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Abstract 

 

 Forage fish are a crucial link between primary producers and the success of many top 

marine predators in pelagic ecosystems around the world. In upwelling systems such as the 

California Current Ecosystem (CCE), forage fish availability can be the central determining 

factor in the survival of upper trophic level species, and their young. Northern anchovy 

(Engraulis mordax) and juvenile rockfish serve as a critical conduit for the transfer of energy 

to top marine predators in the CCE. This study used acoustic descriptors of anchovy schools 

and juvenile rockfish (Sebastes spp.) to identify them in hydroacoustic data collected from 

2004 to 2015 in the Greater Farallones and Cordell Bank National Marine Sanctuaries in the 

CCE. Anchovy-like schools were detected using a mean volume backscattering strength of 

-44.8 dB (SE ± 0.69). Juvenile rockfish-like single targets were detected using a target 

strength (TS) range between -52.8 to -50.9 dB. The TS range was calculated using estimated 

and measured lengths of juvenile rockfish consumed by three piscivorous seabirds. The 

lengths of the fish were put through a length dependent TS model to derive the TS for 

juvenile rockfish. The results of the acoustic analysis were used to derive acoustic abundance 

indices of both forage fish species. To verify the acoustic methods, the acoustic indices were 

compared to trawling data collected by the National Oceanic Atmospheric Administration 

and the diets collected from the common murre, rhinoceros auklet, and Brandt‘s cormorant. 

The results suggest that the acoustic methodologies used can accurately track the presence 

of both forage fish species. 
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1 Introduction 

 

1.1 Context and purpose of this study 

 

 As marine management regimes begin to incorporate ecosystem based management 

strategies, it is important for decision makers to have a broad view of wildlife interactions, 

ecosystem states that affect these interactions, and potential human activities that may 

impact, or degrade the state of the ecosystem. To broaden the view of wildlife interactions, 

scientists have used indicator species such as seabirds to isolate foraging hotspots and 

potential areas of conservation to reduce potential conflicts between wildlife and human 

activities (Santora et al., 2011 McGowan et al., 2013, Manugian et al., 2015). Currently these 

studies have focused on the relationship between seabirds and krill aggregations. They have 

been successful in indicating areas of critical importance to not only seabirds, but other upper 

trophic level marine species. A missing component to these models is a broad view of 

interactions between seabirds and forage fish species such as northern anchovy and the 

pelagic life stage of juvenile rockfish. These two forage fish species in the California Current 

Ecosystem (CCE) play a critical role in maintaining healthy population levels of predatory 

fishes, marine mammals, and piscivorous seabirds.  

 The northern anchovy in the CCE can be split into two sub-populations: northern and 

southern. The last comprehensive stock assessment of northern anchovy was conducted in 

1995 (Jacobson et al. 1994, 1995). As for the northern sub-population, which occupies 

waters in the region of this study, only two scientific studies have been carried out, both of 

which are outdated (Richardson et al., 1981, Emmett et al., 1997). Juvenile rockfish are 

assessed during annual recruitment trawling surveys of young of the year rockfish and 

Pacific hake, but it has been documented that trawling surveys in the California Current may 

be underestimating the abundance of juvenile rockfish (Ainley et al., 1993, Sakuma and 

Ralston, 1995, Yoklavich et al., 1996, Mills et al., 2007). In addition to net-based surveys 

tracking the abundance of forage fish, it has been well documented that piscivorous seabirds 



 

can serve as indicators of forage fish abundance (Furness and Kees, 1997, Mills et al., 2007, 

Thayer and Sydeman, 2007Elliott et al., 2015,). The focus of this study was to develop 

methodologies using hydroacoustic methods that could successfully track the presence and 

absence of these to two species in the Greater Farallones National Marine Sanctuary 

(GFNMS) and Cordell Bank National Marine Sanctuary (CBNMS). 

 Being recognized as ecologically and culturally significant, these two sanctuaries 

provide an ideal location to conduct marine-based fisheries and wildlife research. The two 

sanctuaries have well defined borders and cover 6,642 km2 of diverse coastal and marine 

habitat off Central California. Since 2004, Point Blue Conservation Science, in partnership 

with the two marine sanctuaries, has been conducting comprehensive marine-based studies 

in the two sanctuaries. These studies simultaneously collect wildlife, oceanographic, and 

hydroacoustic data between the months of April and October. This study analysed acoustic 

data collected during this time period between 2004 and 2015. These data were analysed to 

address the following two questions: 

(1) Can acoustic methods be used to effectively track the abundance of northern 

anchovy and juvenile rockfish using the existing hydroacoustic data? 

(2)  If so, how can the findings of this research contribute to improving the spatial 

management of the marine environment? 

 To answer these questions, the study used acoustic descriptors of anchovy schools and 

juvenile rockfish to identify them in the acoustic data. The findings of the identification 

process were used to develop abundance indices of anchovy-like schools and juvenile 

rockfish-like single targets. To test the veracity of the methods, the results were compared 

to independent metrics. The two metrics used were the annual trawling surveys (mentioned 

previously) conducted by the National Oceanic Atmospheric Administration – National 

Marine Fisheries Service (NOAA-NMFS), and the diets of three piscivorous seabirds. 

Provided that the methods were successful, the findings would provide a template for future 

research in the spatial relationship of piscivorous seabirds and the forage fish upon which 

they depend. 

 Regarding the structure of this thesis, the introduction is followed by a theoretical 

overview of relevant background information and theories which provides context for the 

research performed. In particular the theoretical overview focuses on forage fish and 
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assessment techniques, hydroacoustics, and piscivorous seabirds as indicators of forage fish 

abundance. This section ends with the goals and objectives of this study as a prelude to 

describing the methods and analysis in detail. The results present the findings for seabird 

diets, acoustic school classification (anchovy), single target detection (juvenile rockfish), 

and how the abundance indices were developed. Finally the paper is concluded with a 

discussion of the results, their application in predator-prey and ocean zoning studies, the 

limitations to the study, future research and concluding remarks of the study. 

 

1.2 Objectives of this study 

 

 This study presents methodologies for using hydroacoustics to track forage fish off the 

coast of Central California. We used acoustic descriptors to isolate northern anchovy-like 

schools and juvenile rockfish-like single targets in hydroacoustic data collected from 2004 

to 2015 in GFNMS and CBNMS, Central California. The objectives of our study were  1) to 

assess the acoustic abundance of northern anchovy and juvenile rockfish; 2) to compare the 

acoustic fish abundance with independent metrics from fish trawl surveys and seabird diet 

studies; and 3) to examine the seasonal and inter-annual trends in the acoustic abundance of 

northern anchovy and juvenile rockfish. These methods will contribute significantly to 

understanding the relative abundance of two critical forage fish species off Central 

California. 
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2 Theoretical overview 

 

2.1 Removing the cog in the wheel  

 

 Forage fish are a crucial link between primary producers and many top marine 

predators in pelagic ecosystems around the world (Cury et al., 2000, Bakun et al., 2010, 

Pikitch et al., 2014). Higher trophic level fish species such as tuna (Thunnini spp.), salmon 

(Oncorhynchus spp.), and cod (Gadus spp.) have been targeted by fishers for centuries, and 

as a result of unselective fishing practices and single species management, many of these 

species have become overexploited (Myers and Worm, 2005, Pauly et al., 2005, Worm et 

al., 2006, Hilborn, 2011). As these higher trophic level fish species have declined in numbers 

and size, fisheries have fished down the food web and are now targeting smaller, less 

valuable pelagic species, (i.e. forage fish species) (Pauly et al., 1998, 2005, Pikitch et al., 

2004, 2014). Forage fish species, including anchovy (Engraulis spp.) and sardine (Sardinops 

spp.), make up 30-36% of global fish landings, most of which are destined for fish farming 

practices and non-food uses (Alder et al., 2008, Tacon and Metian, 2009). The increased 

removal of forage fish species diminishes diversity in the marine food web (Pauly et al., 

2005), causing there to be fewer links between predator and prey during years of low 

availability (Pikitch et al., 2014). As a result, upper trophic level species are less likely to 

retain the capacity to adapt to natural population fluctuations amongst forage fish species 

(Pauly et al., 2005, Worm et al., 2006). This situation has led to substantial decreases in 

highly dependent predators such as predatory fish species, seabirds, and mammals on shelf 

habitats around the world (Cury et al., 2000, Pikitch et al., 2014, McClatchie et al., 2016).  

