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 Interannual variability of Humboldt squid (Dosidicus gigas) occurrence in the 

northern California Current System is largely unknown.  In Oregon, the distribution of 

this versatile predator and what is influencing their range expansion from Mexico is 

poorly understood due to the recent nature of their “invasion” and a lack of 

monitoring.  Humboldt squid are large predators that have the potential to affect 

ecosystem structure and fisheries because of their high-energy demands and ability to 

exploit a variety of oceanographic conditions and prey sources.  Developing baseline 

distribution information is a critical first step to assess their potential ecological, 

social, and economic impacts, and to develop models to predict future range 

expansion.   

 This study has two main objectives:  (1) to document where and when 

Humboldt squid have been present in Oregon through cooperative fisheries research, 

and (2) to correlate the sightings with oceanographic conditions using a geographic 

information system (GIS) and species distribution modeling (SDM).  I conducted 54 

interviews with local fishermen and aggregated their squid sightings with available 

fishery-independent survey and fishery-dependent observer data from the National 

Marine Fisheries Service.  I compiled a total of 339 Humboldt squid sightings, 



reported for the years 2002-2011 from the Oregon coast to 131° west longitude.  

Correlation analyses were performed for Humboldt squid sightings and sea surface 

temperature (SST), chlorophyll a content (chla), sea surface height anomalies (SSH), 

dissolved oxygen at 30 m depth (30 m DO), and sea surface salinity (SSS) using a 

GIS, nonparametric multiplicative regression (NPMR) habitat modeling, and 

maximum entropy modeling (Maxent).  Results indicate that oceanographic conditions 

have the potential to influence Humboldt squid occurrence, and in Oregon, sightings 

vary temporally and spatially.  Combining the sightings from fishermen and scientific 

surveys greatly enhanced the spatial extent of the data.  Humboldt squid were most 

frequently observed between 124.4°W and 125°W in proximity to the shelf-break at 

the 200 m isobath, with peak sightings (116) recorded in 2009 and the fewest (6) 

reported in 2003 and 2011.  The highest occurrence of Humboldt squid were observed 

at a SST of 10.5-13.0°C, 0.26-3.0 mg m-3 chla content, -4.0-1.0 m SSH anomalies, 

32.2-32.8 psu SSS, and at 3-4.5 ml L-1 and 6-7 ml L-1 30 m depth DO.  Maps of 

estimated likelihood of occurrence generated by NPMR were consistent with 

overlayed observations from fishermen, which were not used in the model because 

they were limited to presence-only information.  

 An interdisciplinary approach that incorporates cooperative fisheries research 

and ecosystem-based management is necessary for monitoring Humboldt squid in 

Oregon.  Traditional methods are insufficient because Humboldt squid are data-poor, 

highly migratory, and are main predators of many commercially important fisheries in 

Oregon.  Based on my findings, sightings recorded by fishermen covered a much 

larger area over a longer time frame than the scientific survey and observer data, and 

excluding their knowledge would have led to a different interpretation of Humboldt 

squid distribution and environmental tolerances.  Although there is uncertainty in the 

data from potential map bias or misidentification of smaller Humboldt squid, 

incorporating sightings from fishermen with traditional fisheries research increases the 

quantity and quality of information.  Cooperative monitoring for Humboldt squid 

could include training in species identification and sea condition reporting in 



logbooks.  Future “invasions” are likely, and more eyes on the water will improve our 

understanding of the behavior and impacts of Humboldt squid on coastal resources. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 

©Copyright by Tanya A. Chesney 
September 4, 2012 

All Rights Reserved 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
A Cooperative Effort to Track Humboldt Squid Invasions in Oregon 

 
 

by  
Tanya A. Chesney 

 
 
 
 
 
 

A THESIS  
 

Submitted to 
 

Oregon State University 
 
 
 
 
 
 

 in partial fulfillment of 
the requirements for the  

degree of 
 

Master of Science 
 
 
 
 
 
 

Presented September 4, 2012 
Commencement June 2013 

 
 
 
 
 
 
 
 



 
Master of Science thesis of Tanya A. Chesney presented on September 4, 2012. 
 
 
APPROVED: 
 
 

 
 
Major Professor, representing Marine Resource Management 
 
 
 
 

 
Dean of the College of Earth, Ocean, and Atmospheric Sciences 
 
 
 
 

 
 
Dean of the Graduate School 
 
 
 
 
 
 
I understand that my thesis will become part of the permanent collection of Oregon 
State University libraries.  My signature below authorizes release of my thesis to any 
reader upon request. 
 
 

 
 

Tanya A. Chesney, Author 
 
 
 

 

 



ACKNOWLEDGEMENTS 

 

 There are numerous people who have made this thesis and journey possible 

both during and before my time here at Oregon State University.  I couldn’t be more 

grateful for their support, enthusiasm, and guidance. 

 Thank you to Selina Heppell for not only providing me with this awesome 

project but for going above and beyond to broaden my academic and professional 

development.  I can’t thank you enough for the many opportunities such as time at sea, 

a chance to build connections, and the ability to gain skills in fisheries and 

management outside of the Marine Resource Management Program.  Thank you to 

Flaxen Conway for serving on my committee, for encouraging me to go outside of my 

box, and to have the confidence to know that I could do anything.  Thank you to Jim 

Graham for serving on my committee, for encouraging me to make leaps, and for 

always having your door open.  Thank you to all of my professors and TAs along the 

way.  Thank you to Kelly Benoit-Bird’s Pelagic Ecology lab and Stephen Pierce for 

providing me time at sea and support with my research.   Thank you to Robert Allen 

and Lori Hartline for keeping track of my progress and always lending an ear.  

 Thank you to Oregon Sea Grant for funding and supporting my research, 

especially Stephen Brandt, Eric Dickey, Jamie Doyle, Mark Farley, Bill Hanshumaker, 

Kaety Hildenbrand, and Sarah Kolesar.  Also, thank you to the numerous individuals 

that participated and contributed data.  Thank you to all of the Oregon fishermen, 

NOAA NWFSC FRAM Division, and NOAA NMFS NWFSC Predator and SAIP 

Studies for your collaboration and interest in working together to learn more about 

Humboldt squid in Oregon.  Many thanks to Al Pazar, Port Orford Ocean Resource 

Team, Newport Fishermen’s Wives, Marlene Bellman, Patty Burke, Steve de Blois, 

Janell Majeweski, Rebecca Thomas, Vanessa Tuttle, Ric Brodeur, Bob Emmett, 

Marisa Litz, Jason Phillips, and Jeremy Childress.   

 Thank you to all of people that provided additional help with my research and 

thesis:  Heather Lintz, the Heppell Lab, Jose Montero, Marisa Litz, Jesse Vance, Neal 



McIntosh, Linsey Arnold, Kelsey Miller, John Field, and Emily Lemagie.  Your time, 

insight, and positivity are invaluable. 

 Thank you to my family.  Thank you mother for giving me the love of the 

ocean, the heart to want to protect it, and the strength to follow my dreams.  Thank 

you to my brothers and sisters-in-law, Steven, Eric, Dan, Ryan, Heather, Rebecca, 

Jessica, and Ashley for your continuous support and love.  You inspire me to be the 

best I can be and have always been my rock and my best friends.  Thank you Jesse for 

your love, patience, and for always being on my team.  Thank you MaGgala for 

lighting up my life and eating my journal articles when you knew I needed a break.   

 Thank you to my friends and previous mentors at Metropolitan State 

University of Denver, the USGS, and The Gathering Place.  Thank you Joel Chesney, 

Christy Carello, Greg Wetherbee, Chris Cooley, Joanne Odden, and Kathy Poirier.  I 

wouldn’t have the success and experiences I have today if it weren’t for you. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



TABLE OF CONTENTS 

 

Page 
 

CHAPTER 1:  GENERAL INTRODUCTION .............................................................. 1	  
1.1 Introduction .............................................................................................................. 1	  
1.2 Humboldt Squid ....................................................................................................... 2	  

1.2.1 General Biological Traits .............................................................................. 2	  
1.2.2 Habitat ........................................................................................................... 3	  
1.2.3 Management and Policy ................................................................................ 4	  

1.3 Research Objectives ................................................................................................. 5	  
1.4 References ................................................................................................................ 7	  
 
CHAPTER 2:  TRACKING HUMBOLDT SQUID EXPANSION IN OREGON:  A 
CASE STUDY FOR INTEGRATING COOPERATIVE FISHERIES RESEARCH 
AND GIS TO MONITOR MARINE RANGE-SHIFTS ............................................. 12	  
2.1 Abstract .................................................................................................................. 13	  
2.2 Introduction ............................................................................................................ 14	  

2.2.1 Cooperative Fisheries Research and Fishermen’s Local Ecological 
Knowledge ........................................................................................................... 15	  
2.2.2 Geographic Information Systems: A Tool for Integrating Data ................. 16	  

2.3 Case Study:  Tracking Humboldt Squid in Oregon ............................................... 17	  
2.3.1 Background ................................................................................................. 17	  
2.3.2 Methods ....................................................................................................... 19	  
2.3.3 Results ......................................................................................................... 21	  
2.3.4 Discussion ................................................................................................... 22	  
2.3.5 Conclusion ................................................................................................... 23	  

2.4 Future Recommendations ....................................................................................... 24	  
2.5 References .............................................................................................................. 26	  
 
CHAPTER 3:  INTERANNUAL VARIABILITY OF HUMBOLDT SQUID 
(DOSIDICUS GIGAS) IN OREGON ........................................................................... 34	  
3.1 Abstract .................................................................................................................. 35	  
3.2 Introduction ............................................................................................................ 36	  
3.3 Methods .................................................................................................................. 38	  

3.3.1 Study Area ................................................................................................... 38	  
3.3.2 Sightings and Observed Conditions ............................................................ 38	  
3.3.3 Model Selection .......................................................................................... 40	  

3.4 Results .................................................................................................................... 41	  
3.4.1 Sightings and Observed Ocean Conditions ................................................. 41	  
3.4.2 Model Evaluation and Output ..................................................................... 42	  

 



 
TABLE OF CONTENTS (Continued)	  

 

Page 
 

3.5 Discussion .............................................................................................................. 42	  
3.5.1 Response and Predictor Variables ............................................................... 42 
3.5.2 Sources of Uncertainty and Error ................................................................ 45	  

3.6 Conclusion .............................................................................................................. 46	  
3.7 References .............................................................................................................. 47	  
 
CHAPTER 4:  THOUGHTS ON FUTURE RESEARCH ON THE HUMBOLDT 
SQUID IN OREGON AND THE PACIFIC NORTHWEST ...................................... 59	  
4.1 Irony in Research Design ....................................................................................... 59	  
4.2 Main Lessons Learned ........................................................................................... 59	  

4.2.1 Management Approaches Are Not the Only Ones That Need to Be  
Adaptive and Precautionary ................................................................................. 59	  
4.2.2 The Researcher Who Wears Many Hats ..................................................... 60	  

4.3 Recommendations for Future Research ................................................................. 61	  
 
BIBLIOGRAPHY ........................................................................................................ 62	  
 
APPENDIX .................................................................................................................. 68	  
 

 

 

 

 

 

 

 

 

 

 



 
LIST OF FIGURES 

 

Figure                         Page 

 

1.1. Food Web Model of Humboldt Squid Within the Northern  
California Current System (A) and Eastern Tropical Pacific (B)  
From Field et al. (2007).. ............................................................................................. 10	  
 
1.2. Map of Humboldt Squid Distribution From Keyl et al. (2008).. .......................... 11	  
 
2.1. Data Source Map of 2002-2011 Humboldt Squid Sightings. ............................... 30	  
 
2.2. Data Source Type Frequency Histograms of 2002-2011 Annual 
Average SST (°C), Chla (mg m-3), 30 m DO (ml L-1), SSS (psu),  
and SSH Anomalies (m) at Squid Observation Sites.. ................................................. 31 
 
