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 Acoustic scattering layers of biological origin have been observed for nearly 70 years 

across the world’s oceans.  The organisms that comprise these layers are known to be important 

features in most oceanic ecosystems, providing a vital trophic link between small phytoplankton 

grazers and larger species.  There are many aspects of their ecology, however, that remain poorly 

described.  To address this research gap, an automatic layer detection algorithm was designed to 

identify scattering layers based on their acoustic structure and their horizontal continuity.  It 

classifies layers into broad, unstructured background layers, and high-energy, consistently 

organized, horizontally contiguous internal strata.  The method was rigorously tested on data 

collected in three disparate ecosystems: the Gulf of California, Monterey Bay and the Bering Sea.  

With this new tool, scattering layer boundaries were identified in data from the Gulf of 

California.  The bottom of the background layer in this region averaged 463 m depth during the 

day and 434 m at night, the bottom of the main migrating stratum averaged 333 m during the day 

and 54 m at night, and a consistent near-surface layer averaged 43 m during the day and 61 m at 

night.  Average maximum rates of diel vertical migration were 8.6 cm/s when ascending and 6.9 

cm/s when descending.  Using CTD profile data in conjunction with layer boundary information, 

the hypothesis that scattering layers in the Gulf of California are associated with specific oxygen 

values was tested.  Several methods were employed to separate the influence of oxygen from 

other parameters including simple regressions, contingency tables, and logistic models.  

Suggestive evidence was found that shallow scattering layers were associated with the 

thermocline, and midwater and deeper layers were more associated with light, temperature or 

density than with oxygen, but no results were conclusive and a consistent physiological 

explanation of scattering layer depths below the thermocline could not be supported.  I concluded 



that scattering layer depths and migration rates in the Gulf of California were broadly consistent 

with prior reports, however, evidence that scattering layer depths in the Gulf of California were 

associated with any one environmental parameter was lacking.  Great care should be exercised 

when attempting to explain scattering layer depths through the lens of a single parameter, as 

covariates may offer alternate explanations and scattering layer depths are by nature complex 

features composed of individual organisms with a variety of physiological and non-physiological 

needs.  The new tools I developed to describe the characteristics of scattering layers, to 

automatically identify layers based on their internal structure, and to analyze their relationship to 

the surrounding habitat contributed to our understanding of scattering layers in the Gulf of 

California, and can contribute generally to future studies of these widespread and ecologically 

significant features. 
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DETECTION, CLASSIFICATION AND ECOLOGY OF ACOUSTIC SCATTERING LAYERS 
 
 

CHAPTER 1:  
GENERAL INTRODUCTION 

 

 Studies of marine ecosystems have always been complicated by the inaccessibility of 

their medium, and much energy has been spent trying to understand just what is down there 

beneath the waves.  Light, the primary modality by which humans interact with the world, at best 

provides usable visibility to about 100 m, even in the clearest water.  In productive waters where 

dense phytoplankton and other particulates block much of the incoming solar radiation, visual 

detection of marine organisms can be limited to within a few meters of the surface.  However, 

many living things regularly spend time at depths much greater than this.  Studying these 

organisms has historically involved collecting samples with nets and lines, observing organisms 

when they surface, or using underwater vehicles to collect samples, record data, or bring 

researchers to depth.  While these methods have proven effective, they are generally costly, time-

consuming, and can cover only limited regions. 

 Starting with the work of Carl Eckart around World War II, a different modality began to 

be used in earnest to study the ocean (Tufts 1998).  Sound travels around 1450 m/s through water, 

about four times faster than in air.  More significantly, it does not attenuate as rapidly as light 

(Simmonds and MacLennan 2005), and experimenters have picked up underwater acoustic 

signals thousands of kilometers away from their source (Spiesberger and Metzger 1992).  By 

creating a brief sound with known energy, information can be gleaned about the oceanic objects 

from which the sound bounces by analyzing the return echo.  This echosounding process was first 

used in the 1920s to detect the ocean floor (B. 1925), but its use has broadened into multi-faceted 

applications in fisheries management and ecology, and the process is now commonly used to 

detect mid-water organisms including invertebrates, fish, marine mammals and, indirectly, diving 

birds (Simmonds and MacLennan 2005; Benoit-Bird et al. 2013a). 

 One of the first applications of acoustic technology to biology was in the detection of an 

acoustic scattering layer in mid-water regions above the ocean floor.  These features were first 

observed during bottom sounding surveys acting like false bottoms by appearing as long, thick 

lines in an echogram, much as a secondary reflection from the seafloor would appear.  However, 

these features were often observed to ascend at dusk and descend at dawn, suggesting that they 

were not coupled with bottom depth and that small organisms were likely the source of the 

scattering (Duvall and Christensen 1946).  This idea was later confirmed with targeted net trawls 
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that collected zooplankton at significantly greater abundances at scattering layer depths (Kinzer 

1968), and also observed directly by Barham (1963) in a series of manned submersible dives.  

Generally, these acoustic scattering layers are composed of zooplankton and other small pelagic 

organisms with gas-filled body cavities or other body parts that have densities different than the 

surrounding medium, although organisms with weak acoustic scattering at standard fisheries 

frequencies also can be found in greater numbers in these layers.  Most commonly, the organisms 

that cause scattering layers are krill, shrimp, small squid, and mesopelagic fish species like 

myctophids (Butler and Pearcy 1972; Simard and Mackas 1989; Benoit-Bird and Au 2002). 

 Since their discovery, acoustic scattering layers have been shown to be pan-oceanic in 

distribution (Tont 1976; O'Brien 1987), and to be important components of pelagic ecosystems 

(Fock et al. 2002).  One of the most characteristic features of acoustic scattering layers that also 

assisted in their initial identification as biological features is diel vertical migration (DVM).  