 In upwelling systems, forage fish availability can be the central determining factor in 

the survival of upper trophic level species, and their young (e.g. rhinoceros auklet 

Cerorhinca monocerata, Cassin’s auklet Ptychoramphus aleuticus, and common murre Uria 

alggae, amongst others) (Pikitch et al., 2014, McClatchie et al., 2016). The timings of peak 

abundance and locations of these fish is highly variable due to a tight coupling with tim-

varied physical oceanographic processes driving zooplankton and phytoplankton abundance 

(Vlietstra, 2005, Ayón et al., 2008, Swartzman et al., 2008). Because of this, forage fish are 



 

subject to natural population cycles such as the well documented sardine to anchovy regime 

shifts in the California and Humboldt Currents (Csirke et al., 1996, Bakun and Broad, 2003, 

Chavez et al., 2003, Alheit and Niquen, 2004, Bertrand et al., 2004, Gutiérrez et al., 2007, 

Swartzman et al., 2008).  

 The physical mechanisms driving forage fish population dynamics aren’t fully 

understood but are likely a result of varied ocean conditions affecting current flows, 

upwelling, and associated sea surface temperature (MacCall, 2009). During years of low 

availability, forage fish predators spend critical energy reserves searching for patches of fish 

aggregations in a vast ocean that resembles an ecological desert (Oro and Abraín et al., 

2009). Energy expenditure searching for prey has detrimental impacts on reproduction rates 

and the overall survival rate of highly-dependent marine predators (Pikitch et al., 2014, 

McClatchie et al., 2016).  Environmentally-induced fluctuations in populations of forage fish 

have, incorrectly, led to the idea that fisheries have a negligible impact on small pelagic fish 

species and that overall availability is controlled exclusively by environmental factors (Pauly 

et al., 2005). Current management strategies rarely take into account environmental factors 

leading to natural population fluctuations (Hilborn, 2011). Furthermore, trophic interactions 

among species, bycatch of non-target species, and antiquated fishing techniques that have 

the potential to degrade habitat are excluded from management strategies (Pauly et al. 2005, 

Worm et al., 2006, Hilborn, 2011).   

 As fisheries managers begin to move towards ecosystem-based management 

approaches, a broader view of marine ecosystem dynamics must include trophic interactions, 

natural population fluctuations, and updated fishing technologies that are more selective and 

less degrading to habitat (Hilborn, 2011). Furthermore, the adequate protection of forage 

fish species and their pelagic habitat is a critical issue that is often overlooked in marine 

conservation (Hyrenbach et al., 2000, Game et al., 2009, Grantham et al., 2011). A major 

challenge in implementing appropriate management and conservation approaches is 

understanding and accounting for the dynamic environment which forage fish species 

inhabit. The pelagic ecosystem is the largest living space on the planet, and light barely 

reaches the upper 200 m, making this vast space challenging to study (Hyrenbach et al., 

2000, Benoit-Bird and Lawson, 2015).  
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  Forage fish species depend on short-lived, patchily-distributed microscopic 

phytoplankton and zooplankton (Hyrenbach et al., 2000, Benoit-Bird and Lawson, 2015). In 

addition, forage fish are subject to the fluid dynamics that construct pelagic habitats and 

depend on the intricacies of physical forces that create fronts, currents, and upwelling zones 

(Hyrenbach et al., 2000, Benoit-Bird and Lawson, 2015). Due to longer temporal and larger 

spatial scales at which oceanographic processes take place, and their unpredictability makes 

assessing and describing pelagic ecosystems difficult and time-consuming. 

 

2.2 Using hydroacoustics to assess forage fish 
populations 

 

 Assessing the abundance of forage fish can be difficult not only because of the murky, 

complex habitat in which they live, but also because of biological factors contributing to 

their short life spans, sensitivity to climate and environmental signals, and natural population 

fluctuations (Barange et al., 2009). However, Barange et al. (2009) suggested that 

hydroacoustics and daily egg production studies are the most effective ways of overcoming 

the difficulties posed by the biological and external environmental factors that drive forage 

fish variability and abundance. Multi-frequency hydroacoustics have given marine scientists 

a visual mechanism for estimating forage fish abundance and describing the pelagic 

environment and life beneath the sea surface. 

 The use of acoustics has led to many interesting discoveries in the pelagic 

environment. In Peru, scientists developed acoustic methods to detect the oxygen minimum 

zone and ultimately defined the habitable volume of water for anchovy (Bertrand et al., 

2010). The use of acoustics in fisheries management has influenced the way in which 

fisheries are assessed on a global scale and has been utilized to verify trawl surveys in many 

major fisheries (Maclennan and Simmond, 1992, Jakobsen et al., 1997, Korneliussen and 

Ona, 2008). Acoustic trawl surveys, used to determine catch quotas in Norway, have been 

conducted since 1981 and are used to measure the abundance of commercially important 

fish across 150,000 square nautical miles of ocean (Jakobsen et al., 1997). Ecologically, the 

use of acoustics has advanced scientists’ understanding of how predator-prey relationships 



 

occur in space and time (Benoit-Bird et al., 2003, Vlietstra, 2005, Santora et al., 2011, 

Manugian et al., 2015). Acoustics have also been used to describe relationships between 

pelagic species such as anchovy and zooplankton (Lebourges-Dhaussy et al., 2009). 

Describing the behavior of and relationships between pelagic species is a critical component 

of ecology and provides many clues into the habits of different species and how they interact.  

 Many forage fish display diel vertical behaviour to avoid predators by forming highly 

organized social assemblages (called shoals) in the disphotic zone during the day, and then 

dispersing at the surface during the night to graze (Breder, 1967, Parrish et al., 2002). Kieser 

et al. (1993) described acoustic schools as being characterized as acoustically unresolved 

multiple fish, or plankton aggregations that display discrete edges. A number of acoustic 

studies have described this diel vertical behaviour and the shape and structure of forage fish 

shoals (Massé et al., 1996, Kaltenberg and Benoit-Bird, 2000). On the South African 

continental shelf, acoustic surveys have been conducted since 1983 to track abundance 

trends of two commercially important forage fish species (e.g. anchovy and sardine), and 

studies from the area have contributed methods to distinguish between schooling species 

based on acoustic descriptors (Barange et al., 1996, 2009, Lawson et al., 2001). Using a 

combination of multi-frequency acoustic data and underwater cameras, scientists are 

developing non-extractive methods for gathering abundance data on depleted fish stocks (i.e. 

rockfish Sebastes spp.) and in areas where traditional trawl surveys can’t be conducted 

because of rocky relief bathymetry (Starr et al., 1995, Yoklavich et al., 2007, Jones et al., 

2012). The use of hydroacoustics in ecology, fisheries, and physical oceanography has 

advanced our capabilities in assessing and describing the pelagic ecosystem.   
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2.3 Forage fish assessments in California  

 

 Highly productive eastern boundary current ecosystems such as the CCE are the result 

of complex wind-driven surface flows that bring cold, nutrient-rich water to the ocean 

surface (Hickey et al., 1979). Forage fish are highly dependent on persistent and ephemeral 

hydrographic features that form productive hotspots such as upwelling zones, eddies, and 

filaments (Hyrenbach et al., 2000). During El Niño Southern Oscillation events, these 

features are weakened and the cold, nutrient-rich mixing layer is driven deeper into the water 

column, leading to reduced primary production and forage fish abundance. A contrasting 

climatic event, La Niña, is characterized by intensified wind patterns and colder than average 

ocean temperatures close to the surface. These contrasting climate events play a critical role 

in the abundance and availability of forage fish species in the CCE (Chavez et al., 2003). 

The unpredictability of the onset and length of El Niño events, coupled with the climate 

sensitivities displayed by many forage fish species, makes it difficult to track abundance, 

and therefore difficult to implement effective ecosystem-based management strategies 

(Chavez et al., 2003, Barange et al., 2009, Hillborn, 2011). In the waters off Central 

California, northern anchovy and juvenile rockfish play a pivotal role in the overall success 

of highly-dependent predators (Miller and Sydeman, 2004, Pikitch et al., 2014, MacCall et 

al., 2015, McClatchie et al., 2016). Tracking abundance of these species is critical to 

expanding our knowledge of their distributions and how they are impacted by varied climate 

conditions.  

    The northern anchovy in the CCE can be split into two sub-populations: northern and 

southern. The last stock assessment for the southern sub-population of northern anchovy, 

which occupies the waters from San Francisco south to Punta Baja, Mexico, was carried out 

in 1995 (Jacobson et al. 1994, 1995). Two recent studies (Fissel et al., 2011; MacCall et al., 

2015), using Historical Egg Production methods (Lo, 1985), found that despite low fishing 

pressure, anchovy spawning biomass has declined considerably after a spike in the mid-

2000s (MacCall et al., 2015). As for the northern sub-population, which occupies waters 

from San Francisco north to Oregon, only two scientific studies have been carried out, both 

of which are outdated (Richardson et al., 1981, Emmett et al., 1997), leaving a critical gap 

in the time series of the northern sub-population’s abundance estimates.  