3.1. Study Area Extent With Humboldt Squid Occurrences From 2002-2011. ........... 50	  
 
3.2. Frequency Density of 30 m DO, SSS, SSH Anomalies, SST, 
and Chla in the Environment (Black) and at Squid Observation Sites (Red)  
From 2002-2011. . ........................................................................................................ 51 
 
3.3.  Contour Plots of Fitted Response Surface from Binary  
LM-NPMR Model 960 ................................................................................................. 52 
 
3.4. Binary HyperNiche LM-NPMR Model 960 Output Estimation for  
Humboldt Squid Likelihood of Occurrence in 2009 and 2011 Overlayed  
with Fishermen Sighting .............................................................................................. 53 
 
3.5. Maxent (v. 3.3.3k) Jackknife Results and Response Curves for Chla, 
30 m DO, SSH, SST, and SSS Predictors of Humboldt  
Squid Presence Probability. ......................................................................................... 54	  
 
3.6.  Maxent Probability Map Estimates for Humboldt Squid  
Sightings Using Presence-only Compiled Annual NOAA NWFSC Survey,  
A-SHOP, and Fishermen Data for 2009 and 2011. ...................................................... 55	  
 

 

 



 

LIST OF TABLES 

 

Table                      Page 

 

2.1. Remote Sensing Data Used in Correlation Analyses of Humboldt  
Squid Sightings and Ocean Conditions.. ...................................................................... 32	  
 
2.2. Number of Reported Humboldt Squid Observation Sites 2002-2011. ................. 33	  
 
3.1. 2004-2010 Humboldt Squid Abundance Data From Predator and  
SAIP Surveys and A-SHOP Sources............................................................................56 
 
3.2. HyperNiche (v. 2.11) Binary LM-NPMR Model 960 Evaluation. ....................... 57	  
 
3.3. HyperNiche (v. 2.11) Quantitative LM-NPMR Model 908 Evaluation.. ............. 58	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

LIST OF APPENDICES 

 

Appendix                    Page 
 

1. Flowchart of Model Data Pre-processing……………..…………………………...69 
 
2. Maps of Annual Humboldt Squid Sightings by Data Source and Year…………....70 
 
3. Institutional Review Board Exemption Letter………………………………..........80 
 
4. NOAA NWFSC Joint U.S./Canada Pacific Hake Acoustic Survey  
Data Request.................................................................................................................81 
 
5. NOAA NWFSC Predator and Stock Assessment Improvement Program  
Survey Data Request……………………………………….......…………...………...82 
 
6. NOAA NWFSC At-sea Hake Observer Program Data Request…………..……….85 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

LIST OF APPENDIX FIGURES 

 

Figure                     Page 

 

A.1. Flowchart of Model Data Pre-processing. ............................................................ 69	  
 
A.2. Map of 2002 Humboldt Squid Sightings by Data Source  
(Fishermen). ................................................................................................................. 70	  
 
A.3. Map of 2003 Humboldt Squid Sightings by Data Source  
(Fishermen). ................................................................................................................. 71	  
 
A.4. Map of 2004 Humboldt Squid Sightings by Data Source  
(Fishermen and SAIP Survey). .................................................................................... 72	  
 
A.5. Map of 2005 Humboldt Squid Sightings by Data Source  
(Fishermen and SAIP Survey). .................................................................................... 73 
 
A.6. Map of 2006 Humboldt Squid Sightings by Data Source 
 (Fishermen, A-SHOP, Predator Survey, and SAIP Survey)........................................74	  
 
A.7. Map of 2007 Humboldt Squid Sightings by Data Source  
(Fishermen, A-SHOP, SAIP Survey). .......................................................................... 75	  
 
A.8. Map of 2008 Humboldt Squid Sightings by Data Source  
(Fishermen, A-SHOP, SAIP Survey). .......................................................................... 76	  
 
A.9. Map of 2009 Humboldt Squid Sightings by Data Source 
 (Fishermen, A-SHOP, Predator Survey, and SAIP Survey). ...................................... 77	  
 
A.10. Map of 2010 Humboldt Squid Sightings by Data Source 
 (Fishermen, A-SHOP). ................................................................................................ 78	  
 
A.11. Map of 2011 Humboldt Squid Sightings by Data Source  
(Fishermen). ................................................................................................................. 79	  
                    

 
 



CHAPTER 1:  GENERAL INTRODUCTION 
 

1.1 Introduction 
  

 Recent visitations by the subtropical, Dosidicus gigas, also known as the 

Humboldt squid or jumbo flying squid, are leaving Oregonians to wonder what social, 

ecological, and economic impacts these squid are going to have on the region.  

Humboldt squid landings were first officially reported in Oregon in June and 

September-December 1997, ranging from Bandon to Newport (Pearcy 2002).  In 2004 

and 2005, Humboldt squid sightings, landings, and mass beach strandings were 

reported as far north as Alaska (Brodeur et al. 2006; Cosgrove 2005).  Seasonal 

reporting of Humboldt squid continued intermittently through 2009 from Oregon to 

British Columbia, with large numbers of squid reported in many areas (Litz et al. 

2011; Braid et al. 2012).  This raised concerns about the impacts of the predators on 

local fish populations, particularly those of economic value (Tobias 2010).   

 Humboldt squid expansion has the potential to modify ecosystem dynamics 

(Brodeur et al. 2006; Field 2007; Holmes et al. 2008).  An alteration in trophic 

dynamics by Humboldt squid could result in a decline in biodiversity, which could 

impact ecosystem structure and reduce fish productivity.  Humboldt squid have one of 

the greatest absolute growth rates of any squid (Nigmatullin et al. 2001; Markaida et 

al. 2004).  One estimate of potential impact suggested that four million tons of fish 

and invertebrates may be consumed by Humboldt squid each year (Rosa and Seibel 

2010).  Humboldt squid have a diverse diet of groundfish, coastal pelagic fish, 

crustaceans, and cephalopods (Field et al. 2007).  According to Field et al. (2007) 

although Humboldt squid are primarily a prey source in their native range in the 

Eastern Tropical Pacific, in the Northern California Current System Humboldt squid 

are predominantly a high trophic level predator of many target fisheries (Figure 1.1).  

 Potential impacts to Oregon’s fishing industry are substantial.  Fishermen 

accounts of Humboldt squid actively feeding on target catch raises concern that their 
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expansion will result in a decline in valuable commercial and recreational fisheries.  

However, some fishermen have expressed interest in creating a Humboldt squid 

fishery given their economic potential as human consumption and bait (Tobias 2010).  

As an un-monitored species, limited data is available to evaluate the population 

dynamics and biomass of Humboldt squid and its influence on ecosystem services.  

 Humboldt squid range expansion is episodic and direct evidence of what is 

driving that expansion is still being actively researched (Bazzino et al. 2010).  In the 

Pacific Northwest, basic information about temporal and spatial variability in squid 

locations and relative abundance is largely un-documented (Litz et al. 2011).  

Oceanographic processes are believed to contribute to the variable temporal and 

spatial distribution of Humboldt squid (Gilly et al. 2006; Field et al. 2007; Zeidberk & 

Robison 2007), including changes in water temperature due to El Niño/La Niña events 

(Pearcy 2002; Nigmatullin et al. 2001; Keyl et al. 2008; Mejia-Rebollo et al. 2008), 

the expansion of the oxygen minimum layer (Nigmatullin et al. 2001; Gilly et al. 

2006; Rosa and Seibel 2010), and variability in upwelling (Waluda et al. 2006).  While 

environmental conditions contribute to Humboldt squid range, a coupling of ocean 

processes with prey availability is likely influencing their distribution (Zeidberg and 

Robison 2007; Waluda et al. 2006; Litz et al. 2011).  Due to the complex nature of 

their extent and the lack of a monitored fishery, understanding the cumulative impacts 

of Humboldt squid on the ecology and socio-economic aspects of the Oregon marine 

ecosystem requires a cooperative and ecosystem-based approach.  

  

1.2 Humboldt Squid  
 

1.2.1 General Biological Traits 
 

 Dosidicus gigas (d’Orbigny 1835) is the largest of the Ommastrephidae family 

(Mollusca:  Cephalopoda) with a rapid growth rate of 8 cm per month in mantle length 

(ML) during its paralarvae and juvenile stages (Nigmatullin et al. 2001).  Within 1 to 2 
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years, Humboldt squid grow from a hatchling of approximately 1 mm ML to their 

maximum ML of 2 m and maximum weight of 50 kg (Nigmatullin et al. 2001; 

Markaida et al. 2005; Keyl et al. 2008; Jereb and Roper 2010; Rosa and Seibel 2010).  

The squid have one reproductive season, are semelparous, and have one of the highest 

potential fecundity of all cephalopods, with up to 32 million eggs in a single female 

(Nigmatullin et al. 2001; Nigmatullin and Markaida 2009).  Humboldt squid life 

history can be separated into four stages:  planktonic paralarva, juvenile, subadult, and 

adult with three size-at-maturity strategies (Nigmatullin et al. 2001; Keyl et al. 2008). 

Humboldt squid are characterized from other ommastrephins by their absence of large 

mantle skin photophores and paralarvae eye and intestinal photophores, and by their 

long and attenuated arms with 200 pairs of suckers (Nigmatullin et al. 2001; Jereb and 

Roper 2010).  Other squid in Oregon waters that may be confused with Humboldt 

squid are Loligo opalescens and Moroteuthis robusta. 

   

1.2.2 Habitat 
 

 The native range of Humboldt squid occurs within the epipelagic zone of the 

Eastern Tropical Pacific from Peru to the Gulf of California (Nigmattullin et al. 2001; 

Keyl et al. 2008).  Humboldt squid reproduction often occurs between 25°N and 20-

25°S (Nigmattullin et al. 2001).  Humboldt squid are able to migrate quickly over 

great distances both horizontally (average 30 km d-1, Gilly et al. 2006) and vertically 

(2.0-2.5 m s-1, Bazzino et al. 2010) in the water column.  At night, Humboldt squid are 

often found in surface or sub-surface ocean layers; however, during most of the day, 

they are found predominantly in the upper zone of the oxygen minimum layer at 

depths greater than 100-250 m (Gilly et al. 2006; Bazzino et al. 2010).  Humboldt 

squid are adapted to a variety of oceanographic conditions and have been expanding 

their range (Keyl et al. 2008; Figure 1.2).     

 Humboldt squid have been increasing to the south and north of their normally 

observed range (Taipe et al. 2001; Field et al. 2007; Alarcón-Muñoz et al. 2008; Keyl 
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et al. 2008).  Humboldt squid invasions off of the South American coast have been 

documented since the 19th century and in 2002 they were seen as far south as Chiloe 

Island in southern Chile (Alarcón-Muñoz et al. 2008).  In the northern California 

Current System, Humboldt squid were documented in the 1930s off California; 

however, since 2002 their abundance and length of stay have increased (Field et al. 

2007).   Humboldt squid were first documented in southern Oregon in 1997 (Pearcy 

2002) and as far north as Alaska in 2004 (Cosgrove 2005).   Little is known about 

Humboldt squid distribution and migratory behavior in the northern California Current 

System (Field et al. 2007; Litz et al. 2011). 

  

1.2.3 Management and Policy 
 

 In Oregon, there is currently no monitored fishery for Humboldt squid and the 

squid are therefore, by default, “ecosystem components” according to the Sustainable 

Fisheries Act of 1996. 	  As reported by the Oregon Department of Fish and Wildlife 

(ODFW), only market squid (Loligo opalescens) are federally managed.  It is required 

that landings of Humboldt squid be recorded in logbooks but need only be identified 

as “other squid” (ODFW, www.dfw.state.or.us).  Direct policy initiatives that address 

Humboldt squid occurrence and harvest in Oregon have not been implemented. 

 National and regional policies that account for ecosystem-based management 

(EBM) indirectly address factors related to Humboldt squid occurrence in Oregon.  