DVM has been recognized as a zooplankton strategy for 140 years, and debates about its causes 

have been common for almost as long (Kikuchi 1930).  The most common type of DVM, referred 

to as nocturnal, involves the synchronous ascent of scattering layer organisms to the surface at 

night and then the return to depth at dawn.  Generally, the accepted explanation for this 

phenomenon is that migrating organisms are surfacing to feed and then returning to depth as a 

predator avoidance strategy (Gliwicz 1986; Loose and Dawidowicz 1994), but other possible 

explanations for this behavior include metabolic and demographic advantages, including the 

conservation of energy in low-temperature environments associated with deeper water (Lampert 

1989).  Besides the standard nocturnal DVM, other types of migrations are also possible.  In 

twilight DVM, the ascent begins at sunset and the organisms return to depth around midnight, and 

in reverse DVM, organisms ascend to the surface during the day and return to depth at night 

(Cohen and Forward 2009).  Because it is pan-oceanic and involves an enormous number of small 

creatures, this process has been speculated to be the largest migration, as measured by biomass, in 

the world (Hays 2003; Robison 2009). 

 There is good evidence that DVM is triggered by changes in the ambient light conditions 

(Forward 1988), but it is unclear if migrators follow specific isolumes, migrate once a certain 

luminous threshold is met, or take their cues when the change in light is greatest as at sunset and 

sunrise.  There is also evidence that migrating organisms use light as a zeitgeber (an external cue) 

to entrain circadian rhythms that last for several days when these animals are moved to a dark 

laboratory (Cohen and Forward 2009).  In addition to factors related to light, there is evidence 

that pheromones from predators can initiate a downward migration (Pijanowska 1993) and that 
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various zooplankton species will demonstrate DVM behavior only in the presence of predator-

associated kairomones (Cohen and Forward 2009).     

 While light and the presence of predators seem to be the biggest factors in the initiation 

of DVM, there are many exogenous factors that affect the vertical limits of migration including 

temperature, salinity, oxygen and hydrostatic pressure (Forward 1988).  Early indicators pointed 

to an association between density layering and scattering layer depth (Herdman 1953; Weston 

1958), more recent studies have found that a strong thermocline can lead to well-demarcated 

scattering layers (Kumar et al. 2005), and another study has shown that general thermocline and 

oxycline depths over large regions can correlate with scattering layer depth (Hazen and Johnston 

2010).  Other studies have pointed to the effects of low-salinity water on the phototaxis of 

migrating organisms (Forward 1976), while others have described evidence that some 

zooplankton adjust their depth based on pressure sensitivity (Forward and Wellins 1989).  In low 

oxygen environments like the Gulf of California, where most of the research in the following 

chapters was conducted, it is also possible that reduced oxygen is responsible for demarcating 

scattering layer boundaries (Devol 1981; Bertrand et al. 2010).  An approach to identifying the 

environmental parameters that determine the depth at which scattering layer organisms aggregate 

is described in chapter three. 

 Despite their importance as trophic links between phytoplankton and larger, 

commercially important species (e.g. Fock et al. 2002; Hays 2003; Markaida et al. 2008), 

scattering layers are understudied (Hays 2003; Cohen and Forward 2009).  Even with the vast 

amount of data collected over the last 60 years on ships with acoustic capabilities, to date there is 

not a universally accepted or applicable automatic approach to detecting or classifying scattering 

layers (compare: Baliño and Aksnes 1993; Weill et al. 1993; Kumar et al. 2005; Kloser et al. 

2009; Benoit-Bird et al. 2010; Bertrand et al. 2010).  In chapter two, a classification scheme for 

scattering layers is proposed that provides more details  than the historically-used term "deep 

scattering layer" (DSL).  The proposed scheme divides scattering layers into background layers 

and internal strata within those layers.  While background layers are constrained regions of 

organisms, strata are perhaps more interesting as they are identified by a horizontally continuous 

peak in the acoustic energy profile, and thus are more densely aggregated, implying a greater 

degree of interaction among organisms.  An automatic detection method for identifying these 

layers and strata is proposed and tested using sensitivity analysis techniques on data from the 

Gulf of California, Monterey Bay and the Bering Sea, three disparate ecosystems of varying 

depths and with contrasting scattering layer characteristics. 
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 The layer detection method described in chapter two is used in chapter three to identify 

scattering layers in the Gulf of California, and the layer boundaries identified were used to test 

the association of these layers with different environmental parameters in an attempt to explain 

and predict the depths at which scattering layers reside.  A proposed theory to explain the success 

of predators like the Humboldt squid in the Gulf of California is that shoaling oxygen minimum 

zones (OMZs) force scattering layer organisms to compress their habitat (Gilly et al. 2013).  

Chapter three examines this hypothesis using environmental and scattering layer data from four 

cruises in the Gulf of California.  Overall, the goals of this work were to describe scattering layer 

features in a specific environment, to describe some of their general characteristics, to test 

hypotheses about their daytime vertical distributions, and to create a mechanism for identifying 

and classifying these ubiquitous, understudied, ecologically important features. 
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CHAPTER 2:  
AN AUTOMATIC AND QUANTITATIVE APPROACH TO THE DETECTION AND 

TRACKING OF ACOUSTIC SCATTERING LAYERS 
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ABSTRACT 

 Horizontally extensive aggregations of both vertebrate and invertebrate organisms, 

acoustic scattering layers are ubiquitous features that play key roles in oceanic ecosystems.  

However, currently there are no conventions or widely adaptable automatic methods for 

describing these often dynamic, spatially complex features, so it is difficult to consistently and 

efficiently describe and compare results.  We developed an automatic scattering layer detection 

method that can be used to monitor changes in their depth, width, and internal structure over time.  