 

 Relative abundance of juvenile rockfish has been tracked by NOAA-NMFS trawl 

surveys in the Gulf of the Farallones region since 1983 (Ralston et al., 2013). These surveys 

are designed to capture young-of-the-year rockfish and Pacific hake, and while not the 

intended targets, also quantify the relative abundance of other forage fish species such as 

northern anchovy and sardine (Ralston et al., 2013). However, trawl surveys in the complex 

waters of the CCE may be underestimating abundances of larval stage fish, as wind-driven 

Ekman transport can be considerable (Schwing et al., 2000), resulting in advection of larval 

stage fish to offshore environments (Ainley et al., 1993, Sakuma and Ralston, 1995, 

Yoklavich et al., 1996, Mills et al., 2007). Therefore, other metrics, used with trawl results, 

may provide a more complete picture of forage fish abundance.  

 

2.4 Seabird diet tracks forage fish abundance  

 

 Seabirds are numerous and conspicuous predators of the marine environment. As 

central place foragers, their diet reflects the relative abundance of forage fish species in the 

vicinity of their breeding colonies (Cairns, 1987). Seabirds complement net-based surveys 

by obtaining samples of forage fish in the vicinity of their colonies. A few studies have used 

seabirds foraging habits to complement trawl surveys showing that seabirds reliably track 

forage fish abundance both temporally and spatially. (Furness and Kees, 1997, Mills et al., 

2007, Thayer and Sydeman, 2007). A long term study that compared common murre and 

rhinoceros auklet diet to juvenile rockfish trawl estimates found that the diets of murres and 

auklets were positively correlated with trawl estimates 81% and 78% of the time, 

respectively (Mills et al., 2007). In addition, the seabirds were able to detect fish during 

certain years when the trawl surveys did not, subsequently showing the reliability of seabirds 

in detecting fish in variable ocean conditions (Mills et al., 2007). Rhinoceros auklet 

dietreflected the availability of both anchovy and juvenile rockfish (Thayer and Sydeman, 

2007). Survival rates of seabirds and their chicks were largely dependent on the abundance 

and availability of forage fish species near their colony.  
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 Seabirds that inhabit both inshore and offshore habitats, such as the Brandt’s 

cormorant (Phalacrocorax penicillatus), have been shown to not only reflect abundance of 

a variety of forage fish, but also availability of different species in relation to preferred 

habitat type. Elliott et al. (2015) found that two breeding colonies of cormorant, one offshore 

and one inshore, were having contrasting reproductive success. Diet data collected from 

regurgitated pellets indicated that the success of the inshore colony was likely due to an 

increase in the availability of nearshore juvenile rockfish species, while the availability of 

offshore juvenile rockfish species had decreased (Elliott et al., 2015). Using seabird foraging 

behaviour as a way of tracking forage fish abundance provides a “bird’s eye view” of where 

forage fish distribute and in what quantities.  

 Piscivorous seabirds’ ability to detect forage fish during opposing and transitioning 

climate regimes, and in varied habitat types, makes them ideal random samplers for verifying 

independent data types (Mills et al., 2007, Thayer and Sydeman, 2007, Elliott et al., 2015).  

Furthermore, northern anchovy and juvenile rockfish are preferred prey items for many 

seabirds, so their ability to detect both forage fish make them ideal candidates for 

strengthening and verifying acoustic abundance indices that may complement existing 

surveys. 
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3  Methods 

 

3.1 Study Area 

 

 The study area lies within GFNMS and CBNMS, which cover 6,642 km2 of diverse 

coastal and marine habitat off the coast of Central California. This study analysed 

hydroacoustic data collected by the Applied California Current Ecosystem Studies 

(ACCESS; www.accessoceans.org), a partnership between Point Blue Conservation Science 

(Point Blue), GFNMS, and CBNMS. ACCESS implements an annual sampling scheme 

designed to monitor marine birds and mammals, fish and zooplankton abundance, and 

surface and water column properties within the sanctuaries. The data included in this study 

span from April through October, from 2004 through 2015. East-west transect lines spanned 

the continental shelf and slopes defined by the 20 m to the 1000 m isobaths, covering the 

offshore area between Bodega Bay (38.3º N) and San Pedro Rock (37.6º N) (Figure 1). Data 

for this analysis was collected along transects 1-7, and 11-12. 



 

Figure 1. Map showing the study area including transect lines and oceanographic stations 

visited by the Applied California Current Ecosystem Studies (ACCESS), the location of 

Southeast Farallon Island, and trawling stations visited by the Rockfish and Recruitment 

Ecosystem Studies cruises in their core study area in Central California (NOAA-NMFS). 
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3.2  Hydroacoustic data collection 

 

 Hydroacoustic data was collected aboard three research vessels: John H. Martin (Moss 

Landing Marine Laboratories, Moss Landing, California, USA), McArthur II (NOAA, 

Seattle Washington, USA), and Fulmar (NOAA, Office of National Marine Sanctuaries, 

West Coast Region, Monterey, California, USA). Each research vessel used in this study 

was equipped with multi-frequency Simrad EK 60 split beam echosounders with a 

transducer array of 38, 120, and 200 kHz. The echosounders were calibrated in spring of 

each survey year using a 38 mm tungsten carbide sphere (Foote et al., 1987). At a vessel 

speed of 10 knots, the echosounders synchronously transmitted 1.024 ms pulses vertically 

through the water column. To insonify, or sample forage fish, data were collected every 2 

seconds along transects, with raw data captured from the surface to at least 500 m. The raw 

data consisted of two data types: volume backscattering strength (Sv) (dB re 1 m2 m-3), which 

is a measure of the total amount of sound backscatter from 1 m3 of water; and target strength 

(TS) (dB re 1 m2), which is a measure of the amount of sound backscattered by a single 

target based on its material properties and orientation. Acoustic data times and locations 

were indexed using a GPS input into the echosounder. 

 

3.3 Fish species identification using seabird diets  

 

 Seabird diet was collected on the Southeast Farallon Island (SEFI) from three 

piscivorous seabirds:  common murre, rhinoceros auklet, and Brandt’s cormorant. Data 

collection methods differed amongst species. Common murre (COMU) diet was collected 

4-5 times weekly during the chick rearing period from 2000-2015 (Roth et al., 2008). The 

chick rearing period begins approximately in May and after chicks reach ~24 days old they 

leave the colony in June or July (Roth et al., 2008). During two-hour observation periods, 

feeding frequency and diet composition of chicks were recorded to the lowest possible taxon 

based on morphological characteristics and location of the fins (Miller and Lea, 1972, 

Sydeman et al., 2001, Miller and Sydeman, 2004, Roth et al., 2008).  Each prey item 



 

observed was visually estimated for length relative to the gape length of the bird (see Roth 

et al., 2008 for details). Rhinoceros auklet (RHAU) diet was collected weekly using mist 

nets to capture auklets returning from the ocean at dusk to provision their young from June 

to July. Fish dropped from their bill were collected and measured for standard length (Thayer 

and Sydeman, 2007). Standard length was measured from the hypural bone to the tip of the 

nose (see Thayer and Sydeman, 2007 for details). Collected fish were identified to species 

level, and juvenile rockfish were identified after the field season with the help of the NMFS 

lab in Santa Cruz, California (Thayer and Sydeman, 2007, Elliott et al., 2015). Brandt’s 

cormorant (BRAC) diet was obtained from regurgitated pellets collected from three main 

breeding sites on the island (Elliott et al., 2015). Collected pellets were stored in plastic bags 

labeled with date and location of the collected pellet. The pellets were then dissected for 

otoliths that were identified to the lowest taxonomic level possible and measured; species-

specific regression equations were applied to otolith measurements in order to estimate prey 

lengths (see Elliott et al., 2015 for details). The seabirds’ diet data was then used to determine 

the length frequency distribution of fish consumed by the individual seabirds. 

 

3.4 Acoustic data preparation and noise reduction  

 

 The raw acoustic data for each cruise was independently uploaded and analysed using 

the program Echoview Version 7 (Sonardata, Pty, Ltd.), which produces high-resolution 

imagery for analysis. With all acoustic data collected at sea, there is associated background 

noise which can’t be attributed to biological organisms or other water column sources. To 

avoid false positive detections of biological specimens, background noise was subtracted by 

generating and subtracting time varied noise from all raw Sv and TS echograms. We adjusted 

the level of noise reduction by visually comparing echograms until the signal to noise at 

depth ratio appeared to be equal (Hewitt et al., 2004).  