EBM is a management approach that incorporates the entire ecosystem and the 

influence of people on the ecosystem to account for integration across “species, 

sectors, activities, and concerns” (McLeod and Leslie 2009:4).  Three key dimensions 

of EBM include:  adjusting for scale and connectivity, maintaining ecosystem-services 

and resilience, and involving stakeholders in the process (McLeod and Leslie 2009).  

Adjusting for scale and connectivity accounts for the variable, temporal and spatial 

extent of Humboldt squid, socio-ecological interactions, and encourages adaptive and 

precautionary management (Fidelman et al. 2011).   Maintaining ecosystem services 
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increases ecosystem resilience and promotes the sustainability of fish productivity 

(McLeod and Leslie 2009).  Stakeholder involvement improves the understanding of 

the potential cumulative impacts of Humboldt squid invasions and increases support 

for management decisions (McLeod and Leslie 2009).  Current policies that encourage 

an EBM framework and indirectly addresses Humboldt squid in Oregon include:  

revisions to the Magnuson-Stevens Fishery Conservation and Management Act 

(MSA) of 1976, the U.S. Commission on Ocean Policy, the Joint Ocean Commission 

Initiative, and the West Coast Governors Alliance on Ocean Health (Pace 2009; Upton 

2010).  Until direct policies are implemented that facilitate the monitoring of 

Humboldt squid in Oregon, agencies that have adopted EBM practices provide the 

only means of managing the social, ecological, and economic impacts of their range 

expansion. 

 

1.3 Research Objectives 
 

 The interannual variability of Humboldt squid in Oregon is poorly understood 

and documented (Litz et al. 2011).  To address this knowledge gap, the overall goal of 

the research project was to determine where and when Humboldt squid have been 

present in Oregon and under what conditions, using cooperative fisheries research 

(CFR), geographic information system (GIS), and species distribution modeling 

(SDM) methodologies. 

 

The objectives of the Humboldt squid research project were to: 

 

1) Determine Humboldt squid sightings by fishermen between 2002-2011 by 

interviewing fishermen and researching historical catch; 
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2) Obtain available data on Humboldt squid presence, absence, and abundance 

from fishery-independent scientific surveys and fishery-dependent observer 

data; 

 

3) Establish baseline distribution information for Humboldt squid from the 

Oregon shoreline up to 131º west longitude by inventorying temporal and 

spatial observations; 

 

4) Create a map of reported occurrence from 2002-2011; 
 

5) Understand the relationship between broad-scale temporal and spatial 

oceanographic conditions (sea surface temperature, chlorophyll a content, 

mean sea level anomalies for sea surface height, 30 m dissolved oxygen, and 

sea surface salinity) and Humboldt squid occurrence; 

 

6) Predict Humboldt squid occurrence in Oregon for given environmental 

conditions based on correlation analyses; 

 

7) Disseminate results to industry and the general public. 

 
 These objectives are addressed in two parts of this thesis.  Chapter 2 is a 

journal article to be submitted to Fisheries, and mainly covers objectives 1-4.  The 

article presents the Humboldt squid project as a case study to demonstrate how CFR 

and GIS are two methods to monitor and understand data-poor, range-shifting species.  

Chapter 3 is a journal article to be submitted to California Cooperative Oceanic 

Fisheries Investigations, and discusses objectives 5 and 6.  The article presents 

findings on the interannual variability in Humboldt squid occurrence and observed 

environmental tolerances based on reported sightings from 2002-2011. 
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Figure 1.1. Food Web Model of Humboldt Squid Within the Northern California 
Current System (A) and Eastern Tropical Pacific (B) From Field et al. (2007).  
Humboldt squid are mainly a predator in the northern California Current System and 
prey in the Eastern Tropical Pacific. 
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Figure 1.2. Map of Humboldt Squid Distribution From Keyl et al. (2008).  Light gray 
area illustrates native range and dark gray indicates expanded range of Humboldt 
squid.  In 1997 Humboldt squid were first reported in Oregon (Pearcy 2002) and in 
2004 they were first recorded in Alaska (Cosgrove 2005). 
 

KEYL ET AL.: A HYPOTHESIS ON DOSIDICUS GIGAS RANGE EXPANSION
CalCOFI Rep., Vol. 49, 2008

During the horizontal migration of up to 30 km per day
(Gilly et al. 2006) and regular vertical migrations to depths
of 1200 m (Nigmatullin et al. 2001), individuals pass
through different water masses which leads to a unique
temperature and nutrition history for each squid. We
postulate that this history may govern the onset of jumbo
squid maturation by a specific, but unknown, number of
day-degrees, as has been suggested for other cephalopods
(Rodhouse 1998). Environmental variables, temperature,
and food availability have also been described as factors
that control cephalopod maturation. High nutrition lev-
els and low temperatures are known to cause late mat-
uration and low nutrition levels and high temperatures
cause early maturation (Mangold 1987). Following this
reasoning, the individual temperature and nutrition his-
tory would thus determine the onset of maturation,
which in turn controls the maximum size the individ-
ual can attain (fig. 4) because D. gigas is semelparous and
dies after its first reproduction season (Nigmatullin et al.

2001). Consequently, groups of D. gigas that differ in size-
at-maturity and final size may have experienced differ-
ent environmental conditions with respect to temperature
and nutrition and may have therefore migrated along
different routes.

In Peruvian waters, the available data for mature fe-
males indicate that there are two size-at-maturity groups
and do not support Nigmatullin et al.’s (2001) three-
group hypothesis (fig. 1). The size distributions of im-
mature and mature females and males in Peruvian landings
suggest the existence of more groups in the population
(fig. 2, middle panel). However, since these landings are
composed of mature and immature individuals of pos-
sibly different cohorts (Tafur et al. 2001) they should not
be confused with the different groups of size-at-matu-
rity. Argüelles et al. (2001) found that individuals of the
large size-at-maturity group are older than those of the
small group, which agrees with our hypothesis.

Size-at-maturity groups
Very few studies have examined whether genetic, abi-

otic, biotic, or a mixture of these factors are responsible
for observed differences in sizes-at-maturity of jumbo
squid (Nesis 1983; Nigmatullin et al. 2001). This sug-
gests that the underlying mechanism proposed in our
study, which links physiological and ecological/
environmental factors, has not been considered.

If, as the Peruvian fishery data suggest (figs. 1 and 2),
mature specimens were divided into small/early and
big/late maturing groups, the small group would be at
a disadvantage since the higher relative energy a small in-

122

Figure 3: Distribution area of Dosidicus gigas according to different
sources in different years indicating an extension of the range; ellipses show
main fishing areas.

Figure 4: Scheme of the functional triad migration-maturation-growth: indi-
vidual nutritional requirements lead to migration patterns that lead to a tem-
perature history according to water masses passed, which controls the
onset of maturity, that in turn controls growth rate and finally growth.
Growth, i.e., the size of a specimen, again influences its migration; dashed
interactions that have been reported for some cephalopod species (e.g.,
Pecl & Jackson 2006) have not been considered in the present hypothesis;
further explanations in the text.

119-128 Keyl final:• CALCOFI SETUP 11/8/08 6:57 PM  Page 122
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2.1 Abstract  
 

 Data-poor, range-shifting species are often insufficiently monitored despite 

their potential to have adverse effects on marine ecosystems.  Spatial and temporal 

limitations of traditional fisheries research necessitate alternative methods to fill 

knowledge gaps for novel species.  I set out to test whether coupling cooperative 

fisheries research (CFR) and geographic information system (GIS) technology could 

be used to track the invasion of a range-shifting species, the Humboldt squid 

(Dosidicus gigas) in Oregon.  I interviewed 54 fishermen and mapped their squid 

sightings from 2002-2011 with scientific data from fishery-dependent observer records 

and fishery-independent surveys.  I found that the broad spatial coverage of the 

fishermen sightings increased my understanding of Humboldt squid distribution and 

environmental tolerances.  My project highlights the importance of using an 

interdisciplinary approach to monitoring range-shifting species, and that GIS tools can 

effectively incorporate fishermen’s local ecological knowledge with traditional 

fisheries research leading to a more comprehensive assessment.    

 

 

 

 

 

 

 

 

 

 

Keywords:  Range-shifting species; data-poor; cooperative fisheries research; local 

ecological knowledge; fisheries management; geographic information system (GIS); 

species monitoring; Humboldt squid; Dosidicus gigas 
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2.2 Introduction 
 

 Range-shifting species have the potential to alter ecosystem dynamics (Perry et 

al. 2005) and impact ecosystem services, yet monitoring and management practices 

are often limited because of the novelty of the species and their impacts in the invaded 

range (Sorte et al. 2010; Madin et al. 2012).  Range-shifts of marine-species include 

the expansion, contraction, and relocation of species outside of their native boundaries 

(Sorte et al 2010; Madin et al. 2012), often driven by changes in ocean conditions 

(Pearcy and Shoener 1987; Perry et al. 2005).  These shifts have been proposed to 

result in adverse community effects (Sorte et al. 2010), changes in biodiversity (Madin 

et al. 2012), new species assemblages (Madin et al. 2012), spatial predator-prey 

mismatch, and modified trophic structure (Brodeur et al. 2003; Perry et al. 2005).  

Changes in the distribution of marine species may also have adverse social and 

economic impacts (Madin et al. 2012), such as reducing recreational and commercial 

fisheries (Perry et al. 2005).  Understanding and quantification of these ecological, 

social, and economic impacts requires the development of baseline information on 

species’ distribution over broad spatial areas, coupled with regular monitoring that 

may be beyond the means of management agencies (Johnson and van Densen 2007). 

 Species responses to environmental dynamics vary both temporally and 

spatially (Lyons et al. 2008).  Monitoring and adaptive surveillance strategies are 

necessary to detect these responses (Madin et al. 2012).  However, management 

efforts and knowledge of species-range shifts may be limited and data-poor due in part 

to the novelty or high degree of variability of the shifts and the inherent challenges of 

monitoring migratory species.  Establishing baseline data and reference points for 

range shifts early on and incorporating historical information into the assessment is 

necessary to avoid the “shifting baseline syndrome,” in which socio-economic effects 

are evaluated based on stock size and species composition references from an already 

altered system (Pauley 1995). 
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 Traditional data gathering approaches for data-poor marine species may be 

insufficient and require an interdisciplinary approach (Conway and Pomeroy 2006).  

Understanding and utilizing the relationships between marine species and their 

associated oceanographic conditions to predict distribution is impeded when the 

species is data-poor and dependent on scientific data alone (Sundermeyer et al. 2005).  

Although precise and quantitative, fisheries data from scientific surveys are often 

limited in space and time due to funding and logistical constraints.  This can result in a 

lack of spatial and temporal resolution needed to establish baseline information and 

resolve variability.  For new species that are notable and easy to identify, fishermen 

logbooks and collective knowledge can potentially fill spatial and temporal gaps in the 

data.  Cooperative fisheries research (CFR) and geographic information systems (GIS) 

can be used to merge scientific and experiential data to improve understanding of 

range-shifting species and to effectively visualize, analyze, and communicate 

monitoring efforts. 

 

2.2.1 Cooperative Fisheries Research and Fishermen’s Local Ecological 

Knowledge 
 

 CFR involves the participation of all stakeholders, which can increase the 

quality and quantity of available data (National Research Council 2004) by 

augmenting the degree of spatial, temporal, and categorical knowledge (Johnson and 

van Densen 2007).  Integrating local knowledge is one solution to reducing 

uncertainty and improving assessment, monitoring, and evaluation (McLeod and 

Leslie 2009; Fidelmann 2011).  One source of local knowledge that is particularly 

invaluable, especially when data is limited, is the experiential knowledge of fishermen 

(Johannes et al. 2000).  In some instances, fishermen knowledge might be the only 

available source of information related to historical species distribution and abundance 

(Johannes and Neis 2007).   
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 Co-discovery with fishermen and learning from their experiences and expertise 

provides crucial insight that can improve the quality of species assessments and 

understanding of their habitat.  Previous studies interviewing fishermen found that 

fishermen contributed to stock assessments by providing knowledge on fish behavior, 

migration, stock structure, and changes in distribution and abundance (Neis et al. 