Extensive, contiguous regions of the water column that have echo strengths above a threshold 

were identified as "background layers".  They correspond to regions of the water column that 

contain scattering from diffusely distributed organisms.  Often, background layers contained 

contiguous, horizontally extensive features of concentrated acoustic scattering we identified as 

"strata".  These features were identified by fitting Gaussian curves to the echo envelope of each 

vertical column of scattering, and their boundaries were identified as the endpoints of the region 

containing 95% of the area under the fitted curves.  These endpoints were linked horizontally to 

make continuous tracks.  Bottom and top tracks were paired to identify features that may extend 

horizontally for tens of kilometers.  This approach was effective in three disparate ecosystems 

(Gulf of California, Monterey Bay, and the Bering Sea), and a sensitivity analysis showed that it 

was robust to changes in input parameters.  By allowing a comparable, automated approach to be 

used across environments, this method promotes improved classification and characterization of 

acoustic scattering layers and their role in oceanic ecosystems. 
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INTRODUCTION 

 Since the first explorations of the ocean with sonar in the 1940s, oceanographers have 

consistently identified intense mid-water sound scattering layers (Duvall and Christensen 1946) 

that appear in echosounders as continuous features in which individual organisms cannot be 

resolved (Tont 1976).  Found in all oceans (Tont 1976; O'Brien 1987), scattering layers are 

commonly comprised of crustaceans like krill (Simard and Mackas 1989) and shrimp, small 

squid, and mesopelagic fish species such as myctophids (Butler and Pearcy 1972; Benoit-Bird 

and Au 2002).  Physically, scattering layers can extend for hundreds of kilometers horizontally 

(Chapman and Marshall 1966), be on the order of meters to tens of meters thick (Sameoto 1976; 

Thomson et al. 1992), and can be found from near the surface to depths greater than 2000 m 

(Burd et al. 1992; Opdal et al. 2008).  The organisms that make up these layers are important 

parts of the diets of creatures ranging from squid to fish to birds to mammals (Hays 2003; 

Markaida et al. 2008) and thus are vital links between primary productivity and the higher trophic 

levels of marine ecosystems.  Many species contained in scattering layers undertake a diel 

vertical migration (DVM) from deep water to the surface that has been shown to make important 

contributions to the active cycling of carbon and nutrients (Steinberg et al. 2000). 

 The composition of sound scattering layers, their DVM, the forcing mechanisms of their 

migrations and their role in various ecosystems have all been well-studied (e.g. Tont 1976; Hays 

2003).  However, to date there are no agreed upon conventions for describing some of the 

features of scattering layers that are critical for comparative studies of layer biology and behavior 

(i.e.  determining their boundaries, characterizing their acoustic structure, and describing their 

depth).  While some authors measure the depth of a layer in the water column from the top 

boundary (Tont 1976; Baliño and Aksnes 1993), others focus on the bottom (Kumar et al. 2005), 

and others on the depth of peak energy (Benoit-Bird et al. 2010).  However, the variable structure 

and thickness of scattering layers suggests that none of these measures gives the whole picture.  

Particularly in cases of thick layers (10-100m), considering only one measure of depth within the 

water column may be insufficient for studying layers as they respond to oceanographic 

parameters, especially since many layers show distinctive, internal organization of echoes.  

Despite evidence that acoustic structure within scattering layers can have important implications 

for the ecology of scattering layer organisms (Benoit-Bird and McManus 2012), describing 

acoustic structure at this scale has had only limited emphasis in the literature (e.g. Benoit-Bird 

and Au 2003). 
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 The first step for gaining insights into the ecology of scattering layers is to determine 

their depths and boundaries accurately and consistently.  A number of approaches have been tried 

previously but have met with mixed success.  The most common approach involves the visual 

examination of echograms (e.g. Simard and Mackas 1989; Robinson and Gómez-Gutiérrez 1998; 

Kumar et al. 2005).  This approach is simple, can be done in real-time for determining 

appropriate net trawl depths, and can be used to effectively determine layer boundaries even in 

acoustically complex environments.  However, as with any procedure done by trained observers, 

results can vary between individuals as well as for one individual observer over time (Jech and 

Michaels 2006).  Visual identification is also laborious and can prove intractable due to the 

substantial volume of data that can be generated by acoustic instruments on ships and other 

platforms.   

 Another common approach is to classify layers based on the broad depth bin in which 

acoustic energy is contained (i.e. surface, mesopelagic, epipelagic, and bathypelagic).  This 

approach allows researchers to ignore the structure of layers and to focus solely on the acoustic 

energy that is present at a given depth of interest.  While useful for studies of DVM and for broad 

biomass surveys (e.g. Kloser et al. 2009), this approach does not allow individual features to be 

tracked, nor does it exclude acoustic energy that is not part of a scattering layer. 

 Automatic layer detection approaches have the potential to overcome the drawbacks of 

manual layer identification and depth-based layer definitions.  To do so effectively, they must 

locate the top and bottom of several layers in the water column, identify layers with a variety of 

acoustic structures, be effective in a range of locations with differing biological layer 

compositions, respond predictably to changes in input parameters, and account for horizontally 

extensive layers that can change their depth in the water column and can split and merge over 

time.  For instance, seafloor detection algorithms, like the one packaged in the acoustics software 

Echoview, are adept at locating the depth of long, continuous features.  However, seafloor 

detection approaches locate only a single depth and thus ignore layer thickness.  It can also be 

difficult for seafloor detection methods to consistently locate layers since they work by locating 

the sharp gradients in echo strength that exist between the seafloor and open water, whereas the 

amplitude of biological scattering layers is often more normally distributed with depth and is only 

rarely characterized by a sudden increase or decrease in echo strength. 