 To avoid boat-generated and surface noise, the water column above 5 m was excluded 

from analysis. In addition, we avoided seafloor interference by setting an integration stop 

line 5 m above the seafloor. Acoustic data that was captured during off transect periods, such 
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as when oceanographic and zooplankton data were being collected, were also removed from 

analysis. Lastly, an exclusion line was placed at 300 m depth and all data below this line 

were excluded from the analysis, as this volume was outside the scope of this study. The 

data was then integrated into bins with a grid layout of 200 m horizontally by 5 m vertically. 

 

3.5 Anchovy-like school classification  

 

 To discriminate potential fish aggregations from other species such as zooplankton, 

we conducted a dual frequency analysis between Sv120KHz and Sv38kHz. These two 

frequencies were used because of the differences in frequency response of fish with swim 

bladders and zooplankton at the two frequencies. Zooplankton tend to be stronger scattering 

features at Sv120Khz than in Sv38Khz. Because of this difference, by selecting for a dB 

difference of 8-23 dB between the two frequencies, we were able to positively mask, bin, 

and remove zooplankton scattering features from the Sv38Khz data (Manugian et al., 2015). 

The resulting echogram was then restricted with a Sv threshold range of -60 and -38 dB, to 

remove low intensity targets such as plankton layers and to avoid multiple beam detections 

within densely packed schools and over estimation, respectively. The maximum threshold 

level of -38 dB was chosen by manual visual classification methods. Examination of densely 

packed schools was conducted for each cruise and year independent from one another. We 

then detected acoustic schools by using the “schools detect module” to make measurements 

of acoustic descriptors. The module uses algorithms derived from the Shoals Analysis and 

Patch Estimation System (SHAPES) (Barange, 1994, Coetzee, 2000). The module considers 

the echogram as a matrix of energy backscatter measurements and data points. It then 

examines the data for contiguous data points energetically and spatially based on user 

defined minima. We first set morphometric parameters based on school length and height. 

A minimum school length was set at 10 m with a minimum candidate length of 5 m. 

Minimum school height was set at 3 m with a minimum candidate height of 2 m. The module 

then draws an ellipse around contiguous data points to identify schools meeting the length 

and height criteria (Lawson et al., 2001, Vlietstra, 2005). In order for schools in close 

proximity to each other to be linked as one they had to meet linking distance criteria, which 



 

was set at 20 m horizontally and 10 m vertically. In some survey years the module detected 

large amorphous aggregations, likely representing low intensity plankton and fish scattering 

layers, or noise. These aggregations were considered not to be acoustic fish schools and were 

removed from the analysis (Lawson et al., 2001). Schools that met these criteria were 

classified as regions, and their acoustic descriptors were exported for further analysis.  

 Lawson et al. (2001) found through discriminate function analysis that anchovy have 

a mean backscattering strength of -42.8 dB (SE ± 0.69). In their study they focused on 

discriminating between species, but not estimating their abundance. For this study we 

wanted to both identify and produce abundance estimates of anchovy. We found that by 

removing multiple beam detections within densely packed schools that we had shifted the 

energetic properties of these schools by -2 dB. Because of this we derived a 99% Confidence 

Interval around the mean of -44.8 dB (SE ± 0.69), which was -47.6 to -42.02 dB. The data 

was then subset by filtering the schools using the derived distribution range. With the 

understanding that there are other schooling species in the CCE, we made an effort to 

visually confirm schools in the raw echograms by using the following definition: acoustic 

fish schools are described as being distinct from diffuse, and loosely aggregated fish layers, 

and can be visually defined as strong scattering features that display discrete and continuous 

edges (Kaltenberg and Benoit-Bird, 2009). To visually confirm schools we scanned the raw 

volume backscatter data to be sure schools that were analysed met both the visual and 

energetic characteristics of an anchovy school. If detected schools met the visual and 

energetic characteristics, they were classified as anchovy-like and were selected for further 

analysis.  

 We repeated the acoustic school classification process for anchovies separately for 

each cruise and recorded survey effort, number of schools detected, depth, height, length, 

skewness, kurtosis, and nautical area scattering coefficient (NASC).  NASC provides an 

indicator of abundance and is defined as square meters per square nautical mile (m2 nmi-2).  

We examined overall seasonal and interannual trends in anchovy-like NASC relative to 

effort and in the main school descriptors. 
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3.6 Single target detection  

 

 We used the lengths of juvenile rockfish found in seabird diets to calculate a TS range 

appropriate for detecting rockfish-like single targets. We used the following length 

dependent model: TS38kHz = 20 x Log10 (L) – b; where L is the standard length of the fish, 

and b is the normalized target strength of the fish (Kang and Hwang, 2003). Juvenile rockfish 

consumed by the seabirds had a mean length distribution between 5.57 and 6.94 cm. It was 

determined that juvenile rockfish within this length distribution had a TS range between -

50.9 to -52.8. Following the same process previously mentioned, we conducted a dual 

frequency analysis to remove zooplankton and then produced a single targets echogram. 

Single targets are represented as a peak in dB. For a peak to be considered a single target, 

we first defined the pulse envelope with the following criteria: we set a peak TS threshold 

of -70 dB based on the values generated from the length dependent model; we used a 6 dB 

pulse length determination level, which is the number of decibels below the peak that 

determines the pulse envelope; the pulse length was normalized by taking the received pulse 

length and dividing by the transmitted pulse length, and then assigned a minimum of 0.6 and 

a maximum of 1.5; we then corrected for transducer directivity by selecting a maximum 

beam compensation of 6 dB; to ensure all energy scatters were within the measured pulse 

length, all measured samples had to be within .6 standard deviations of the major and minor 

axis angles. If the target met these criteria, it was considered a single target and exported 

into a database for calculating total targets detected for April to July.  

 We repeated the single target detection for juvenile rockfish separately for each cruise 

and recorded survey effort and the total number of targets detected at 10 m depth intervals 

on each cruise. We examined overall seasonal and interannual trends in number of juvenile 

rockfish-like single targets relative to effort. 

 

 



 

3.7 Evaluation of acoustic fish indices for anchovy 
and rockfish 

 

 To develop the acoustic indices for anchovy-like NASC and juvenile rockfish-like 

single targets, we first calculated the sampling effort in nautical miles (nmi) for each year. 

For the NASC indices we calculated the mean NASC coverage of anchovy-like schools for 

the time period between April and July. We did this because of the time and location that 

both the ACCESS and NOAA-NMFS core survey takes place (refer to Figure 1) and the 

time when the seabirds are mostly restricted to the study area. We then took the anchovy-

like schools yearly NASC totals and divided it by our sampling effort to end up with the 

average spatial coverage of schools sampled per nmi along the transects. The results were 

then used to calculate standard anomalies for comparison with the NOAA-NMFS core 

survey area and with the seabird diet. Anomalies were calculated by determining the mean 

and standard deviation of the average spatial coverage of schools per nmi and then 

subtracting the mean from the average for each year and dividing it by the standard deviation. 

Following the same methods, we summed the total number of detected single targets and 

calculated the number of individual targets detected per nmi along the transects. We then 

calculated the standard anomalies for comparisons with both independent metrics. 

 Catch data from the NOAA-NMFS trawl surveys were collected in three different 

spatial regions which cover waters from southern to northern California. Surveys were 

conducted in May and June during the night using a modified-Cobb midwater trawl. Trawl 

samples were taken 4 to 7 times for 15 minute durations at each trawling station in each 

study region. Because of the similar spatial area covered in comparison with this study, the 

catch data coming from the core region were used for comparison with the acoustic methods. 

To develop relative abundance indices based on catch data we first calculated the average 

catch of both anchovy and juvenile rockfish for each survey year. Then we took the normal 

log of the average catch plus one and then calculated anomalies for comparison and reporting 

purposes.  

 Seabird diet data were used to derive relative abundance indices by calculating the 

percentage of anchovy and juvenile rockfish seen in the diets of the seabirds for each year. 