1999; Conway and Pomeroy 2006).  In addition to species-related data, fishermen can 

also inform on habitat structure, the seafloor, gear selectivity (Hall-Arber and 

Pederson 1999), mapping the seascape, and understanding seascape ecology (Williams 

and Bax 2007).  Excluding fishermen knowledge of a stock can lead to varying 

interpretations of the fishery.  A study conducted by Sáenz–Arroyo et al. (2005) found 

that interviewing fishermen and reviewing grey literature provided a more accurate 

assessment of the Gulf grouper (Mycteroperca jordani, Serranidae) that was in 

contrast with current fishery statistics based on traditional data sources that were 

established after exploitation of the species.  

 Although combining fishermen knowledge with traditional fisheries 

approaches can bridge data gaps for range-shifting species, integrating these two 

different data sources can prove difficult using conventional methodologies 

(Mackinson 2001).  Local knowledge may be difficult to include in traditional or 

scientific fisheries assessment tools due to its qualitative nature, different world-views 

and terminology, and confidentiality issues (Close and Hall 2006).  However, GIS is a 

tool that can be utilized to integrate fishermen knowledge with scientific knowledge in 

a visual demonstration that can be highly valuable for science and communication.  

 

2.2.2 Geographic Information Systems: A Tool for Integrating Data  
 

 GIS provides a means of visualizing, analyzing, and communicating historical 

and present fisheries distribution data.  GIS is an effective tool because of its ability to 

handle large datasets from varying sources and scales and its updating, spatial 

analysis, and data sharing capabilities (Ded Freitas and Tagliani 2009).  Furthermore, 
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fishery management programs from varying scales of economic means and technical 

capability can use GIS protocols for incorporating diverse data types (Close and Hall 

2006).   

 GIS has been used globally in fisheries management to combine local and 

scientific knowledge.  In southern Brazil, De Freitas and Tagliani (2009) combined 

fishermen knowledge with scientific knowledge to create a database that incorporated 

stakeholder use of an estuary for developing management plans.  Hall et al. (2009) 

combined fishermen interviews and scientific survey data to map the Bluff oyster 

(Ostrea chilensis) fishery in New Zealand.  Hall and Close (2007) established Spiny 

Lobster (Panulirus argus) and Queen Conch (Strombus gigas) hotspots in the Turks 

and Caicos Islands.  In Canada, the Department of Fisheries and Oceans (DFO) 

collaborated with halibut fishermen to determine abundance and map annual catch 

rates (National Research Council 2004).  In the United States, fishermen knowledge 

was used in a pilot study in California for marine protected area planning (Scholz et al. 

2004).  Based on the diverse range of fisheries management applications, GIS is an 

effective tool for cooperative fisheries research.  

 

 Can GIS technology be coupled with cooperative data sharing between 

fishermen and scientists to track a range-shifting species?  I set out to test this theory 

with the assistance of Oregon Sea Grant and a network of fishermen that have a 

history of CFR. 

     

2.3 Case Study:  Tracking Humboldt Squid in Oregon 
 

2.3.1 Background 
  

 Though normally found in the waters of the Eastern Tropical Pacific 

(Nigmatullin et al. 2001), Humboldt squid (Dosidicus gigas) were reported in 

significant numbers in Oregon in 1997 (Pearcy 2002), and have been recorded 
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intermittently by scientists since that time (Litz et al. 2011).  Humboldt squid range 

expansion has been reported as far north as Alaska (Cosgrove 2005; Wing 2006; Field 

et al. 2007).  As a versatile opportunistic predator with one of the greatest absolute 

growth rates of any squid (Nigmatullin et al. 2001; Markaida et al. 2004), their 

expansion has piqued the interest of fishermen, scientists, fisheries managers, and the 

public.  These squid are able to exploit a variety of food sources and foraging 

conditions (Gilly et al. 2006; Bazzino et al. 2010).  In the western United States, 

Humboldt squid have been known to feed on valuable commercial and recreational 

fishery stocks such as Pacific hake (Merluccius productus), herring (Clupea pallasii), 

sardine (Sardinops sagax), groundfish and other finfish, crustaceans, shellfish, and 

other cephalopods (Field et al. 2007; Braid 2012).  The ecological, social, and 

economic impacts of Humboldt squid range expansion is still unknown (Brodeur et al. 

2006) and direct evidence of what is driving their expansion is limited (Bazzino et al. 

2010).  At present, there is no monitored fishery for Humboldt squid in Oregon and 

their distribution is largely un-documented (Litz et al. 2011). 

 As an unmonitored fishery, Humboldt squid catch is categorized only as non-

market or unspecified in commercial landings, and it has only recently been recorded 

in limited capacities in fishery-dependent observer data and fishery-independent 

scientific surveys.  One of two observer programs for the National Oceanic and 

Atmospheric Administration (NOAA) Fisheries Northwest Fisheries Science Center 

(NWFSC), the At-Sea Hake Observer Program (A-SHOP), has been identifying squid 

to the species level since the beginning of 2006 (J. Majewski, NOAA NWFSC, 

personal communication).  A-SHOP observers aboard the at-sea hake processing 

vessels detected Humboldt squid from 2006-2010.  Humboldt squid presence in 

Oregon has been documented in three different surveys conducted by NOAA 

NWFSC, the Stock Assessment Improvement Program (SAIP), the Predator Study, 

and the Joint U.S./Canada Pacific Hake Acoustic Survey.  The nighttime SAIP study 

samples monthly from May-September (and in November 2004 and October 2005) 

(Litz et al. 2011).  Surveying for the nighttime Predator Study is conducted biweekly 
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from April-August (Litz et al. 2011).  The daytime Joint U.S./Canada Pacific Hake 

Acoustic Survey surveys bi-annually from June-August. 

 The objective of this study is two-fold.  First, using historical and current 

observations, I wanted to establish baseline information for Humboldt squid sightings 

from the Oregon shoreline to 131º west longitude.  Second, I wanted to demonstrate 

that integrating fishermen knowledge with traditional research through the use of GIS 

is appropriate and effective for monitoring and improving the understanding of 

migratory data-poor range-shifting species. 

 

2.3.2 Methods 
 

2.3.2.1 Data Gathering 

 

 Humboldt squid sightings between 2002-2011 were compiled from fisheries-

independent surveys, fisheries-dependent observer records, and fishermen knowledge 

of Humboldt squid observations for a total of 339 occurrence points.  Spatial and 

temporal data for Humboldt squid from the NOAA NWFSC A-SHOP and the SAIP, 

Predator, and Joint U.S./Canada Pacific Hake Acoustic Survey Database were 

aggregated.  Due to confidentiality, A-SHOP annual observed catch data were 

provided only where there was a minimum of three vessels fishing and were gridded 

to 20 x 20 km cells.  Humboldt squid presence data were available from 2004-2010 for 

a total of 166 observation points.  

 Telephone and in-person interviews were conducted with fishermen from 

October 2011-May 2012.  Interviews recorded temporal and spatial sighting data only.  

I identified my research population by contacting individuals acting as key informants 

(Marshall 1996) associated with participation in cooperative fisheries research and a 

previous noted interest in learning more about Humboldt squid in Oregon.  Using a 

snowball sampling technique (Robson 1993; Neis et al. 1999), research participants 

identified additional fishermen (Neis et al. 1999) that may have witnessed Humboldt 
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squid in Oregon for interviewing.  To reach a broader range of participants, I also 

surveyed random fishermen at fishing docks, ports, and other fishermen gathering 

locations.  Fishermen were given the option to participate via a phone or in-person 

interview at their preferred location and research participant availability was based on 

fishing season and weather.  Background information on the study, project purpose, 

and explicit detail of how their information would be used was provided to all research 

participants.  Fishermen were asked to recount where, when, and approximately how 

many Humboldt squid they had seen, and due to confidentiality concerns, only to the 

level of spatial detail they were comfortable with.  Out of 73 fishermen contacted, 54 

participated.  Of the 54 participants, 20 fishermen had observed a Humboldt squid, for 

a total of 173 sightings between 2002-2011.  

 After mapping the sightings of Humboldt squid reported by fishermen, 

observers, and scientific surveys, I investigated remote sensing and field data for 

oceanographic conditions associated with the location and time of each data point in a 

GIS.  Satellite data for annual sea surface temperature (SST), chlorophyll a content 

(chla), and mean sea level anomalies for sea surface height (SSH) were acquired using 

Marine Geospatial Ecology Tools (MGET) in software package, ArcGIS 10, from 

ESRI, Inc. (Table 2.1).  Inverse distance weighting was used to interpolate annual field 

data from NOAA National Ocean Data Center (NODC) World Ocean Data Select 

database and Childress (2010) Oregon Fishermen in Ocean Observing Research for 30 

m dissolved oxygen (30 m DO) and sea surface salinity (SSS) from the NODC across 

the study area. 

 

2.3.2.2 Data Analysis 

 

 Sightings data were compiled and fishermen observations that were given as a 

line or polygon region were converted to points using the end and centroid point 

locations of the area.  Observation points included one or more individual Humboldt 

squid species.  A total of 339 Humboldt squid observations were aggregated from the 
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fishermen, observer, and fishery-independent survey data.  Maps were created to 

identify the locations where Humboldt squid have been observed off the coast of 

Oregon.  Observation frequency histograms were developed to explore environmental 

tolerance differences of observed Humboldt squid between data sources for SST, chla 

content, SSH anomalies, 30 m DO, and SSS for years 2002-2011.  All density 

estimations were performed in R (R Development Core Team, 2012) version 2.15.0. 

 

2.3.3 Results  
   

 Spatial and temporal coverage of Humboldt squid sightings varied among the 

survey, observer, and fishermen data.  Within the study area, Humboldt squid were 

most frequently observed between 124.5º and 125º west longitude (Figure 2.1).  Peak 

observations occurred in 2009 and the least number of sightings were reported in 2003 

and 2011 (Table 2.2).  The NOAA NWFSC SAIP study caught Humboldt squid from 

2004-2009 and Humboldt squid were caught during the NOAA NWFSC Predator 

study sampling in 2006 and 2009 (Litz et al. 2011).  Based on the NOAA NWFSC 

Joint U.S./Canada Pacific Hake Acoustic Survey Database, Humboldt squid were 

observed only in 2009.  Observations made by fishermen covered the greatest 

temporal range with Humboldt squid detected in the study area every year from 2002-

2011.  In 2011, only one fishermen witnessed squid sightings that year; no sightings 

were made by the observer program and surveys.  Additionally, survey studies and the 

observer program did not track Humboldt squid in 2002 and few fishermen could 

remember sightings that far back; yet Humboldt squid abundance was noted to 

increase in the California Current System and Humboldt squid strandings were 

reported in Oregon (Field et al. 2007; Litz et al. 2011).   

 Humboldt squid abundance and sightings locations fluctuated greatly per year, 

signifying the transient nature of their visitation to Oregon.  Humboldt squid 

abundance was available for a subset of 155 sightings from NOAA NWFSC survey 

and observer data from 2004-2010.  Humboldt squid abundance was greatest in 2009 
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with 294,744 individuals followed by 2008 with 255,167 individuals.  In 2005 there 

were the lowest number of Humboldt squid caught with only two individuals, 

followed by 2004 (47) and 2010 (16,262) respectively.   

 Spatial coverage of Humboldt squid sightings from the observer program and 

scientific surveys appeared gridded in comparison to the fishermen data.  The uniform 

spacing of the Hake Acoustic, SAIP, and Predator sightings was due to survey 

procedures in which cruises sample along a transect.  The observer data was provided 

in a coarse and regular spatial resolution to preserve confidentiality.  Sightings made 

by fishermen spanned the greatest spatial extent and were less uniformly spaced as a 

result of their fishing range.  Overall, there were minimum observations off-shelf as a 

result of limited sampling and most fishermen observations occurred near the shelf-

break.        