School detection algorithms (e.g. Barange 1994) have been adapted to identify scattering 

layers since they are designed to find the boundaries of discrete aggregations of organisms.  

Similar to many bottom detection algorithms, they work by looking for an amplitude difference 
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between a region and its surrounding regions, typically searching for a value greater than a fixed 

threshold.  As shown by Burgos and Horne (2007), however, the choice of acoustic threshold has 

a significant effect on the height, length, depth and the total acoustic energy of the detected 

aggregations.  Choosing an appropriate, robust acoustic threshold can be challenging, particularly 

in layers which are characterized by mixed species aggregations or which are horizontally 

extensive and reach through regions with varying background conditions. 

Another challenge with adapting school and patch detection algorithms to layers is the 

requirement that identified features be limited in their horizontal extent.  Nero and Magnuson’s 

(1992) patch detection algorithm, for example, limits the spatial extent of patches to the size of 

their chosen smoothing window, and Weill et al. (1993) discuss the requirement of their 

algorithm to prematurely terminate long features (such as plankton layers).  School detection 

algorithms also assume that these discrete features are relatively stable, yet scattering layers are 

defined partly by their evolution over time, making it difficult to apply this approach 

appropriately to layers.  Figure 2.1, for example, features a deeper layer shoaling at sunset to meet 

a shallow layer.  A school detection algorithm would treat these two features as a single 

combined aggregation, despite clear differences in their behavior. 

To account for properties unique to scattering layers, some novel approaches have been 

developed.  Bertrand et al. (2010) successfully tracked the bottom of a layer of pelagic organisms 

by determining the depth at which 98% of accumulated echoes occurred.  In their study area, this 

depth was shallow (< 100m) and characterized by a rapid build-up of echo energy at the base of 

the layer due to a strong oxycline.  However, this approach is not effective for layers that have 

more graded changes in scattering or in regions containing several layers that distribute echo 

energy throughout the water column.  Benoit-Bird and Au (2004) identified scattering layer 

boundaries based on differences in the numerical density of organisms in adjoining data windows, 

but this approach relies on detailed knowledge of the layer constituents and their acoustic 

properties in order to be applied.  A more general approach is to use the characteristics of high-

amplitude peaks in the echo intensity to determine layer boundaries (Cheriton et al. 2007; Benoit-

Bird 2009), relying on a defined minimum peak amplitude above background levels, but again 

introducing the challenges of identifying an appropriate threshold value.  In order to gain insight 

into scattering layer ecology, our goal was to further expand these layer-specific methods to 

develop and evaluate an approach to tracking and describing scattering layers that is applicable 

across ecosystems, allows for consistent descriptions of their depth, boundaries, and internal 

structure, and which can characterize the distribution of the echo strengths within each layer. 
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MATERIALS AND PROCEDURES 

 To provide comparative information on layer biology, a detection algorithm must be able 

to monitor and describe acoustic scattering layers at a variety of depths, in a variety of acoustic 

environments, with fluctuating biological compositions, with differing internal acoustic structures 

and over extensive distances.  To this end, we developed an original layer detection and tracking 

algorithm, summarized in Figure 2.2, using Echoview v5.2.7 and Matlab v8.1 and using data 

collected in the subtropical Gulf of California (GoC).  We then tested our algorithm on data from 

two additional locations representing a range of physical and biological oceanographic 

conditions: the productive, temperate waters of Monterey Bay, California (MB) and the sub-arctic 

Bering Sea near the Pribilof Islands (PI).  The resulting algorithm included ten different input 

parameters, listed in Table 2.1, which could be adjusted based on the question under 

investigation.  The robustness of the algorithm to changes in input parameters was systematically 

explored using data from the GoC.   

Two characteristics were assumed in the identification of scattering layers: 1) layers are 

composed of acoustically reflecting organisms that are aggregated into horizontally extensive 

features, and 2) the echo strength of densely aggregated scattering layers can be approximated by 

a Gaussian curve, with energy decreasing to either side of a peak value in a generally normal 

way.  The implications and justification of this assumption are detailed under “Assessment.” 

Our algorithm classified scattering layers in two steps.  Background layers, contiguous 

regions of the water column with minimum height and length that have echo strengths above a 

user-defined threshold, were identified first.  The organization of the echo strengths within this 

layer was not relevant to its identification; the layer could be completely uniform or have 

underlying structure.  Background layers in the data in Figure 2.1A are highlighted in Figure 

2.1B.  This step relied only on assumption 1.  Second, layers were further characterized by their 

internal structure into sub-layers we term “strata.” This characterization relied on both of the 

assumptions about layers.  Strata were further classified as monopeaked strata, which track a 

single strong Gaussian peak, and multipeaked strata, which contain the monopeaked stratum but 

also have expanded boundaries that contain at least two overlapping regions of energy that can be 

fitted with Gaussian curves (Figure 2.1C).  Here we refer to scattering layers as a general term 

encompassing both background layers and internal strata. 

 



10 
 
Data Collection 

Acoustic backscatter data were collected with four Simrad EK60 split-beam 

echosounders at 38, 70, 120 and 200 kHz.  Transducers were mounted on a single pole and 

deployed at 1.5 m beneath the surface.  Echosounder characteristics are listed in Table 2.2 and 

described by Benoit-Bird and Gilly (2012) for the GoC, by Benoit-Bird et al. (2011) for the PI, 

and by Benoit-Bird et al. (2009) for MB.  During each experiment, the echosounders were field-

calibrated using a 38.1 mm diameter tungsten carbide sphere with a target distance of 10-12m 

(Foote et al. 1987).   