We then took the percentages and followed the same methods for calculating standardized 
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anomalies as we did for both the acoustic indices and catch data. The acoustic anomalies 

were then compared to both the seabird diet anomalies and the NOAA-NMFS anomalies to 

evaluate which independent metric best verified the acoustic methods used. To compare the 

acoustic anomalies with the NOAA-NMFS and seabird anomalies, we first looked at how 

closely the different anomalies correlated. We then conducted both regression and 

multivariate-regression analyses to determine how well the acoustic anomalies could explain 

the variability in both independent metrics. 
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4 Results  

 

4.1 Bird Diet 

 

 Northern anchovy and juvenile rockfish accounted for more than 50% of the seabirds’ 

diets throughout the time series. RHAU and BRAC displayed the most variable foraging 

habits with some years showing such species as pacific saury (Cololabis saira) and flatfish 

species making up 50% or more of these birds’ diets. In contrast, the COMU chicks indicated 

a tight relationship with anchovy and juvenile rockfish, which together made up 80% of the 

chicks diets. From 2005 to 2007, all three seabirds’ displayed a heavy reliance on the energy 

dense anchovy which accounted for approximately 60% to 96% of the birds’ diets during 

this time period. In total, anchovy made up 37% of the COMUs’, 30% of the RHAUs’, and 

23% of the BRACs’ diets throughout the time series. Anchovy in 2014 made up only 16% 

of the COMUs’ and 2% of the RHAUs’ diets, while no anchovy otoliths were found in 

BRAC pellets. In 2015 anchovy made a reappearance in the diet of the seabirds, and 

accounted for 33%, 62%, and 7% respectively. In total, juvenile rockfish accounted for 44% 

of the COMUs’, 27% of the RHAUs’, and 27% of the BRACs’ diets throughout the time 

series. The year 2014 indicated the highest number of juvenile rockfish consumed and 

accounted for 71%, 86%, and 96% respectively, of the seabirds’ diets. At the end of summer 

2015 diets of the seabirds indicated that rockfish in the diets of the seabirds had decreased 

and accounted for 50% and 29% respectively, and zero rockfish otoliths were found in 

BRAC pellets. 

 The diet observations resulted in 40,862 estimated or direct length measurements of 

anchovy and juvenile rockfish. The COMU chicks’ diets consisted of juvenile rockfish that 

were estimated to be between 6.92 and 6.94 cm (n = 27,775, SE ± 0.004) (Table 1). RHAU 

provisioned their young with juvenile rockfish that were between 5.57 and 5.75 cm (n = 996, 

SE ± 0.04) (Table 1). Juvenile rockfish otoliths found in the pellets from BRAC’s, indicated 

they were consuming fish estimated to be between the lengths of 5.74 and 6.01 cm (n = 

1,172, SE ± 0.04) (Table 1). 



 

 In both the RHAU and COMU diets anchovy were similar in length and weight, while 

in the BRAC diet they were slightly smaller in length and weight. The COMU chicks were 

fed anchovy between 11.43 and 11.50 cm (n = 10,159, SE ± 0.02) (Table 1). RHAU 

provisioned their chicks with anchovy between 12.59 and 12.79 cm (n = 614, SE ± 0.05) 

(Table 1). Anchovy otoliths found in the BRAC pellets indicated that they were consuming 

fish between 7.86 and 8.24 cm (n = 146, SE ± 0.09) (Table 1).  

Table 1: The table displays the time series of when diet data were collected, prey types of 

interest for this study, individuals either estimated, or measured for length, and the lengths 

of fish within the 95% confidence interval. 

Seabird species Time Series Forage fish 
Percent 

consumed 

Lengths in cm 

(95% CI) 

  Northern anchovy 37% 9.79 - 9.84 

Common murre 2000-2014 Juvenile rockfish 44% 6.92 - 6.94 

  Other 20%  

     

  Northern anchovy 30% 12.59 - 12.79 

Rhinoceros auklet 2004-2014 Juvenile rockfish 27% 5.57 - 5.75 

  Other 43%  

     

  Northern anchovy 23% 7.86 - 8.24 

Brandt's cormorant 2005-2014 Juvenile rockfish 27% 5.74 - 6.01 

  Other 50%  
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4.2 Acoustically observed northern anchovy schools 

 

 The school detection process resulted in 41,989 school aggregations detected; 2,894 

met the backscatter strength energy requirement to be considered for visual inspection, and 

only 218 schools passed the visual confirmation (see Table 1 in Appendix A). No schools 

were detected in 2009 and in 2015 schools were only detected in the month of September. 

Visually, the detected schools conformed to the description of an acoustic school mentioned 

in the methods (Figure 2). However, some schools, while still conforming to the visual 

description, formed complex assemblages that covered large spatial areas (Figure 2). The 

number of schools detected was highest in the months of May, June, and July with 43, 59, 

and 61 schools being detected throughout the time series, respectively. Schools detected in 

2006 covered a peak total area 537,409 m2 nmi-2. Anchovy-like schools detected in 2010 

and 2015 represented the lowest total spatial coverage of the time series (Figure 3). 

 

 

 

 

 

 



 

 

 

Figure 2. Sections of an echogram in raw volume backscatter data showing acoustic fish 

schools defined as strong scattering features that display discrete and continuous edges. 

Black arrows indicate anchovy-like schools as defined above. The top echogram shows 

several small anchovy-like schools throughout the water column from April 2008, and the 

bottom shows a large assemblage of schools near the shelf break from June 2008. The top 

of the echogram represents the surface of the ocean. The sea floor is the intense brown 

scattering feature at the bottom of the echogram.  
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Figure 3. Total nautical area scattering coefficient (NASC) of anchovy-like schools by year 

and month (n = 218). Columns without bars are months that were surveyed, but no schools 

were detected. 

 

 The depths of schools varied between years and ranged between 38.2 m in 2015 to 

123.4 m in 2010, with 95% of schools occupying the water column between 64.7 to 71.4 m 

depth. Detected schools had an associated mean bottom depth of 139.2 m, with 95% of 

schools being associated with a mean bottom depth between 128.5 to 149.9 m depth. In 2008 

a mean bottom depth of 311.4 m (Figure 4) suggests that schools were primarily detected 

near the shelf-break and continental slope. Schools detected during the month of May 

inhabited the water column between 26.8 to 84.5 m depth with an associated mean bottom 

depth of 142.1 m. The average depth of schools in June increased slightly from May with 

95% of schools occupying the water column between 68.9 to 95.6 m and an associated 

bottom depth of 149.2 m. Schools detected between July and September occupied similar 

depths to May, with 95% of the schools occupying the water column between 20.1 to 86.5 

m, with associated mean bottom depths of 137.5 m and 115.5 m respectively. The schools 

detected in October occupied the water column between 52.1 and 86.5 m, with an associated 

mean bottom depth of 105.2 m. Associated mean bottom depth of schools suggests that 

schools were detected across the continental shelf, including both inshore and offshore 

habitats (Figure 4). 
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Figure 4. Mean (± SE) school and associated bottom depth by year. Black circles indicate 

mean school depth and white circles represent mean bottom depth.  

 

 Of the 218 acoustically observed schools, 166 of were detected between the months of 

April and July. Although slightly different from Lawson et al. (2001) findings, the results 

indicated that the observed schools resembled anchovy-like schools energetically, visually, 

and morphometrically. Mean energy within the schools deviated very little with a mean of 

3.42 x 10-5. Heights of schools varied between 1.7 and 36.2 m, with 95% being between 8.4 

and 10.2 m (Table 3). The lengths of schools ranged from 4.2 to 2,074.1 m with 95% being 

between 89.9 to 148.2 m (Table 3). Schools were positively skewed with a mean skewness 

of 1.8 and a kurtosis mean of 2.8 (Table 3). School NASC values did not differ significantly 

by year (p < 0.121), with schools having a mean coverage area of 151,985 m2 nmi-2 

throughout the time-series. However, schools detected per nmi were significantly different 

between years (p < 0.023). In 2006, anchovy-like schools covered an average area of 

approximately 175,140 m2 nmi-2, with an average coverage area along transects of 941.4 m2 

nmi-2. By the end of summer 2010 the coverage area of anchovy-like schools decreased 

significantly to approximately 21,929 m2 nmi-2 with an average coverage area along transects 

of 32.4 m2 nmi-2. With slight increases in 2012 and 2013, anchovy-like schools coverage 

area continued to remain low into 2015 (Figure 5).  
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Table 3: Acoustic descriptors and the means and associated standard errors for the 166 

anchovy-like schools detected between the April and July. 

 

 

Figure 5. Mean (± SE) Nautical Area Scattering Coefficient (NASC) by year of anchovy-like 

schools detected between April and July (n = 166). 

 

Acoustic descriptor Mean and SE 

Sv -45.8 (0.08) 

S.D. 3.4 x 10-5 (4.4 x 10-7) 

Depth 71.2 (3.7) 

Height 9.3 (0.5) 

Length 138.9 (21.6) 

Skewness 1.8 (0.03) 

Kurtosis 2.9(0.2) 



 

4.3 Single targets  

 

 In total 96,232 single targets with a TS similar to that of juvenile rockfish consumed 

by the seabirds were detected in the acoustic data between April and October (Figure 6). 