 Exploration of the frequencies of squid observations and the environmental 

conditions (SST, chla content, SSH anomalies, 30 m DO, and SSS) at each site, 

compared by data source type illustrate that an interdisciplinary approach to data 

gathering provided a better indication of Humboldt squid environmental tolerance 

(Figure 2.2).  The observed range of SST, SSH, and SSS for Humboldt squid was 

expanded when fishermen observations were included.  Additionally, observation gaps 

in 30 m DO were partially filled in by fishermen observations.  Moreover, the 

apparent mean and mode of observed environmental conditions shifted when observer 

and fishermen data were incorporated.  

  

2.3.4 Discussion 
 

GIS was found to be an appropriate interface for integrating fishermen and 

conventional fisheries methodologies for historical and present Humboldt squid 

sightings data.  Through its ability to combine data types, information provided by the 

fishermen, survey, and observer sources in varying scales and terminology was able to 

be mapped at the same extent.  Within the ArcGIS toolbox, tools such as the MGET 
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and Spatial Analysis Toolpak enabled the extraction and analysis of remote sensing 

data and interpolated in situ measurements of oceanographic conditions from 2002 to 

2011 at each observation site.  Based on the ability of GIS to aggregate, visualize, and 

analyze Humboldt squid data, it would be a valuable tool for the continual monitoring 

of marine range-shifting species.   

 Based on my results, excluding fishermen knowledge of Humboldt squid 

observations would have led to a different interpretation of their distribution and range 

of environmental tolerances for sea surface temperature, chlorophyll a content, sea 

surface height anomalies, dissolved oxygen at 30 m, and sea surface salinity.  These 

findings could be the result of limited spatial and temporal extents in the traditional 

fisheries data, which lead to knowledge gaps.  Fishery-independent surveys first 

reported Humboldt squid two to seven years after fishermen.  Except for the biannual 

U.S./Canada Pacific Hake Acoustic Survey, surveys are conducted annually and are 

typically concluded by late summer or fall.   

 In contrast, fishermen recorded Humboldt squid observations through winter 

and for all years 2002-2011.  Confidentiality restrictions and delay in species 

identification protocols for the observer program led to a coarse temporal and spatial 

resolution.  Incorporating fishermen knowledge with scientific knowledge facilitated a 

more complete baseline for Humboldt squid observations across both temporal and 

spatial scales and a better indication of their potential environmental tolerances in 

Oregon.   

 

2.3.5 Conclusion 
    

 This study showed that an interdisciplinary approach is appropriate for 

gathering Humboldt squid data in Oregon because they are presently unmonitored, 

data-poor, and there are limitations to each data source.  The documented Humboldt 

squid observations from fishermen had a high degree of uncertainty and potential 

misidentification.  Fishermen sightings were frequently generalized spatially by 
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topography and depth and were qualitative by nature, which could have led to map 

bias (Close and Hall 2006).  The survey data lacked the same spatial and temporal 

range but was systematically collected and exact coordinates of Humboldt squid 

observations and counts of individuals were provided.  Knowledge gaps can be 

bridged and the quantity and quality of information improved (National Research 

Council 2004) through the combination of fishermen and scientific data.  Given that 

much remains unknown about the intermittent visitations of Humboldt squid to 

Oregon, incorporating a historical perspective and continuing to monitor their 

presence using cooperative fisheries research will be critical in order to address their 

potential ecological, social, and economic impacts. 

 

2.4 Future Recommendations 
 

 Changing ocean conditions may be contributing to changes in marine species 

distribution.  Warmer waters (Perry et al. 2005), strong El Niño conditions (Pearcy 

and Schoener 1987; Brodeur et al. 2003), and expansion of the oxygen minimum zone 

(Helly and Levin 2004; Seibel 2011) affect ecosystem structure and the range of 

mobile species.  Data-poor, range-shifting species require the consideration of 

interactions between species, ocean conditions, and humans across natural as opposed 

to political spatial, temporal, and socio-ecological scales (McLeod & Leslie 2009).  

Cross-scale interactions have the potential to increase uncertainty and complexity, 

which cannot be understood when only one perspective is considered (McLeod & 

Leslie 2009).  Strategies for monitoring and management must be adaptive, 

precautionary, and holistic to account for complex interactions.  Therefore, historical 

single species approaches to monitoring and management may not be suitable.   

 The results of our case study show that incorporating the knowledge of 

resource users who have a vested interest in the resource increases the quantity and 

quality of information and bridges data gaps (National Research Council 2004; 

Conway and Pomeroy 2006; Johnson and van Densen 2007; McLeod & Leslie 2009).  

Integrating local knowledge with scientific knowledge improves the understanding of 
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cumulative impacts of range-shifting species across scales while also building 

partnerships.  When stakeholders are included in management processes, decisions are 

better supported (McLeod & Leslie 2009).  

 Although cooperative fisheries research was utilized in my study, I recommend 

a more collaborative approach for future research, monitoring, and management of 

data-poor, range-shifting species.  Stakeholders should be incorporated in all phases of 

the monitoring process (National Research Council 2004) and in the development of 

research goals.  Fishermen motivation for participation goes beyond being a source of 

data.  They have interest in the topic, and a desire to contribute and to be part of a 

dialogue for fisheries issues (Conway and Pomeroy 2006).  Addressing migratory un-

managed resources necessitates an interdisciplinary approach.  Successful strategies 

will have open and mutual communication (Johnson and van Densen 2007) where all 

stakeholders benefit through their involvement (National Research Council 2004). 
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Figure 2.1. Data Source Map of 2002-2011 Humboldt Squid Sightings.  A map 
distinguishing 339 Humboldt squid sightings from the shoreline to 131º longitude by 
data source type from 2002-2011.  Most sightings occurred between 124.5º and 125º 
west longitude.  Sightings by fishermen depict the most spatial variation. 
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Figure 2.2. Data Source Type Frequency Histograms of 2002-2011 Annual Average 
SST (°C), Chla (mg m-3), 30 m DO (ml L-1), SSS (psu), and SSH Anomalies (m) at 
Squid Observation Sites.  The environmental tolerance range and frequency of 
Humboldt squid observations is expanded when fishermen knowledge is incorporated 
into the dataset.  
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Table 2.1. Remote Sensing Data Used in Correlation Analyses of Humboldt Squid 
Sightings and Ocean Conditions.  Remote sensing type, description, and source for 
SST (°C), chla (mg m-3), and SSH anomalies (m) data.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

OCEAN 
CONDITION TYPE SATELLITE

DATA 
LEVEL RESOLUTION DESCRIPTION

ACQUIRED 
USING SOURCE

SST  (°C) MODIS AQUA 3 4 km
11! NIGHTTIME 

SEASONAL 
COMPOSITE

MGET IN 
ARCGIS 10 oceancolor.gsfc.nasa.gov

CHL A (mg m^-3) MODIS AQUA 3 4 km
11! NIGHTTIME 

SEASONAL 
COMPOSITE

MGET IN 
ARCGIS 10 oceancolor.gsfc.nasa.gov

SSH MEAN SEA 
LEVEL 

ANOMALIES (m)

AVISO 
COMPOSITE 
SATELLITE 

ALTIMETRY

JASON 1&2/ 
MERIS 

ENVISAT
3 1/3°x1/3°

SSALTO/DUACS 
DT; GLOBAL DT-

REF MERGED 
MLSA SSH 
(GRIDDED 
MONTHLY)

MGET IN 
ARCGIS 10 aviso.oceanobs.com
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Table 2.2. Number of Reported Humboldt Squid Observation Sites 2002-2011.  
Observations reported from NOAA Hake Acoustic, Predator, and SAIP Surveys, 
NOAA A-SHOP, and Fishermen.  Observation sites include one or more Humboldt 
squid.  The greatest number of Humboldt squid sightings occurred in 2009. 
 

Year 

Number of 
Observation Sites 

from NOAA 
Surveys 

Number of Observation 
Sites from NOAA At-sea 
Hake Observer Program 

Number of 
Observation Sites 
from Fishermen 

Total Number 
of 

Observation 
Sites  

2002 0 0 9 9 

2003 0 0 6 6 

2004 12 0 9 21 

2005 2 0 5 7 

2006 10 11 9 30 

2007 8 18 24 50 

2008 1 30 26 57 

2009 38 14 64 116 

2010 0 22 15 37 

2011 0 0 6 6 

          

Total       339 
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3.1 Abstract 
 

 Oceanographic conditions influence the distribution of range-expanding 

Humboldt squid (Dosidicus gigas), but broad-scale temporal and spatial distribution 

analyses are limited.  In Oregon, interannual variability in Humboldt squid occurrence 

is largely undocumented, due in part to a lack of monitoring and the recent nature of 

their invasions.  To expand baseline data and investigate relationships with 

environmental parameters, I analyzed annual fishermen sightings with fishery-

dependent and fishery-independent data between 2002-2011 from the Oregon coast to 

131°W.  Humboldt squid sightings increased with chlorophyll a content (0.26-3.0 mg 

m-3), warmer (10.5-13ºC) surface water, sea surface salinity (32.2-32.8 psu), and 30 m 

dissolved oxygen (3-4.5 ml L-1 and 6-7 ml L-1).  An increase in relative abundance 

correlated best with negative sea surface height anomalies.  Maps of estimated 

likelihood of occurrence generated by nonparametric multiplicative regression 

(NPMR) were consistent with overlayed observations from fishermen, which were not 

used in the model because they were limited to presence-only information.  Future 

research should be expanded to include conditions at multiple depths and seasonal 

variability.   

 

 

 

 

 

 

 

 

Keywords:  Humboldt squid; Dosidicus gigas; interannual variability; species 

distribution modeling; habitat modeling; nonparametric multiplicative regression 

(NPMR); maximum entropy modeling (Maxent); remote sensing data 
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3.2 Introduction 

 

 The Humboldt squid (Dosidicus gigas), also known as jumbo flying squid, is 

an opportunistic predator that has experienced episodic range expansions from the 

Eastern Tropical Pacific into South America and the California Current System (CCS).   

Humboldt squid have a short lifespan (1-2 years), high growth rate (120 cm adult 

dorsal mantle length), and high-energy demands (Nigmatullin et al. 2001).  Humboldt 

squid were first documented in Oregon in 1997 (Pearcy 2002) and have increased in 

duration and abundance in the northern California Current since 2002 (Field et al. 

2007; Litz et al. 2011).  However, reported sightings have decreased substantially 

since peak density in 2009 (Litz et al. 2011).   

As a large predator, there is concern that future Humboldt squid expansion will 

result in a decline in valuable commercial and recreational fishery stocks in the 

California Current.  Based on a daily intake rate of 3%, 4 million tons of prey may be 

consumed annually by Humboldt squid from the pelagic food web (Rosa and Seibel 

2010).  Humboldt squid have the ability to exploit a variety of food sources and 

foraging conditions (Bazzino et al. 2010).  These squid have been known to prey on 

anchovies (Sato 1976), mackerel (Sato 1976; Ehrhardt et al. 1983), sardines (Ehrhardt 

et al. 1983; Markaida and Sosa-Nishizaki 2003), hake (Markiaida and Sosa-Nishizaki 

2003), rockfish (Field et al. 2007), and salmon, which are major fisheries off the 

Oregon coast.  Hake is one particular economically important fishery that could be 

adversely affected by the expansion of Humboldt squid in the northeastern Pacific 

Ocean.  Off of central Chile, a decline in Chilean hake biomass was attributed to an 

increase in Humboldt squid (Alarcón-Muñoz et al. 2008).  In Oregon, Humboldt squid 

presence coincided with a decline in juvenile Pacific hake, which was in contrast to 

typical abundance trends (Litz et al. 2011). 

Previous research has indicated that oceanographic factors may contribute to 

the variable temporal and spatial population range of Humboldt squid (Gilly et al. 