 

Preprocessing 

 Background noise was removed via the background noise removal tool in Echoview 

using a maximum noise threshold of -125 dB re 1 m2 m-3 and a minimum signal-to-noise ratio of 

10 dB following the method described by De Robertis and Higginbottom (2007).  However, at the 

depths and frequencies we examined, the effect of this step was minimal.  All data were visually 

inspected for anomalies such as false bottom detections, noise spikes, or tracks of profiled 

instruments, and anomalous data were replaced with averages of the surrounding data. 

Processed volume scattering (SV) values were averaged in the linear domain (as sv values) 

into bins of 1 m depth by a user-defined horizontal distance (as in Table 2.1).  Distance-based 

bins were used to facilitate comparisons across field experiments.  However, for layer detection in 

general, averaging by number of pings or by time interval could be used with equal facility so 

long as the averaging results in bins with enough samples to account for the stochastic nature of 

volume scattering (Simmonds and MacLennan 2005).  For example in the GoC, given our ship 

speed and ping interval, data averaged horizontally into 20 m bins contained a minimum of 26 

samples.  Based on an assumption of normally distributed volume scattering and a conservative 

estimate of its standard deviation, mean SV was constrained within a 95% confidence interval of 

±1.27 dB, and the average bin (containing 47 samples) was constrained to <±1 dB (Wackerly et 

al. 2008; Kloser et al. 2013).  Figure 2.2 shows the results of these steps in part Ia. 

Processed SV data were then exported from Echoview for further analysis in Matlab, 

where two additional preprocessing steps were applied to the linearized SV data.  First, a running 

horizontal median filter was applied to remove independent regions of high echo strength (e.g.  

from an individual, intense scatterer) while simultaneously smoothing the edges of continuous 

features to facilitate layer detection (step Ib in Figure 2.2).  Secondly, the overall number of 

vertical columns was reduced by horizontally averaging the linearized SV data.  The second 
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horizontal averaging was done both to reduce processing time and to provide additional 

smoothing to layer edges.  Processing time was a significant consideration as averaging across 7 

columns, for instance, reduced run-time for the data in Figure 2.1 from 6.25 hours to 31 minutes. 

 

Layer Detection  

 After preprocessing the data, the detection of layers involved two stages: detection of 

potential layer edges within vertical columns of data (step II in Figure 2.2) and then horizontally 

linking those boundaries (step III).  The edge detection step treated separately the detection of 

background layers (step IIa) and the detection of internal strata (step IIb).  To detect the 

background layers, a threshold appropriate for the data was needed.  Because we were interested 

in detecting all organisms that might aggregate in layers, and the target strength of some can be 

less than -80 dB re 1 m2 at 38 kHz (Foote et al. 1990) or even 70 kHz (Amakasu and Furusawa 

2006), we used a range of threshold values that were generally lower than those used in the 

aggregation detection algorithms for larger fish (see Table 2.1).  After each column of samples 

was smoothed with a 3-sample running mean, contiguous sections of echoes with amplitude 

greater than the threshold were located, but sections that did not meet the user-defined minimum 

layer thickness criteria (see Table 2.1) were ignored.  Features were defined as contiguous if gaps 

were smaller than the gap parameter. 

 After background layer boundaries were located in each column of samples, the data 

within the boundaries was examined for potential stratum edges (step IIb in Figure 2.2).  Strata 

were identified by locating regions of increased energy in the background layer and fitting a 

Gaussian curve or several Gaussian curves to the data as in Figure 2.3.  The peaks of these best-fit 

Gaussians were located (Figure 2.3C) and the borders of the strata were determined by 

calculating the points that contained 95% of the area under the curve of the fitted Gaussians 

(Figure 2.3D).  O’Haver’s (2009) peak-fitting algorithm was adapted so that up to five Gaussian 

curves were fitted in each analyzed section, and the combination of peaks that met size criteria 

(either a minimum thickness or a minimum height) that yielded the smallest percent root mean 

square difference from the original data was kept.  Five curves was chosen as the cutoff level 

because extra iterations with more curves greatly increased algorithm run time without 

appreciably increasing fit.  To increase the efficiency and facility of the Gaussian fitter, a simple 

peak detector algorithm (Yoder 2009) was first run on each vertical column between background 

layer boundaries so that potential peaks could be input as starting values to the Gaussian fitter.  

This peak detector, operating on the linearized data, identified peaks that had 10 times the 
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acoustic energy of the user-defined background layer threshold (equivalent to a 10 dB difference 

from the threshold), but the Gaussian fitter was not limited to fitting curves around these input 

values.   

 Monopeaked strata boundaries were identified when the 95% area boundaries did not 

overlap with those of another identified peak.  If two Gaussian curves overlapped, the boundaries 

of the tallest peak were also considered to be part of a monopeaked stratum.  Multipeaked strata 

boundaries, in contrast, were delineated as the outermost 95% area boundaries of overlapping 

curves. 

 Once all columns of data were analyzed for potential layer edges as in Figure 2.3D, the 

identified boundaries were linked together horizontally as in Figure 2.3E.  An extension of the 

basic ideas in Tinevez’s (2011) tracking method, our linking algorithm was designed to start at 

the earliest sampling time and move chronologically, linking a point from the next column of data 

if it was within the max vertical and max horizontal distance parameters (Table 2.1).  If no points 

were linkable, the next column of data was examined.  Points at similar depths were prioritized 

over points that were less than the linking distances but at a different depth.  When two tracks 

converged so that they were within the defined minimum vertical separation distance (Table 2.1), 

in the region of overlap the longer track was prioritized; if both tracks were extensive, the track 

generated by the higher amplitude peaks was prioritized.  Only tracks that met the minimum 

length requirement (Table 2.1) were identified as potential background layers or internal strata.  