Acoustically observed single targets are depicted in Figure 7. From April to July, a total of 

49,788 targets were detected at a depth range of 5.01 to 272.8 m with 95% of the targets 

occurring at an average depth of 35.6 m. Detection rate varied from year to year with 2005 

and 2006 having the lowest rate at 0.3 targets being detected per nmi along the transects. As 

a result only 169 and 198 targets were sampled in these years, respectively. A steady increase 

in the targets detected per nmi began in 2011 and then peaked in 2015 with 2.2 targets being 

detected per nmi, with a total of 8,649 samples being detected. Although more targets were 

detected in 2014, it took 183.7 nmi of additional sampling to gather them. On average May 

and June showed similar numbers of targets being detected, with approximately 770 and 890 

targets being sampled during these months, respectively. July indicated the highest number 

of targets being detected, with an average of 3,358 targets being sampled during this month. 

April was only surveyed in 2008when 2,027 targets were detected, but then sharply fell to 

203 targets being detected in May and 87 in June. A total of 80% of the targets were detected 

between 5 and 45 m, with 46% of the samples being gathered between 15 and 35 m. Detected 

targets in the upper 10 m of the water column represented 17% of the targets sampled, while 

the depth interval between 35 and 45 m accounted for 16% of the targets sampled. The final 

analyses were conducted on the targets detected between 5 and 35 m depth (Figure 8). 
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Figure 6. Total number of juvenile rockfish-like single targets detected by year and month, 

not restricted by depth (n = 96,232).  

 

 

 

 

Figure 7. Section of a single target echogram depicting juvenile rockfish-like targets 

between the TS range of -52.8 to -50.9 dB. The red grid is made up of 200 x 5 m cells. The 

green line at the top of the echogram is the surface exclusion line 5 m below the sea surface. 

The light green line at the bottom is the integration stop line and the bright green line is the 

detected bottom. 
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Figure 8. Mean (± SE) juvenile rockfish-like single targets detected between April and July 

at a depth range between 5 and 35 m (n = 29,768). 

 

4.4 Acoustic indices compared to NOAA-NMFS trawl 
surveys 

 

 The anchovy-like NASC anomalies were determined to correlate with the NOAA 

anomalies r (11) = 0.59, with main differences between the two time series being observed 

in 2004, 2008 and 2013 (Figure 9). We found that the single target anomalies derived using 

targets detected at a depth range between 5 and 35 m, were correlated with the NOAA 

anomalies r (11) = 0.84, with main differences between the two time series being observed 

in 2004, 2009, and 2012 (Figure 10). Regression analysis between the NASC and NOAA 

anomalies indicated that the acoustic methods were able to significantly explain the 

variability seen in the NOAA anomalies R2 = 0.35, p < 0.042. Regression analysis between 

the single target and NOAA anomalies indicated that the acoustic methods were able to 

significantly explain the variabilities in the NOAA anomalies R2 = 0.71, p < 0.001. 
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Figure 9. Standardized anomalies of anchovy abundance metrics as indicated by NASC 

values calculated in this study (black bars) and NOAA-NMFS rockfish cruise assessments 

in the core survey region (white bars). The two independent series were correlated at r (11) 

= 0.59. 

 



 

 

Figure 10. Standardized anomalies of juvenile rockfish abundance metrics as indicated by 

total single targets detected between 5 and 35 m depth in this study (black bars) and NOAA-

NMFS rockfish cruise assessments in the core survey region (white bars). The two 

independent datasets were correlated at r (11) = 0.84.  

 

4.5 Acoustic indices compared to seabird diet indices  

 

  NASC anomalies were determined to correlate with all three seabirds, with BRAC 

showing the strongest relationship (Figure 11). Multivariate regression analysis between the 

NASC anomalies and the seabirds’ diet anomalies indicated that the acoustic methods were 

able to significantly explain the variability seen in all three seabirds diets (Table 4). 

However, multivariate regression analysis between the seabirds’ diet and the NASC 

anomalies indicated that none of the seabirds were able to significantly explain the acoustic 

methods. It was determined through research and analysis conducted on juvenile rockfish 

depth distribution in the CCE, that samples gathered at a depth range between 5 to 35 m 
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were the most  representative of how they distribute naturally. The single target anomalies 

derived from this depth range were determined to correlate with all three seabirds (Figure 

11). Multivariate regression analysis of the single target anomalies detected between 5 and 

35 m, and the seabirds’ diet anomalies, indicated that the acoustic methods were able to 

significantly explain the variabilities seen in all three seabirds’ diets (Table 5). Again none 

of the seabirds’ were able to significantly explain the acoustic anomalies.  

 

Figure 11. Standardized anomalies of anchovy-like NASC (top left, black bars) and juvenile 

rockfish-like single targets detected between 5 and 35 m depth in this study (top right, black 

bars) compared to standardized anomalies of seabird consumption of anchovy (left side) and 

juvenile rockfish (right side) by common murre, rhinoceros auklet and Brandt’s cormorant.  
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Table 4. Table shows the multivariate regression results based on the comparison between 

the anchovy-like NASC anomalies and the seabirds’ diet anomalies. The acoustic methods 

were able to significantly explain the variances in all three seabirds’ diets (p < 0.05). 

Species R2 P - value 

Brandt's 

cormorant 
0.74 0.001 

Common 

murre 
0.63 0.029 

Rhinoceros 

auklet 
0.43 0.004 

 

Table 5. Table shows the multivariate regression results for single target anomalies based 

on a depth distribution between 5 to 35 m and the seabirds’ diet anomalies. The acoustic 

methods were able to significantly explain all three seabirds’ diets (p < 0.05). 

Species R2 P - value 

Brandt's 

cormorant 
0.68 0.001 

Common 

murre 
0.44 0.02 

Rhinocero

s auklet 
0.60 0.003 
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5 Discussion  

 

5.1 Synthesis  

 

Our results showed the methods used in this study to develop acoustic abundance 

indices for anchovy-like schools and juvenile rockfish-like single targets can accurately track 

the presence of these forage fish species. The acoustically derived abundance indices for 

anchovy-like schools were able to accurately predict the variabilities seen in all three 

seabirds’ diets. Although slightly less significant, the acoustic abundance indices were also 

able to predict the variabilities seen in the NOAA indices based on catch data. The results 

also indicated that using the seabirds’ diet to calculate a TS range for juvenile rockfish-like 

single targets is a viable method for developing indices for tracking the presence and absence 

of this species. A determining factor in which metric best verified the acoustic methods was 

the spatial coverage from which the indices were developed. In addition to partially sampling 

the region in which this study is based, the NOAA survey also includes an additional 22 

trawling stations south of this study, 11 of which are isolated to the Monterey bay region. In 

addition, ACCESS didn’t add nearshore lines until 2010, thus greatly expanding its coverage 

in the latter part of the time series. Another factor that could influence the results is that there 

is no concrete way for this study to verify that what was detected in the acoustics is in fact 

what we have determined it to be. Lastly, the complex nature of the CCE, and the varying 

ocean conditions that drive forage fish abundance and distribution also influences the results.  

 In 2004 and 2008 the acoustic indices for tracking anchovy presence varied from the 

NOAA-NMFS core survey area (Figure 9). This could simply be attributed to the fact that 

what was determined to be acoustically observed anchovy schools may have been other 

species. Although it is not 100% possible to determine the species of the schools, the 

metadata collected during the acoustic analysis of schools including depth distribution, 

visual characteristics, and energy characteristics suggest that analysed schools fit the 

description of acoustically observed anchovy. The data suggest that the primary factor 

leading to these two disagreements is the disproportionate sampling taking place south of 

the study region. A study in the Bay of Biscay found that discrimination between acoustically 



 

observed schooling species increased from 57% to 98% when the schools analysed were 

restricted to similar times of year and limited to a specific spatial area (Scalabrin et al., 1996). 

This study is limited to a specific spatial area and although schools were analysed from the 

same time period as NOAAs’ core survey, the additional sampling suggests that NOAAs’ 

core survey area is only partially representative of this study’s principal research area. The 

seabirds however, during breeding season are mostly restricted to the principal research area. 

Although all three seabirds are capable of traveling long distances to forage (100 km or 

more), during breeding season and particularly during chick rearing periods they are mostly 

restricted to the water near the colonies (5 to 38 km). Cairns et al. (1987) determined that 

chick rearing murres tended to stay within 10 km of the colony when foraging. Flying 

distances however depend greatly on the abundance and distribution of the forage fish. Due 

to the geographical location of the Farallon islands and the time period in which the birds 

are restricted to the waters around the islands, the seabirds were found to be a more viable 

candidate for verifying the methods used for identifying anchovy-like schools. In addition 

to the space and time restrictions, the three seabirds’ varying habitat preferences and diving 

capabilities provided a diverse sample of forage fish from the study region.  