2006; Field et al. 2007; Zeidberk and Robison 2007), yet direct evidence is limited 
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(Bazzino et al. 2010).  It has been proposed that warming oceans, the expansion of the 

oxygen minimum layer (OML), and large climatic processes such as the El Niño 

Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO) modify 

environmental conditions, community structure and prey availability, which could 

influence Humboldt squid migration patterns (Nigmatullin et al. 2001; Brodeur et al. 

2006; Gilly et al. 2006; Bograd et al. 2008; Keyl et al. 2008; Mejía-Rebollo et al. 

2008; Bazzino et al. 2010; Rosa and Seibel 2010; Litz et al. 2011). 

In Oregon, there is no monitored fishery for Humboldt squid and their 

distribution is largely undocumented.  Species distribution modeling (SDM), also 

known as habitat suitability modeling, may be able to aid in the understanding of 

Humboldt squid behavior and expansion in Oregon.  Statistical habitat models 

investigate the relationship between species and their environments and can be utilized 

to further describe and predict potential habitat (Franklin 2009; McCune 2011).  Squid 

fishery data has been analyzed using generalized additive models (GAMs) and 

maximum entropy (Maxent) for sea surface temperature (SST), chlorophyll a (chla), 

sea surface salinity (SSS), bathymetry, sea level anomalies, and large-scale oceanic 

processes (Valavanis et al. 2004; Lefkaditou et al. 2008; Sanchez et al. 2008; Litz et al. 

2011).  Although these are common habitat modeling methods, it has been argued that 

these models can prove to be inappropriate if species/environmental relationships are 

unimodal and interactive (McCune 2011).  Nonparametric multiplicative regression 

(NPMR) may be a more appropriate modeling approach because it allows for 

environmental variable interaction and non-linear responses (McCune 2006). 

A recent study investigating the connectivity of oceanographic conditions to 

Humboldt squid catch in the northern California Current System found that Humboldt 

squid presence has been closely associated with salinity, while abundance 

corresponded best with station depth, subsurface temperature, salinity, and density 

(Litz et al. 2011).  Using GAMs, Litz et al. (2011) analyzed seasonal National Oceanic 

and Atmospheric Administration (NOAA) Fisheries, National Marine Fisheries 

Service (NMFS) Northwest Fisheries Science Center (NWFSC), Predator and Stock 
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Assessment Improvement Plan (SAIP) fishery survey and oceanic data from 2004-

2009 off Oregon and Washington.  Litz et al. (2011) found Humboldt squid present in 

60 of the 947 total trawls, and established that Humboldt squid abundance 

corresponded best with a station depth of 1000 m, 11-13ºC subsurface water 

temperature, 32.4-32.8 psu, and a density of 24.5-25.0 kg m-3 at 20 m.  While their 

results provided significant baseline information for Humboldt squid monitoring in the 

Pacific Northwest, Litz et al. (2011) expressed need for broader scale distribution data 

analysis.    

The goal of this study is to explore the relationship between broad-scale 

temporal and spatial oceanographic conditions and Humboldt squid occurrence in 

Oregon so as to contribute to baseline information on Humboldt squid interannual 

variability.  This study analyzes aggregate Humboldt squid occurrence information 

from scientific surveys, observers, and sightings by fishermen with annual remote 

sensing and field oceanographic data. 

  

3.3 Methods 
 

3.3.1 Study Area  
 

 The study area is the northeast Pacific Ocean off of the Oregon coast, United 

States.  My study area extent spans the Oregon coast range from 44º 30’ 15.1” N, 123º 

33’ 4.1” W out to 131ºW longitude to include near-shore and offshore Humboldt squid 

observation sites (Figure 3.1). 

 

3.3.2 Sightings and Observed Conditions 
 

 Humboldt squid sightings between 2002-2011 were compiled from fisheries-

independent surveys, fisheries-dependent observer records, and fishermen 

observations for a total of 339 occurrence points (Figure 3.1).  I interviewed 54 
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fishermen.  Of those 54 interviewed, 20 individuals observed Humboldt squid between 

2002-2011 for a total of 173 sightings.  Fishermen’s data ranged from recollection to 

detailed logbook records.  Although some fishermen provided a specific latitude and 

longitude, a majority of the fishermen provided sightings based on depth and 

topography.  Humboldt squid presence/absence and abundance data between 2003-

2010 were provided by NOAA NWFSC Observer Program (A-SHOP), NOAA 

NWFSC Joint U.S./Canada Pacific Hake Acoustic Survey Database (Hake Acoustic), 

and NOAA NMFS NWFSC (SAIP and Predator studies).  Data were standardized into 

28 square kilometer cells and grouped annually.   

 Annual average sea surface temperature (SST), chlorophyll a (chla), mean sea 

level anomalies for sea surface height (SSH), 30 m dissolved oxygen (30 m DO), and 

sea surface salinity (SSS) were chosen as ocean predictor variables for years 2002-

2011.  Nighttime seasonal composite 4 km 11µ Level 3 Moderate Resolution Imaging 

Spectroradiometer (MODIS) satellite data for SST and ocean color and 1/3°x1/3° 

compiled satellite altimetry data for MSLA-SSH (Aviso) were acquired for analysis 

through Marine Geospatial Ecology Tools (MGET) in ArcGIS 10.0, from ESRI, Inc.  

Inverse distance weighting was used to interpolate a surface for 30 m DO and SSS 

based on annual point data obtained from NOAA’s National Ocean Data Center World 

Ocean Data Select database (www.nodc.noaa.gov) and Oregon Fishermen in Ocean 

Observing Research (Childress 2010).  Values for SST, chla, SSH, 30 m DO, and SSS 

were extracted at each squid observation point.  Kernel density plots were developed 

to explore spatio-temporal fluctuations of observed vs. expected Humboldt squid 

distribution for years 2002-2011.  All density estimations were performed in R (R 

Development Core Team, 2012) version 2.15.0. 

 Oceanic predictors of Humboldt squid likelihood of occurrence for 166 

Humboldt squid presence points and 3,593 absence points and predictors of 104 

Humboldt squid abundance points (Table 3.1) were modeled.  Binary and quantitative 

information were only available from the survey and observer program data, therefore 
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subset data for Humboldt squid presence/absence (binary) and abundance 

(quantitative) were used for model selection and evaluation. 

 

3.3.3 Model Selection 
 

 Humboldt squid habitat was modeled using NPMR in HyperNiche (v2.11) 

software (McCune and Mefford, 2004) and Maxent (Philips et al. 2004).  NPMR was 

chosen because it enabled the consideration of multiple environmental factors 

simultaneously and I assumed the response of Humboldt squid to the environmental 

variables would be complex, non-linear, and would contain interactions between the 

predictor variables (McCune 2006).  NPMR estimates responses by multiplicatively 

combining all predictors simultaneously (McCune 2006).  The method uses leave one-

out-cross validation and applies local smoothing functions, estimating a target point by 

weighting nearby observations in the predictor space (McCune 2006).  The cross-

validated (xR2) differs from a traditional R2 because the data point is excluded from 

the basis for the estimate of the response at that point (McCune 2011).  For binary 

data, NPMR uses logB as a measure of fit.  LogB is the log likelihood ratio of cross-

validated estimates from a fitted model to estimates over a naïve model (McCune 

2011). 

 A two-step approach using a binary response matrix of Humboldt squid and a 

quantitative response matrix of Humboldt squid with a predictor matrix of SST, chla, 

SSH, 30 m DO, and SSS variables was utilized to perform a free-search model fit for 

NPMR, local mean, and quantitative Gaussian weighting function (LM-NPMR).  A 

moderate neighborhood size was selected with a 5% range.  

 Presence/absence records were not available for fishermen data.  Therefore, all 

Humboldt squid sightings were compared independently from the NPMR method to 

the five oceanic predictor variables from 2002-2011 using the program Maximum 

Entropy Species Distribution Modeling (Maxent) version 3.3.3k 

(http://www.cs.princeton.edu/~schapire/Maxent/).  Maxent utilizes presence-only data 
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to predict probabilities based on limited information (Lefkaditou et al. 2008).  

According to Phillips et al. (2004), Maxent estimates the species distribution by 

finding the distribution closest to uniform subject to the constraint that the expected 

value of each feature under this estimated distribution matches its empirical average.  

  The gridded-data were modeled using the samples-with-data format (SDF) for 

the 339 response sightings and background sites.  This allowed for a change in 

environmental conditions to be considered in the same sampling area over the given 

time period (Phillips et al. 2004; Elith et al. 2011).  The model was fitted using auto 

features and 1.5 regularization parameters to minimize overfitting (Philips et al. 2004).  

 

3.4 Results 
 

3.4.1 Sightings and Observed Ocean Conditions  
 

 Humboldt squid sightings were greatest in 2009 with 116 observations and 

virtually absent in 2011.  The majority of squid observations occurred from June to 

November across all years and spatially between 124.4ºW to 125ºW in proximity to 

the shelf-break at the 200-m isobath.  Density plots of sea surface temperature, sea 

surface height, chlorophyll a content, 30 m dissolved oxygen, and sea surface salinity 

in the study extent and at squid observation sites from years 2002-2011 are given in 

Figure 3.2.  Humboldt squid were more frequently observed on the lower range of 

peak environmental SST (10.5-13.0°C; average 11.72°C) and sea level anomalies for 

SSH (-4.0-1.0 m; average -1.30 m).  Squid sightings were greatest in the positive 

range of peak environmental chla (0.26-3.0 mg m-3; average 1.90 mg m-3).  Squid 

response to DO at 30 m depth was variable with frequency bands at 3-4.5 ml L-1 and 

6-7 ml L-1; average 5.53 ml L-1.  For years 2002-2011, Humboldt squid were most 

frequently observed at salinity ranges consistent with environmental conditions (32.2-

32.8 psu; average 32.45 psu). 
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3.4.2 Model Evaluation and Output   
 

 LM-NPMR binary Model 960 with 166 sightings yielded the best natural logB 

of 35.91 for Humboldt squid likelihood of occurrence with an average neighborhood 

size of 178.7 (Table 3.2).  Chla, SST, SSS, and 30 m DO were determined to be the 

best predictors for Humboldt squid likelihood of occurrence at 28 square kilometer 

resolution based on the model results.  Contour plots of the fitted response surfaces are 

given in Figure 3.3.  An estimation of Humboldt squid likelihood of occurrence within 

the study area in the year 2009 and 2011 are given in Figure 3.4.  Fishermen sightings 

not included in the response matrix are overlayed with the predicted estimation maps.   

 The highest xR2 of 0.343 was associated with LM-NPMR Model 908 for 

Humboldt squid abundance with 3 predictors, SSH, 30 m DO, and SST using an 

average neighborhood size of 5.5 (Table 3.3).  According to the model, abundance is 

greatest at low SSH, peak low and high 30 m DO, and higher SST.  Based on the fitted 

response surface, negative SSH was the most significant predictor of squid abundance.  

The Maxent Model AUC was 0.923 and according to jackknife results, chla 

content ranks best as an explanatory variable for Humboldt squid presence, followed 

by 30 m DO, SSH, SST, and SSS (Figure 3.5).  Maxent probability map estimates 

using aggregate sightings data for years 2009 and 2011 are given in Figure 3.6.  

 

3.5 Discussion 
 

3.5.1 Response and Predictor Variables 
 

My results suggest that oceanographic conditions have the potential to 

influence Humboldt squid occurrence in Oregon based on sightings information 

compiled from fishermen, NOAA NWFSC fisheries surveys, and observer program 

data.  LM-NPMR and Maxent model results indicate that negative sea surface height 

anomalies and dissolved oxygen are viable explanatory variables for Humboldt squid 
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likelihood of occurrence and abundance.  Negative SSH is associated with upwelling 

events (Venegas et al. 2008), which bring nutrient rich bottom waters with lower 

dissolved oxygen content to the surface.  Humboldt squid are highly tolerant to low 

DO and unlike other squid, they are able to suppress metabolic activity in the OML 

and maintain activity levels (Gilly et al. 2006).  Humboldt squid display diel 

fluctuations greater than 250 m in vertical movement throughout the water column, 

where they are found to exploit the OML and avoid high surface temperatures during 

the day (Gilly et al. 2006; Bazzino et al. 2010; Rosa and Seibel 2010).   