The linking algorithm then did a run starting from the end of the dataset and linked points 

backward in time, and the two versions were merged.  Top and bottom background layer tracks 

were paired (step IV in Figure 2.2) to identify background layers, and then tracks of the Gaussian 

peaks were paired with tracks of both the top stratum boundaries and the bottom stratum 

boundaries.  If there were two successive stratum top tracks or stratum bottom tracks in the water 

column without the other in between, a multipeaked stratum was identified.  For display purposes 

in all figures, the tracks were smoothed with a three sample running mean filter. 

 

Sensitivity Analysis 

 To test the robustness of our layer detection algorithm to changes in input parameters, 

two sensitivity analyses were performed using the 150 km transect section from the GoC in 

Figure 2.1.  Layers and strata were described with both geometric and acoustic measurements, 

and the changes in these measurements were monitored as input parameters were varied.  The 

nine descriptors we used as output parameters to describe strata and background layers included 
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seven geometric parameters, a measure of acoustic energy, and the total number of boundary 

tracks detected by the algorithm.  For comparison with other studies, we used the nautical area 

scattering coefficient (NASC in m2 nmi-2) as the acoustic parameter.  The geometric parameters 

included cross-sectional area on the echogram (in m2), total length of the upper and lower 

boundaries (in km), average depth (in m), mean layer thickness (in m), and variance of the layer 

thickness (in m2).  Tortuosity of the boundaries (a unitless ratio) was calculated as the percent 

increase in distance when the length of a boundary was compared to the shortest distance between 

its endpoints. 

 For each type of stratum, we also calculated the average departure from normality (ΔN in 

m-2).  ΔN was defined as the average over all strata of each type of the mean squared residuals 

from the raw sv data to the fitted Gaussians scaled to a probability density function with area 1 

(calculation steps illustrated in Figure 2.4).  The units of ΔN are a mathematical construct of 

scaling the curves and using depth as the independent variable.  The calculation of ΔN was 

designed to provide a quantitative description of the degree to which a stratum can be described 

by a Gaussian curve.  Before calculating this value, a mean filter (described below) was run over 

the data to minimize outlier effects and to smooth edges.  Gaussian curves were then fitted to the 

data within the boundaries of a stratum using an iterative process that minimized the residuals of 

the curve from the data.  The same algorithm was used originally to identify layers, but for ΔN 

calculations it was applied only to specific regions instead of to the whole water column.  The 

threshold chosen to find the background layer was used as the zero value from which to build the 

Gaussian curves.  To compare the normality of strata with vastly different amplitudes and 

thicknesses, the sv values and curves were standardized to make the area under the whole domain 

of the fitted curves equal to 1.  The residuals of the standardized curves from the standardized sv 

data within the layer boundaries were squared, and then those squared values were averaged to 

get ΔN.  A single ΔN for each stratum type was calculated by averaging all ΔN for each data 

column in all strata of each type.  Typical values were on the order of 10-5 m-2.  To determine an 

appropriate window size for the mean filter, we iteratively increased the window size and 

calculated the correlation (R2) between successive iterations for 2996 individual ΔN calculations 

for the monopeaked strata in Figure 2.1.  A window of size n means n points to each side of the 

point in question were averaged.  Correlations between windows of size 1 and 2, 2 and 3, and 3 

and 4 were all > 0.8, while correlations outside of this range were much smaller, suggesting that 

window sizes of 1 to 4 were appropriate for this data.  A window of size 1 was chosen for the 
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final analysis since greater smoothing results in smaller ΔN values, thus sacrificing some of the 

non-normality for which this parameter was designed to measure.   

To identify the input parameters that had substantial effects on the output parameters, a 

one-at-a-time (OAT) sensitivity analysis was performed first.  Starting at the baseline values for 

the GoC used to create Figure 2.1, input parameters were varied through a range of values.  The 

limits of this range were selected so as to include all reasonable values that might be useful in 

layer investigation, but also to keep the number of runs of the algorithm to a reasonable size.  For 

the OAT analysis, a total of 227 runs were performed on the GoC data in Figure 2.1, and the 

effect of the change in input parameter on each output parameter was recorded. 

 Patterns in layer detections resulting from parameter changes were also identified through 

a second, sampling-based sensitivity analysis using a size-200 Latin hypercube sample drawn 

from the same data ranges as the OAT analysis (except as described in Table 2.1).  We followed 

methods described in Helton and Davis (2000) and used a number of statistical measurements to 

quantify the effect of each input parameter on each output parameter including: partial correlation 

coefficients (PCC), which test for the correlations between input and output variables by 

controlling for the remaining input variables; the standardized regression coefficients (SRC) of a 

multiple linear regression model, which indicate the importance of each variable to the model; 

R2-deletes (R2-del), comparisons of the correlation coefficients of a model including and 

excluding each input variable; and stepwise SRC, which are the SRC of models constructed only 

from input variables that have a significant (p < 0.05) effect on the output parameter.  To look for 

nonlinear trends, we calculated Spearman’s ρ for each input/output pair and also performed all of 

the above tests again after ranking the data.  Finally, to look for non-random patterns that may not 

have been monotonic, a χ2 test for non-random patterns was performed to test the null hypothesis 

that patterns in a scatterplot of input values vs.  output values were random.  Grids of 4x4, 5x5, 

7x7 and 10x10 were overlaid on plots of each input/output pair, and a non-random pattern was 

presumed to exist if tests on at least 3 of these grids resulted in p-values < 0.05.  It is important to 

note that although some of the distributional assumptions normally made when calculating 

sensitivity statistics, like the assumption that values come from a random sample, are not 

satisfied, they still provide useful information about variable importance because they indicate 

how the input and output variables would likely interact in a study for which the assumptions 

were satisfied (Helton and Davis 2000). 
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ASSESSMENT 