 There are two factors that suggest that what was detected acoustically as juvenile 

rockfish-like single targets is in fact mostly juvenile rockfish. The first is the depth 

distribution at which the targets were detected. The earliest study of juvenile rockfish depth 

distribution in California indicated that all but 3% of juvenile rockfish observed in the study 

were found to inhabit water depths shallower than 80 m (Ahlstrom, 1961). Moser and 

Ahlstrom (1978) found juvenile blackgill rockfish (S. melanostomus) at depths between 200 

and 250 m. Lenarz et al. (1991) using an earlier time series from the NOAA-NMFS survey, 

determined that 18 species of juvenile rockfish inhabited the water column at a depth range 

of 30.4 to 80 m with a mean depth of 56.7 m. The acoustically detected targets in this study 

were found to be between the depths of 5.1 to 272.8 m with 95% of the targets occurring at 

35.2 m depth. Lenarz et al. (1991) also found that catches of juvenile rockfish became 

relatively low when trawling tows were conducted at depths below 37 m. The depth 

distribution of the acoustically detected single targets suggests that sampled targets are 

within the correct depth distribution range based on previous research. In addition to depth 

distribution being an indicator that what was sampled was in fact juvenile rockfish was the 

timing of peak abundances of detected targets. The acoustically observed single targets in 
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years of high abundance indicate that from May to July, there is a steady increase in the 

number of single targets detected. This peak detection of single targets coincides with peak 

abundances of springtime broods of juvenile rockfish in the CCE (Charter and Sandknop, 

2000). The varying years seen in 2004, 2009, and 2012 could be from a variety of factors, 

including NOAA’s additional sampling and the addition of nearshore lines to ACCESS. 

Before the single targets were analysed at different depth distributions the acoustic methods 

were unable to significantly explain the variability seen in the seabirds’ diet. The results 

suggest that this may have to do with the seabirds’ foraging depths. Although all three 

seabirds’ can dive to depths of 100 m, or more, they are more commonly found feeding at 

depths between 10 and 40 m (Cairns et al., 1987, Ainley et al., 1990). Limiting the detected 

single targets to a similar depth distribution as the seabirds resulted in the acoustic methods 

being able to significantly explain the variability in the seabirds’ diets. BRAC however, was 

the only seabird to significantly explain the acoustic methods.  

 

5.2 Benefits and challenges of using acoustics 

 

 The use of hydroacoustic methods provides a powerful tool to explore and research 

the pelagic environment, and describe the spatial distributions of forage fish aggregations, 

or individual fish. Because of this, hydroacoustic methods have become a critical component 

to fisheries management and have improved the understanding of fish behaviour (Simmonds 

and MacLennan, 2005). A key benefit to employing acoustic methods is the ability to sample 

large volumes of water with precision and describe in real time and space what is present in 

the water column. In addition, acoustics provide a selective, non-extractive, and unbiased 

approach to studying fish and fisheries. However, the non-selectiveness of acoustics and the 

large quantities of data that hydroacoustic devices are capable of gathering poses a major 

challenge in summarizing acoustic data. The identification of species in echograms has long 

been a challenge facing fisheries managers and scientists. Physically removing the fish from 

the water to identify what has been recorded in the acoustic data, has long been common 

practice for fisheries management and science (Jurvelius, 1991, Parkinson et al., 1994). This 

study attempted to overcome this challenge by using independent metrics to verify what was 



 

seen in the echograms. The seabird diet served as a unique and beneficial tool in verifying 

the acoustic methods. However, this type of data isn’t readily available in many other regions 

around the world. Trawling surveys conversely have become common practice in many 

managed fisheries around the world and provide an essential metric for conducting studies 

such as this one. The NOAA-NMFS trawling data proved to be beneficial for this study and 

added a critical component in verifying the methods. These data can become problematic 

when the sampling areas don’t align in both time and space. This was particularly apparent 

when comparing the NASC anomalies to the core survey anomalies. The addition of seabird 

diet added an interesting ecological component to conducting fisheries research. Not only 

did this study describe the presence and track the trends of two critical forage fish species, 

it also provided a spatial component for future applications in ecology. In addition, it 

provides other marine based studies with an approach to quantifying their acoustic data when 

gathering net-samples of fish isn’t possible. 

 

5.3 Applications in predator prey studies 

 

 Many studies have been conducted looking at the spatial relationship between marine 

predators and their prey. Increasingly, these studies have been using acoustics to correlate 

predators to the patchily distributed species on which they forage (Vlietstra, 2005, Santora 

et al., 2011, Manugian, 2015). The acoustic component adds the ability to describe and map 

patch distributions over a variety of spatial and temporal scales (Hewitt and Demer, 2000). 

By coupling acoustics with net samples and marine based seabird surveys, Santora et al. 

(2011) found that krill and seabirds were spatially distributed similarly and were generally 

within 1 to 4 miles of each other. Such findings broaden the understanding of marine food 

webs and the complex dynamics driving these relationships. The results of our study provide 

a critical component to understanding the spatial relationship between piscivorous seabirds 

and patches of northern anchovy and juvenile rockfish. This study is novel in using seabird 

diets to calculate target strength and then significantly explain the abundance of juvenile 

rockfish using independent net-samples. In addition, it is also the first study to use acoustic 

methods to significantly explain the variability seen in three piscivorous seabird diets in the 
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CCE, subsequently providing a template for describing the spatial relationship between 

piscivorous seabirds and acoustically observed anchovy-like schools and juvenile rockfish-

like single targets. Conducting predator prey studies provides insight into habitat preferences 

and areas of co-occurring species, or hotspots, which has implications in ecosystem based 

management and prioritizing areas for conservation. Compiling results of such studies into 

ecosystem models provides managers with a view of what areas are of importance for 

wildlife, but most importantly a view of where potential conflicts may arise between human 

activities and wildlife. 

 

5.4 Applications in ocean zoning 

 

 The ocean is a busy place, not only in terms of wildlife interactions, but also in terms 

of human activities such as shipping, military, commercial and recreational fishing, and other 

human activities. Each one of these activities influences marine ecosystems to one degree or 

another, yet very little has been done to spatially plan the marine environment to the extent 

that is seen on land. This is in part because of the abstract fluid nature of marine 

environments and the transient disposition of many marine wildlife (Hyrenbach et al., 2000). 

It also requires the integration of ecosystem based science, consensus amongst stakeholders, 

and prioritization of conservation areas (Leslie, 2005). National marine sanctuaries provide 

model areas for implementing spatial planning initiatives. Sanctuaries such as GFNMS and 

CBNMS have well defined borders and have already been designated as ecologically and 

culturally significant (McGowan, 2013). In addition, there is well established ecosystem-

based scientific research being conducted in both sanctuaries on an annual basis. These 

studies have produced well-established models indicating where human and wildlife 

activities overlap, and areas of high foraging use by seabirds (McGowan et al., 2013, 

Manugian et al., 2015). The results from our study will provide another piece of critical 

information to these models. By providing information on the spatial distribution and 

presence of two critical forage fish species in the two sanctuaries, this study offers crucial 

information for effective ocean zoning efforts: These small pelagic species act as a critical 

component to the marine food web and are a valuable asset for maintaining population levels 



 

of other more commercially valuable predatory fishes such as tuna and salmon. As 

populations of marine predators rebound from active management strategies from the 

implementation of marine protected areas, equal consideration should be given to the forage 

fish species on which they depend and the pelagic habitats in which they live. Direct fishing 

effort for forage fish species in the Bering Sea, Aleutian Islands, and Gulf of Alaska has 

been prohibited since 1998 (Pikitch et al., 2014). To relieve competition between upper 

trophic level species and the fishing industry, marine spatial planning initiatives would 

benefit both the wildlife and fishers by restricting the direct extraction of forage fish in 

certain areas. The findings of this study can provide crucial information to help identifying 

efficient measures in this regard.  

 

5.5 Limitations of this study 

 

 A limiting factor in this study was the inability to incorporate and integrate all of the 

acoustic data collected. This was due to the fact the some of the data was too noisy, or had a 

combination of noise and missed signals (i.e. ping dropouts). In addition, this research was 

limited by tight deadlines and could have included other environmental components and 

much more in depth analysis of the results. This study provides a limited snapshot of what 

is occurring in the two marine sanctuaries and could possibly be better explained by 

incorporating other factors such as climate indices. Furthermore, this study could have 

benefited from a spatial component to better understand where the fish tend to aggregate (i.e. 

offshore, or inshore) and which transects tended to be more productive.  
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5.6 Future research 

 

 The results for this study, as mentioned previously, provides a template for future 

research in the spatial relationship between piscivorous seabirds and distributions of 

anchovy-like schools and juvenile rockfish-like single targets in GFNMS and CBNMS. 