Shelf water oxygen concentrations have been decreasing and the OML has 

shoaled up to 90 m in the California Current (Bograd et al. 2008) and up to 100 m in 

the eastern sub-arctic Pacific (Whitney et al. 2007).  Hypoxia has been observed off 

Oregon since 2002 (Chan et al. 2008) with an unprecedented occurrence of anoxia in 

the inner-shelf (< 50 m) and expansion of hypoxia from the shelf to the inner shelf in 

2006 (Chan et al. 2008).  Litz et al. (2011) found that in 2009 Humboldt squid density 

was greatest in the hypoxic waters off of the Columbia River.  However, I was unable 

to interpolate a robust surface for DO because of limited data.  A greater number of 

dissolved oxygen measurements is needed to further explore this predictor and should 

be a research priority. 

My results suggest that sea surface temperature and chlorophyll a content are 

main-effect variables for Humboldt squid likelihood of occurrence and abundance.  

Higher SST and lower chla can be found during El Niño events.  Humboldt squid were 

first documented in Oregon during the strong El Niño in 1997-98 (Pearcy 2002) and 

again during the following El Niño: 2002, 2004, 2006, 2009 and 2010 (Multivariate 

ENSO Index, http://www.esrl.noaa.gov/psd/enso/mei/mei.html).  Water temperature 

regime shifts caused by La Niña/El Niño events modify environmental conditions and 

food availability and therefore can change jumbo squid growth rates, size-at-maturity, 

and potentially their migration routes (Nigmatullin et al. 2001; Keyl et al. 2008; 

Mejía-Rebollo et al. 2008).   
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Sea surface temperature has been used as a significant predictor of squid 

habitat using GIS (Valavanis et al. 2004), Maxent, and GAMs modeling approaches 

(Lefkaditou et al. 2008; Litz et al. 2011).  Humboldt squid have been reported to have 

a temperature threshold of 25°C with average metabolic rate range between 10-20°C 

(Rosa and Seibel 2010) and a daytime preferred temperature range of 10-14°C 

(Bazzino et al. 2010).  My results are consistent with previous research indicating an 

increase of Humboldt squid observed at 10.5-13.0°C from 2002-2011.   

My results were similar to previous habitat modeling approaches performed for 

short-fin squid using GIS Essential Fish Habitat modeling (Valavanis et al. 2004), 

GAMs, and Maxent presence/absence survey data (Lefkaditou et al. 2008) in which 

chlorophyll a content was a main predictor of squid occurrence.  Chla content can be a 

proxy for productivity and DO content.  I feel that the chla signal could also be an 

indicator of their spatial distribution in relation to prey availability and fishing effort 

since most squid were observed around the shelf-break.  Future analysis should 

include more detailed offshore sampling of Humboldt squid in order to evaluate the 

significance of chla as a main-effect environmental predictor.   

Although research has indicated that El Niño events may be one driver for 

Humboldt squid expansion, it is important to note that Humboldt squid were observed 

in both fishermen data and survey data during neutral ENSO years and La Niña years 

between 2002 and 2011.  Zeidberg and Robison (2007) found that while El Niño 

driven expansions and a warm water affinity may have facilitated their presence into 

central California, once Humboldt squid are established in the area, these conditions 

do not dictate their distribution due to their physiological plasticity.  As a result of 

complex environmental interactions, considering the contribution of individual 

oceanographic variables in addition to long-term climatic processes may be more 

appropriate for establishing when Humboldt squid are most likely to be observed.  

Although both the HyperNiche binary LM-NPMR Model 960 and Maxent 

methods were developed independently, the final selected predictor variables were 

similar suggesting a relationship between Humboldt squid occurrence and 
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oceanographic conditions.  Maxent utilized chla, 30 m DO, SSH, SST, and SSS, while 

the binary LM-NPMR 960 model utilized all but sea level anomalies for SSH.  Based 

on visual interpretation of the map outputs for 2009 and 2011, binary LM-NPMR 960 

predicted fishermen observations well and in comparison to the Maxent output, 

appeared to be more conservative and parsimonious.  Although Maxent had an AUC 

of 0.923, habitat maps for 2009 and 2011 from Maxent appeared to be less reasonable 

and over-predict areas of likelihood of occurrence.  I feel that I had an incomplete 

dataset of Humboldt squid distribution in Oregon, which can result in inaccurate 

pseudo-absence points and an inability to adequately model presence-only data (Ellis 

et al. 2007).  

   

3.5.2 Sources of Uncertainty and Error 
 
 Model results could have been influenced by sources of uncertainty and error 

in the modeling as a result of presence and absence records, interpolation, and 

overfitting.  False presence and absence records could have been present in the 

distribution data.  Except from two fishermen who targeted Humboldt squid in 2009, 

sightings records were comprised of bycatch only observations, making it difficult to 

distinguish false records.  Although the fishermen data varied in degree of accuracy, 

the broad resolution that the observations were analyzed for did not affect the 

distribution mapping greatly and contributed to the modeling because it was less 

uniform and acted as test data for the HyperNiche LM- NPMR model.  Interpolation 

of SSS and 30 m DO surfaces from in situ measurements were established based on a 

varying number of in situ measurement points per year, which could have resulted in 

inaccuracies in the projected values.  Less data for certain years resulted in spatial 

clustering, which decreases variability in areas with fewer measurements such as near 

the coast.  Model outputs for Maxent could have been less robust and over-fit because 

of spatial sampling bias (Phillips et al. 2009).  Humboldt squid observations came 

from bycatch records, which had effort bias centralized around the target fishery or 
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survey transect grid.  Additionally, pseudo absence points used to create the 

background in Maxent fell outside the region in which Humboldt squid were observed. 

 

3.6 Conclusion 
 

 This was the first use of NPMR to map Humboldt squid potential habitat, and 

based on my results, chla, SST, SSS, 30 m DO, and SSH anomalies influence the 

likelihood of Humboldt squid occurrence and abundance.  For my study purposes, 

HyperNiche LM-NPMR 960 appeared to be the most appropriate modeling approach 

to analyze the relationship between broad-scale oceanic conditions and baseline 

Humboldt squid distribution.  Although examination of annual SSH, SST, chla, 30 m 

DO, and SSS provided insight into the relationship between the environment and 

sightings, it is critical to consider the influence of prey availability in Humboldt squid 

migration.  Additionally, I feel that it is necessary to evaluate Humboldt squid 

response to seasonal variability in environmental conditions.  Collecting more off-

shelf data would be beneficial and provide for a more robust analysis.  I recommend 

that future research include regional sightings as well as analysis of the predictor 

variables at varying depths and at a finer temporal resolution.  I hope that my results 

contribute to better understanding Humboldt squid behavior and the impact of 

Humboldt squid migration in order to help direct future management efforts. 
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Figure 3.1. Study Area Extent With Humboldt Squid Occurrences From 2002-2011. 
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Figure 3.2.  Frequency Density of 30 m DO, SSS, SSH Anomalies, SST, and Chla in 
the Environment (Black) and at Squid Observation Sites (Red) From 2002-2011.  
Humboldt squid were more frequently observed at 3-4.5 ml L-1 and 6-7 ml L-1, 32.2-
32.8 psu, -4-1 m, 10.5-13ºC, and 0.26-3.0 mg m-3. 
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Figure 3.3.  Contour Plots of Fitted Response Surface from Binary LM-NPMR Model 
960 
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Figure 3.4. Binary HyperNiche LM-NPMR Model 960 Output Estimation for 
Humboldt Squid Likelihood of Occurrence in 2009 and 2011 Overlayed with 
Fishermen Sighting 
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Figure 3.5. Maxent (v. 3.3.3k) Jackknife Results and Response Curves for SSS, 30 m 
DO, SST, Chla, and SSH Predictors of Humboldt Squid Presence Probability. 
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Figure 3.6.  Maxent Probability Map Estimates for Humboldt Squid Sightings Using 
Presence-only Compiled Annual NOAA NWFSC Survey, A-SHOP, and Fishermen 
Data for 2009 and 2011. 
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Table 3.1. 2004-2010 Humboldt Squid Abundance Data From Predator and SAIP 
Surveys and A-SHOP Sources.  Peak Humboldt squid abundance occurred in 2009. 
 

Year   

Humboldt Squid 
Count                    

(Catch Per Haul Per 
Observation Site)   

Number of Humboldt Squid 
Observation Sites from Predator, 

SAIP, and A-SHOP 
2004 

 
47 

 
12 

2005 
 

2 
 

2 

2006 
 

79346 
 

21 

2007 
 

71678 
 

26 

2008 
 

255167 
 

31 

2009 
 

294744 
 

41 

2010   16262   22 
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Table 3.2. HyperNiche (V. 2.11) Binary LM-NPMR Model 960 Evaluation.  Annual 
average Chla, SST, SSS, and 30 m DO are the best predictor variables for Humboldt 
squid likelihood of occurrence with a logB of 35.91. 
 

BINARY LM-NPMR 960 (presence/absence) 

Average Neighborhood 
Size (N*) 

Minimum 
Neighborhood 

Size Model 960 logB   
178.7 1 35.91 

 
  

Input Predictor Min Max Range   
chla 0.2396 19.785 19.545   
SST 9.3616 14.35 4.9887   
SSH -9.1081 7.5252 16.633   
SSS 31.995 35.987 3.992   

30 m DO 3.2609 7.1967 3.9358   
Model 960 Predictor Min Max Tolerance Tol,% 

chla 0.2396 19.785 0.9773 5 
SST 9.3616 14.3504 0.7483 15 
SSS 31.9953 35.9873 0.3992 10 

30 m DO 3.2609 7.1967 0.3936 10 
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Table 3.3. HyperNiche (V. 2.11) Quantitative LM-NPMR Model 908 Evaluation. 
Annual average SSH anomalies, 30 m DO, and SST are the best predictor variables for 
Humboldt squid abundance with a xR2 of 0.343.    
 

QUANTITATIVE LM-NPMR 908 (abundance) 

Improvement criterion 

Minimum 
Neighborhood Size 

(N*) Model 908 xR² 
5% 5.1 35.91   

Input Predictor Min Max Range 
SSH -4.4851 2.4964 6.9815 

30 m DO 3.4354 6.995 3.5596 
SST 9.8981 13.843 3.9445 
chla 0.45368 7.9503 7.4966 
SSS 32.179 34.241 2.0617 

Model 908 Predictor Tolerance      
SSH 0.3491    

30 m DO 0.5339    
SST 0.7889     
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CHAPTER 4:  THOUGHTS ON FUTURE RESEARCH ON THE 
HUMBOLDT SQUID IN OREGON AND THE PACIFIC NORTHWEST 
 

4.1 Irony in Research Design 
 

 One fisherman told me back in 2009, that there were so many Humboldt squid 

you could practically walk across water on top of them.  Some Oregonians felt like 

they were in a realistic horror show when hundreds washed ashore on Oregon’s 

beaches.  Recent visitations by these voracious predators were igniting curiosity and 

questions for many.  “Are they sticking around?”  “Are they going to eat all of the 

fish?”  “Can they eat us?” “Can I eat them?” This project was initiated to answer some 

of these questions.   

 However, much to everyone’s astonishment, the Humboldt squid virtually 

disappeared in 2010.  As one can imagine, this created some inherent difficulties with 

meeting the original objectives for the project, which included plans for sampling 

squid and ocean characteristics with the help of local fishermen, and detailed work on 

diet composition.  As the project got underway in 2010, not only did Humboldt squid 

sightings decrease but so did the enthusiasm of individuals to participate.  Some might 

find this discouraging; I found it a great opportunity to gain ingenuity, build 

relationships, and to educate others and myself on the importance of continued 

exploration. 