 To examine the effectiveness of the algorithm, we first visually examined the 

automatically detected layers in echograms from three diverse habitats.  The layers and strata 

detected automatically in Figures 2.1, 2.3, 2.5 and 2.6 closely matched features that an observer 

would visually identify as scattering layers.  The top depth, bottom depth and peak energy depth 

of multiple layers were effectively tracked, even as their structures and properties varied across 

space and time.  These figures are representative of how effectively the algorithm works across 

habitats with diverse characteristics, and they were chosen to highlight its flexibility.  Figures 2.1 

and 2.3 are echograms from the Gulf of California, a sub-tropical sea with aggregations of 

euphausiids, squid, and myctophids (Benoit-Bird and Gilly 2012).  The GoC is a deep-water 

region with basins ranging from 100 to 3600 m depth (Rusnak et al. 1964), where background 

layers can extend to > 600 m, and where scattering layers are often long, strong strata that exhibit 

characteristic DVM.  Figure 2.1 shows how the algorithm was not confused by layers that split or 

merge, and how it can track multiple instances of migrations at sunset or sunrise.  The figure also 

highlights how the algorithm works in deep water with multiple background layers and multiple 

strata up to 100 m thick. 

  Figure 2.5 displays a high-frequency (120 kHz) echogram from Monterey Bay.  MB is a 

productive, temperate coastal embayment with aggregations of anchovies (Engraulis mordax), 

sardines (Sardinops sagax), and small crustaceans including copepods (Benoit-Bird 2009; 

Kaltenberg and Benoit-Bird 2009).  The figure shows the algorithm’s ability to track thin (< 10m) 

zooplankton layers in a shallow environment where they can occur both close to the surface and 

close to the seafloor.   

 Figure 2.6 displays data from the central Bering Sea shelf, a sub-polar region surrounding 

the Pribilof Islands where biological aggregations range from layers and schools of juvenile 

pollock (Theragra chalcogramma) to patches of euphausiids (Benoit-Bird et al. 2013b).  The 

region is characterized by patchy pollock aggregations, and the figure shows how adjusting the 

input parameters of the algorithm can define scattering layers according to differing research 

objectives: it could be used to spatially connect discrete, but closely spaced, patches of pollock 

(Figures 2.6A & 2.6B), or to identify only the contiguous features that are usually thought of as 

scattering layers (Figure 2.6C). 

 To confirm the assumption that monopeaked internal strata tend to be organized 

according to a Gaussian distribution, we treated the amount of scattering in 1 m depth bins of 

each vertical column within the identified monopeaked strata in Figure 2.1 as frequencies and 
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compared their distributions to the distribution of a normal curve using a Pearson’s χ2 test.  For 

each vertical column within each monopeaked stratum, a p-value was calculated comparing the 

observed frequency to the null hypothesis that the expected frequency was normally distributed.  

With no data smoothing and no outliers removed, 91% of the 3044 vertical columns had p > 0.8, 

a strong suggestion that the internal strata are well-described with Gaussian curves.  However, 

even if the peak energy is skewed to one side or another, fitting a normal curve to the data would 

still appropriately identify the peak and give an approximation of the boundaries of the peak 

energy.  In such a scenario, some of the echoes to either side of the peak may be excluded from 

the identified layer, however the overall contribution of these excluded regions to the total 

acoustic energy in the layer would be small.  If layer analysis resulted in an overall high ΔN 

value, it would suggest that a different distribution should be used in the identification of layer 

boundaries.  This proved not to be the case in our analysis in multiple environments where 

Gaussian curves nicely identified boundaries, and their use provided a simple method for 

interpreting layer characteristics. 

 To test the robustness of the algorithm to changes in input parameters, we conducted two 

sensitivity analyses on data from the GoC.  The results are summarized in Figure 2.7 and detailed 

in the appendix.  Thirty-one output parameters were tested for their sensitivity to changes in ten 

input parameters using both an OAT analysis and a sampling-based analysis.  Most (52%) of 

input/output pairs exhibited < 20% fluctuation in the output parameter when the input parameter 

was varied from its baseline through the entire range listed in Table 2.1.  Of the input/output pairs 

that exhibited substantial (> 20%) variation, 53% exhibited this behavior only at the outer limits 

of the input range.  That is, restricting the input parameters to values closer to the baseline values 

most likely to be used in research removed the substantial variation.  In Figure 2.7, these pairs are 

marked as removable if restricting the input range to 75%-99% of the extensive test range 

reduced the variation to < 20%.  Pairs are marked as moderately removable if the necessary range 

restriction is to 50-74% of the input range. 

In other cases, variation in the output parameter was an expected result of changing the 

input parameter.  For instance, changing the threshold parameter resulted in a 49% change in the 

area of the background layer, but this change was highly non-random, predictable and linear: the 

PCC of the effect of threshold on area from the sampling-based sensitivity analysis was -0.90, 

and the SRC was -0.89.  In this case, the substantial variation was an indication of a successful 

algorithm, as increasing the threshold for including data should naturally result in a smaller area 

incorporated within the detected layers.  In Figure 2.7, these input/output pairs are marked as 
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predictable if the absolute value of the PCC or ranked PCC was > 0.8 and if they passed the χ2 

test for non-random patterns at the p<0.05 significance level for at least 3 of the 4 overlaid grids.  

Parameter pairs are marked as moderately predictable in the figure if the absolute value of the 

PCC or ranked PCC was > 0.6 and they passed the χ2 test, and they are marked as somewhat 

predictable if they had just one of those two characteristics.  Of the parameter pairs with 

substantial variation, 39% were at least somewhat predictable.  See appendix for the complete set 

of statistics used to create Figure 2.7. 