However, it also provides a template for looking at spatial relationships of other marine 

wildlife that depend on forage fish. Future research in this area could focus on how the results 

of this study can be incorporated into ecosystem models depicting where wildlife and human 

activities may conflict. Such models will provide critical information for spatially planning 

the marine environment. In addition, research investigating how these relationships change 

spatially with regards to climate factors may provide a more clear view of how their 

distributions are affected during varying ecosystem states.  

 In terms of acoustic research, this study found that juvenile rockfish are often spoken 

of in terms of aggregations, yet there is very little literature describing what this may look 

like visually, or acoustically. Some species have been associated with floating kelp beds, 

while others have been found at depths of > 200 m. The methods for this study were designed 

to gather single samples, rather than attempting to classify juvenile rockfish aggregations. 

The results suggest that this is a viable strategy for describing the presence, or absence of 

juvenile rockfish in the study region. However, an accurate acoustic description of juvenile 

rockfish aggregations would be beneficial. Future research in this area could possibly result 

in a more concrete definition of an acoustically observed juvenile rockfish aggregation. The 

results of this study could also be used to determine if there is a spatial relationship with 

juvenile rockfish and bottom type (i.e. high relief, or sandy). The database provided by this 

study could be used to acoustically describe other forage fish aggregations such as pacific 

saury and market squid. Both of which are frequently seen in the diet of marine wildlife. 

Conducting these studies can aid in distinguishing between species and improve 

identification. Most importantly future acoustic research should focus on testing the methods 

of this study in other regions of California and globally. 

 Provided the role forage fish species play in maintaining a balanced marine ecosystem, 

it would be beneficial to explore the possibility of banning the direct extraction of these 

species for commercial use. Indeed this may not be possible, so research should focus on 



 

what areas would be best to place no-take areas when spatially planning the marine 

environment.  
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6 Conclusion  

 

 In order for effective ecosystem-based management strategies to be implemented, a 

broad overview of marine ecosystems and food web dynamics must be achieved. Current 

models using seabirds as indicators of foraging hotspots in this study’s region have been 

instrumental in broadening the view of marine ecosystems. A missing component to the 

existing spatial models using seabirds as indicators, at least in the region of focus, is a 

comprehensive database tracking the abundance and spatial distribution of forage fish. The 

objective of this study was to acoustically assess the abundance of anchovy and juvenile 

rockfish in GFNMS and CBNMS to see if this was a viable approach. It was determined that 

the acoustic methods employed were significant in explaining the variabilities seen in two 

independent metrics tracking the abundance of anchovy and juvenile rockfish. This is 

significant not only for this study’s region, but it also provides an alternative tool for other 

research vessels to assess forage fish species in other places. 

 However, hydroacoustic methods have a high risk of misidentification of species, 

which was a primary concern when planning this study. Having access to both catch data 

from the NOAA-NMFS surveys and the diets of the three seabirds, strengthened the 

verification of what was identified in the acoustic data. In the context of this study, the 

comparison between the three types of data proved beneficial, but should be implemented 

with caution in other regions. It is important for the independent metrics to be spatially 

correlated to the study area of focus as many factors driving forage fish distribution can vary 

locally and regionally. The seabirds’ diet data provided a unique metric because of the birds’ 

restriction to foraging in the study area. The results suggest that the additional sampling 

conducted by NOAA outside the area of focus contributed to the differences seen between 

the anchovy-like indices and the NOAA indices. Without the addition of seabird diet the 

anchovy methods would have only been slightly significant in explaining their population 

trends. The NOAA-NMFS survey being designed to quantify abundance of juvenile rockfish 

was an ideal metric for verifying the methods for identifying juvenile rockfish-like targets. 

Having multiple spatially correlated independent metrics for studies such as this one are 

critical to ground verifying hydroacoustic methods. 



 

 Acoustic methods allowed us to track the populations of these two species both 

seasonally and annually during the time series. The results suggest that anchovy-like schools 

tend to cover larger spatial areas in May and June compared to the other months surveyed. 

The results also suggest that anchovy-like schools detected in years of low availability 

tended to be much larger schools than in years of high availability. Regarding their depth 

distribution, the results suggest that anchovy-like schools are distributed across the 

continental shelf and are associated with both nearshore and offshore habitats. Juvenile 

rockfish-like targets that were targeted at a depth between 5 to 35 m showed peak 

abundances coinciding with spring time broods of rockfish. What was not clear in the results 

is what is occurring during the month of September. We expected to see the numbers of 

detected targets decline during this month, but the opposite is occurring. Further research 

examining what is being detected during the fall season could aid in strengthening what is 

being seen in the acoustic indices for juvenile rockfish.  

 The results of this study serve as another piece to the marine food web puzzle. Future 

research incorporating the results into larger spatial models will aid in prioritizing critical 

habitat for conservation. In addition, the results provide an opportunity in getting a birds’ 

eye view of where these fish tend to aggregate. In conclusion, this study was able to show 

that using a 100% selective and non-extractive approach to assessing forage fish populations 

is a viable approach.  
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Appendix A 

 

Table 1. Table shows the number of detected anchovy-like schools between April and 

October, 2004 to 2015. Table also shows the total NASC, mean school lengths, heights, 

depths, and associated bottom depths.  

 

Year Month 
Detected 

schools 
NASC 

Mean 

school 

length (m) 

Mean 

school 

height (m) 

Mean 

school 

depth (m) 

Mean 

bottom 

depth (m) 

2004 May 0 0 - - - - 

2004 Jul 10 9,687 42.2 8.7 79.9 102.5 

2004 Sep 12 10,379 66.2 8.0 23.8 246.7 

2004 Oct 3 9,781 27.6 7.8 63.8 76.6 

2005 May 17 172,372 120.7 9.2 110.0 249.4 

2005 Jun 0 0 - - - - 

2005 Jul 8 89,605 45.8 10.4 44.4 161.1 

2005 Oct 4 12,642 59.6 8.6 69.2 160.9 

2006 May 1 7,168 45.9 6.8 13.2 52.3 

2006 Jun 26 162,185 440.9 9.2 80.8 103.1 

2006 Jul 27 356,066 59.6 10.4 35.7 132.8 

2006 Oct 25 11,989 50.6 10.2 60.9 78.1 

2007 May 5 60,809 53.0 12.0 33.7 86.7 

2007 Jun 20 177,028 137.9 7.3 79.4 157.6 

2007 Sep 0 0 - - - - 

2008 April 3 28,548 73.1 9.6 131.0 196.1 

2008 May 13 185,344 67.1 13.5 69.1 315.9 

2008 Jun 8 110,566 73.1 12.2 107.7 347.2 

2008 Sep 0 0 - - - - 

2009 Jun 0 0 - - - - 

2009 Jul 0 0 - - - - 

2009 Sep 0 0 - - - - 

2010 May 0 0 - - - - 

2010 Jun 0 0 - - - - 

2010 Jul 4 21,929 139.1 5.7 123.4 167.9 

2010 Sep 0 0 - - - - 

2011 May 1 4,907 4.3 6.5 24.2 76.4 

2011 Jul 3 35,061 71.0 10.0 44.5 236.6 

2011 Sep 0 0 - - - - 

2012 Jun 2 36,513 295.7 12.6 69.4 82.0 

2012 Jul 4 72,633 72.9 13.7 66.6 80.7 

2012 Sep 3 12,816 181.9 12.5 112.4 129.2 



 

Year Month 
Detected 

schools 
NASC 

Mean 

school 

length (m) 

Mean 

school 

height (m) 

Mean 

school 

depth (m) 

Mean 

bottom 

depth (m) 

        
2013 May 6 68,786 32.1 8.6 44.6 57.6 

2013 Jul 4 55,816 95.1 12.0 57.8 72.3 

2013 Sep 1 27,884 112.6 27.3 36.3 69.5 

2014 Jun 3 26,557 27.8 6.9 73.9 161.2 

2014 Jul 1 6,451 57.9 6.0 36.2 66.8 

2014 Sep 1 8,877 133.0 11.3 46.2 66.7 

2015 Jun 0 0 - - - - 

2015 Jul 0 0 - - - - 

2015 Sep 3 11,663 53.6 12.2 38.2 65.6 
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