 

4.2 Main Lessons Learned 
 

4.2.1 Management Approaches Are Not the Only Ones That Need to Be 

Adaptive and Precautionary  
  

 Overcoming the main challenge of this research project–establishing a baseline 

for Humboldt squid distribution in Oregon with limited data–required a great deal of 
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adaptability.  There is no monitored fishery for Humboldt squid in Oregon.  Therefore, 

to reconstruct the past, an inventory of all available sightings was required.  Initially, I 

had hoped to gather data from 1997 but that was not possible because none of my 

resources–neither of the surveys, the observer program, nor fishermen–had observed 

Humboldt squid that far back.  The earliest recorded occurrence of Humboldt squid in 

the survey data was in 2004.  The observer program did not begin documenting squid 

to species level until 2006.  The fishermen I interviewed only remembered sightings as 

far back as 2002.  Therefore, I was only able to map Humboldt squid from 2002-2011.   

 Aggregating data from a number of data sources requires adaptability in 

collection and surveying methods.  The data request process is often longer than you 

anticipate and fishermen availability is limited by the weather and peak fishing season.  

Optimizing participation level requires a flexible and lengthy data-gathering period, 

with willingness to drive to a number of interviewing sites.  To build trust and enhance 

collaboration outcomes, researchers must be adaptable, honest, sincere, and willing to 

listen.  Fishermen have a wealth of knowledge.  As demonstrated in my results, I 

believe fishermen experiences about the ocean resources and their habitats are 

invaluable.  Effectively and appropriately incorporating their knowledge with other 

diverse forms of fisheries data will augment your research experience and improve in 

understanding your research question(s).   

 

4.2.2 The Researcher Who Wears Many Hats 
 

 The interdisciplinary nature of the research project necessitated reaching out to 

the community of scientists, managers, fishermen, and other experts.  The Humboldt 

squid project incorporated aspects of cooperative fisheries research, ecosystem-based 

management, fisheries science, geographical information sciences, marine biology, 

oceanography, outreach, remote sensing, species distribution modeling, and statistics.  

Although educational backgrounds are often diverse, it is unlikely that one can be an 

expert in all of these areas; I, for one, am not.  To meet all research objectives 
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rigorously and efficiently, I found it extremely advantageous to break out of my shell 

and contact known experts in these fields for any insight and suggestions.    

 

4.3 Recommendations for Future Research 
 

  Much remains unknown about Humboldt squid distribution in Oregon and 

many questions regarding their potential economic and social-ecological impacts 

remain unanswered.  Although an interest in developing a fishery for Humboldt squid 

in Oregon has been expressed, it is hard to justify the costs associated with 

establishing additional fishery surveys as well as the cost to modify processing plants 

when it still remains uncertain exactly when and where Humboldt squid will appear.  

To tackle some of these knowledge gaps, continued monitoring for the squid and in-

depth socio-economic analysis of their potential costs and benefits is needed.  

 When Humboldt squid reappear, likely in the near future, maintaining an 

interdisciplinary approach is critical to monitoring so to progress toward identifying 

the ecological, social, and economic impacts of their arrival.  Uncertainties in my 

analyses were due to misidentification, bycatch bias, errors in spatial and temporal 

information as a result of recollected accounts over logged observations, a lack of 

offshore reporting, and the use of annually averaged oceanographic conditions.  

Continued efforts should include the recording of squid to the species level, comparing 

Humboldt squid sightings to other native squid to reduce misidentification, and 

documenting specific temporal and spatial information to reduce uncertainties.  

 Valuing ecosystem services related to Humboldt squid and their impacts in 

Oregon has not been performed and should be.  Future research should incorporate an 

assessment of the related ecosystem services so as to identify and prepare for potential 

impacts. When evaluating the impact of Humboldt squid expansion on Oregon marine 

ecosystem services, a move toward collaborative research is recommended.  The 

inclusion of fishermen and coastal community members’ knowledge and a joint 

partnership in research, monitoring, and management should remain a priority. 
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MODEL PRE-PROCESSING FLOWCHART 
 

 

 
Figure A.1. Flowchart of Model Data Pre-processing.   
 
MGET in ArcGIS was used to download remote sensing data for 2002-2011:  
SST:  MODIS_Aqua_Annual_4km_11um_NSST_13m_data_mean_cumulative.  
Chla:  MODIS_Aqua_Annual_4km_chlora_cumulative. 
SSH:  Global_DT-Ref_Merged MSLA_SSH_weekly_mean_cumulative. 
 
DO was downloaded from NOAA NODC and Childress (2010) for ml L-1 at 30 m 
depth. 
SSS was downloaded from NOAA NODC for psu at 0 m depth. 
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Figure A.2. Map of 2002 Humboldt Squid Sightings by Data Source (Fishermen). 
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Figure A.3. Map of 2003 Humboldt Squid Sightings by Data Source (Fishermen). 
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Figure A.4. Map of 2004 Humboldt Squid Sightings by Data Source (Fishermen and 
SAIP Survey). 
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Figure A.5. Map of 2005 Humboldt Squid Sightings by Data Source (Fishermen and 
SAIP Survey). 
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Figure A.6. Map of 2006 Humboldt Squid Sightings by Data Source (Fishermen, A-
SHOP, Predator Survey, and SAIP Survey). 
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Figure A.7. Map of 2007 Humboldt Squid Sightings by Data Source (Fishermen, A-
SHOP, SAIP Survey). 
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Figure A.8. Map of 2008 Humboldt Squid Sightings by Data Source (Fishermen, A-
SHOP, SAIP Survey). 
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Figure A.9. Map of 2009 Humboldt Squid Sightings by Data Source (Fishermen, A-
SHOP, Predator Survey, and SAIP Survey). 
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Figure A.10. Map of 2010 Humboldt Squid Sightings by Data Source (Fishermen, A-
SHOP). 
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Figure A.11. Map of 2011 Humboldt Squid Sightings by Data Source (Fishermen). 
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IRB Form v. 12/24/2009 

NOTIFICATION OF  
RESEARCH DETERMINATION 

 

 
 
 
Principal Investigator:  Selina Heppell Department: Fisheries and Wildlife 
Project Title:   Investigation into the expansion of the Humboldt Squid off of the Oregon Coast 

 
 
The above referenced proposal was reviewed by the OSU Institutional Review Board (IRB) Office.  The IRB has 
determined that your project does not meet the definition of “research involving human subjects” under the 
regulations set forth by the Department of Health and Human Services 45CFR46.102. 
 
Further review of this proposal is not required and you may proceed with the project as it was described 
in this submission. 
 
Please note that amendments to this project may impact this determination.   
 
If you have any questions, please contact the IRB Office at IRB@oregonstate.edu or by phone at (541) 737-8008. 
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FRAM Acoustics Data Request Form - December 2004 

Data Request Form  
NWFSC FRAM Acoustics Program 

 
 
Requestor’s Name:  Tanya Chesney 
 
Affiliation:  Oregon State University 
 
Street Address: College of Oceanic and Atmospheric Sciences 
  Oregon State University 
  104 COAS Administration Building 
 
City:  Corvallis                              State:  OR              Zip:  97331-5503 
 
Email address: tchesney@coas.oregonstate.edu 
Office phone: 541-250-2372 
 
Data being requested (be sure to include specific areas, date range, species, data fields, 
etc.)   
 
Humboldt squid (Dosidicus gigas) presence/absence and CPUE trawl data and acoustic 
data for Oregon from 1999 to present. 
 
Purpose of the request and use of the data:  
 
This data will be used for a master’s project for Marine Resource Management, College 
of Oceanic and Atmospheric Sciences, Oregon State University.  The purpose of the data 
request is to acquire presence/absence information for Humboldt squid in order to 
establish where the squid have been seen in Oregon.  This data will be included with 
other Humboldt squid sighting data from fisherman and community members so as to 
create a baseline for Humboldt squid distribution and abundance off of the OR coast.  
Once the distribution information is mapped, correlation analyses of oceanic conditions 
and prey abundance will be performed.   
 
The requestor agrees to cite the source of these data in all publications (printed, web-
based, or presentation materials) in which they are used as “NWFSC FRAM Acoustics 
Program NOAA Fisheries 2725 Montlake Blvd. Seattle, WA 98112”.  Further, the 
requestor agrees to make copies of all manuscripts available to the NW Fisheries Science 
Center Fisheries Resource Analysis and Monitoring Division (NWFSC/FRAM Division) 
for pre-publication review prior to submission. The requestor also agrees that all data 
obtained from the NWFSC FRAM acoustics database is for his/her use only.  Requests 
for NWFSC FRAM acoustics data by other parties should be directed to the 
NWFSC/FRAM Division Director (Dr. Michelle McClure, Michelle.Mcclure@noaa.gov, 
or data manager (Rebecca Thomas, Rebecca.Thomas@noaa.gov). 
 
Signature of requestor:  Tanya Chesney 
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Data Requestor(s):  Tanya Chesney, Marine Resource Management, College of 

Oceanic & Atmospheric Sciences, Oregon State University 

PI: Dr. Selina Heppell, Department of Fisheries and Wildlife, Oregon State University 

 

 

a) Project Description 

• Project Title: A cooperative effort to track the Humboldt squid (Dosidicus 

gigas) invasion in Oregon 

• Project Goal: To determine the extent of jumbo squid in Oregon, correlations 

between catches and oceanographic variables, and prey composition within 

that range. 

 

b) Question/Hypothesis 

• Question:  Where and when have Humboldt squid been present/absent in 

Oregon between 1998-2011? 

• Hypothesis:  Humboldt squid off Oregon from 1998-2011 co-occurred in areas 

of high productivity, sea surface temperatures >10 ºC , dissolved oxygen 

concentrations <1.4 mL/L and phosphorus concentrations near 0.8 mg/m3. 

 

c) Data Requested  

• Presence/absence data for Humboldt squid off of Oregon coast since 1998 
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d) Data Use Outcome(s) 

1. Determine Humboldt squid presence/absence, abundance and correlation with 

ocean or fishing conditions  

2. Create a GIS map of historic Humboldt squid spatial and temporal distribution  

3. Overlay map with oceanic data  

a. Sea surface temperature, ocean color, dissolved oxygen (DO), phosphate 

concentrations, bathymetry and sea surface height 

4. Evaluate potential correlations between ocean conditions and squid 

presence/absence 

5. Overlay squid catch information with tuna and hake effort (PacFIN data by fishing 

block) to identify potential overlaps with these commercially important species 

6. Disseminate results to industry and the general public 

a. Present results to cooperators and other fishermen at Newport’s Science 

and Fishermen’s Exchange meeting 

b. Develop an information summary for the Pacific Fisheries Management 

Council 

c. Create a short video documentary of the project 

d. Work with the Hatfield Visitor’s Center to create an exhibit on the squid 

and collaborative research 
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e) Project Collaborators and Cooperators 

• Dr. Bob Emmett and Dr. Ric Brodeur, PIs of the Predator and SAIP Studies 

• Dr. Patricia Burke, NOAA/NWFSC/FRAMD 

• Dr. Rebecca E. Thomas, NOAA/NWFSC/FRAMD 

• Kaety Hildenbrand, Oregon Sea Grant Extension Agent, Marine Fisheries 

Educator 

• Jamie Doyle, Oregon Sea Grant Extension Agent, Marine Community 

Development Educator  

• Dr. Bill Hanshumaker, Oregon Sea Grant Extension Agent, Marine Public 

Education Specialist 

• Oregon Fishermen 

 

f) Level of Involvement 

 

I am a graduate student at Oregon State University under the direction of Dr. 

Selina Heppell and am unaffiliated with NOAA.  Dr. Bob Emmett and Dr. Ric 

Brodeur are the PIs of the project from which I am requesting Humboldt squid 

presence/absence data.   
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