentified 

(Agonidae), Roughback Sculpin (Chitonotus pugetensis), Sailfin Sculpin (Nautichthys 

oculofasciatus), Shortfin Eelpout (Lycodes brevipes), Pacific Staghorn Sculpin 

(Leptocottus armatus), and Sturgeon Poacher (Agonus acipenserinus).  These species 

are representative of the species’ biomass estimated by the models.  P/B, Q/B, and diet 

data were used entered from the Puget Sound Central Basin EwE (Harvey unpublished 

data).  An EE of 0.700 was assumed. 

Midshipmen  

This group was comprised of the Plainfin Midshipman (Porichthys notatus).  Biomass 

was estimate from the trawl survey data.  Q/B, an assumed EE of 0.800, and diet data 

were entered from the Puget Sound Central Basin EwE (Harvey unpublished data). 
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A.B.6  Flatfish 

Large mouthed Flatfish 

This group was comprised of English sole (Parophrys vetulus), Flathead sole 

(Hippoglossoides elassodon), and Sand Sole (Psettichthys melanostictus).  Biomass 

was estimated from the trawl survey data.  P/B, Q/B, and diet data from the Piscivorous 

flatfish group in the Puget Sound Central Basin EwE model (Harvey unpublished data) 

were entered. 

Slender sole 

The slender sole (Lyopsetta exilis) was given its own functional group as these flatfish 

have different diets than the other flatfish  (Harvey unpublished data).  Biomass was 

estimated from the trawl survey data.  P/B, Q/B, and diet data were extrapolated and 

entered from the Puget Sound Central Basin EwE (Harvey unpublished data). 

Small mouthed Flatfish 

Dover Sole (Microstomus pacificus), Pacific Sandab (Citharichthys sordidus), Rex 

Sole (Glyptocephalus zachirus), Speckled Sanddab (Citharichthys stigmaeus), Starry 

Flounder (Platichthys stellatus), and C-O sole (Pleuronichthys coenosus) were included 

in this group.  Biomass estimates were made from the trawl survey data.  A total 
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mortality value of 0.260 for English sole was used for the P/B ratio (Gunderson 1997).  

The Q/B and diet data for the other flatfish group from the Puget Sound Central Basin 

EwE (Harvey unpublished data) were used for this group. 

A.B.7  Chondrichthyans 

Ratfish 

Unspecified ratfish species comprise this group.  Biomass was estimated from the trawl 

surveys.  P/B, Q/B, and diet data were entered to match the Puget Sound Central Basin 

EwE (Harvey unpublished data).  Diet data was particularly altered to reflect the low 

biomass of several groups, for example, Tomcod and Walleye Pollock, small mouthed 

flatfish and graceful crab. 

Skates 

Big skate (Raja binoculata) and Longnose Skate (Raja rhina) comprise this group.  

Biomass estimates were from the trawl survey data.  P/B, Q/B, and diet data were all 

entered from the Puget Sound Central Basin EwE (Harvey unpublished data). 

Dogfish  

This group refers to the Spiny dogfish (Squalus acanthias).  Biomass was estimated 

from the trawl survey data.  This group was the highest trophic level organism in all 

modeled systems.  P/B, Q/B, and diet data were entered to match the Puget Sound 
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Central Basin EwE (Harvey unpublished data).  Diet data was highly modified to 

consider the lower biomass of several species in Hood Canal compared to the central 

basin of Puget Sound.  A landing estimate of 0.000633 t/km2 was entered into the 

models  from mean annual commercial and tribal fisheries landings of spiny dogfish 

from 1998-2007 (PacFin , Plummer unpublished data).  