 Input/output pairs that exhibited substantial variation that was both non-predictable and 

non-removable could cause concern with the ability of our algorithm to produce consistent and 

predictable results.  In Figure 2.7, these pairs are marked as somewhat unpredictable if they were 

just below one of the thresholds to be considered predictable or removable, they are marked as 

moderately unpredictable if the absolute values of their PCCs were < 0.4 and the range at which 

they would need to be restricted to have unsubstantial effects was < 40%, and they are marked 

simply as unpredictable if these values were < 0.3 and 30% respectively.  Of the 310 tested 

input/output pairs, 44 (14%) fall into one of the unpredictable categories.  Of these 44 pairs, 16 

are associated with the number of tracks output parameter, 13 with the variance of the layer 

thickness, and 11 with tortuosity.  Area, length (in all but one case), depth, thickness, NASC and 

17 out of 20 ΔN calculations were all not substantially affected by changes in input or were 

affected in predictable ways.  The acoustic energy measurement NASC was largely unaffected by 

changes in input parameters (including threshold choice).  The two input/output pairs with 

substantial variation were both removable and predictable, and 60% of the pairs met even a 

reduced (<10%) criteria for substantial variation. 

A key advantage of this algorithm is that the major characteristics of the background 

layers and strata were not unpredictably affected by the choice of threshold or other input 

parameters.  With the exception of 1 out of 60 length parameters and 3 out of 20 ΔN parameters, 

the only unpredictable and significant responses of outputs to changes in input relate to features 

(tortuosity, variance of layer thickness and number of tracks) that are not the focus of most 

research interests, but were included in our analyses as additional metrics of layer characteristics 

and algorithm stability.  Our algorithm used horizontal averaging to smooth edges and find more 

consistent boundaries, and this approach came at the cost of less precise tortuosity and variance of 

layer thickness measurements. 

The output parameter most unpredictably affected by changes in input parameter was the 

number of tracks parameter.  The number of tracks identified was a reflection of how changing 
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the input parameters affected how potential top or bottom boundary points were linked.  

However, the stability of other parameters despite an unpredictable overall number of tracks 

suggests that the number of tracks did not largely affect the final identification of background 

layers or strata.  It is likely that small gaps in the boundaries increased the number of tracks, but 

did not greatly affect the characteristics of the layers and strata.  This is an important attribute 

since small gaps that may exist in a two-dimensional echogram are likely only small holes in a 

larger, three-dimensional, pancake-shaped layer (Reid et al. 2000). 

Despite the unpredictable effects on tortuosity, number of tracks and variance of layer 

thickness, for the purposes of most studies our algorithm was robust.  It is significant, for 

instance, that NASC was largely unaffected by changes in input parameter as it implies that the 

algorithm could be used to automatically and consistently measure biomass that exists exclusively 

within scattering layers over large regions.  Large-scale biomass surveys could benefit from the 

classification of echo energy into scattering layer bins instead of depth bins as is commonly done 

(e.g. Kloser et al. 2009).  The robustness of our algorithm also suggests that it would be effective 

in regions where the organisms of interest change, and it enables comparisons between sites. 

It is useful for the application of this algorithm to be aware that changing the threshold 

and maximum vertical linking distance parameters can have a (predictable) effect on output 

parameters.  Both of these parameters affect how much data to include in a scattering layer, and 

care should be taken that results of analyses of different regions should only be compared if they 

use similar thresholds and maximum vertical linking distances.  It is significant, however, that 

most of these input/output pairs are not only predictable, but also removable (Figure 2.7), 

implying that comparisons between studies that used similar but not exactly the same parameters 

would still be valid.  Additionally, for some research questions, the ability to affect how the 

algorithm defines layers is a key feature.  For instance, in the region of the PI shown in Figure 

2.6, variations in the maximum vertical linking distance parameter contributed to the very 

different stratum formations identified, and gave the algorithm flexibility to attain different 

research objectives. 

 

DISCUSSION 

The mid-trophic level residents of acoustic scattering layers play key roles in oceanic 

environments.  Despite being some of the most abundant organisms in the oceans, they are also 

among the least studied (Catul et al. 2011).  Because of the challenges in monitoring these 

ubiquitous organisms at large scales, a current research priority is the creation of new tools for 
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that purpose (Lehodey et al. 2010).  To meet this need, our goal was to develop an automatic 

detection algorithm that could consistently define and describe scattering layers while being 

robust to changes in the specifics of site, species, and layer behavior.  The algorithm we have 

presented has the benefit of being applicable not just to the analysis of new data, but also to the 

processing of datasets that have already been collected, allowing researchers to gain new insights 

from old data. 

The method we described improved on older methods since it was designed to address 

scattering layers specifically, in a variety of environments.  The layer detection algorithm is 

automatic and objective, addressing the concerns of Jech and Michaels (2006), who articulated 

the difficulty in quantifying the bias of visual echogram observations.  The algorithm works by 

detecting top and bottom boundaries and is not limited in horizontal extent, addressing the 

limitations brought up by Weill et al. (1993) and Nero and Magnusson (1992).  The algorithm 

further extends the methods of Benoit-Bird (2009), who used characterizations of peaks in the 

vertical echo envelope, by eliminating reliance on a background noise differential.  Although 

parts of our algorithm, i.e. Gaussian peak detection, did take advantage of an energy differential 

to locate regions of high acoustic energy, it was primarily to distinguish likely peak candidates as 

an algorithmic starting point, not to determine the fitted peaks themselves.  There are other ways 

to attempt peak detection that we did not test which could potentially eliminate acoustic 

differentials entirely from this approach.  The concerns of Burgos and Horne (2007) regarding the 

difficulties of choosing an appropriate acoustic threshold were also addressed by our approach 

because the detection of internal strata, which are usually the type of layer of primary biological 

interest, relied on the internal structure of the echoes in the layer, not directly on the acoustic 

threshold chosen.  The primary effect of acoustic threshold choice in our algorithm was on the 

size of the background layers, which then constrained the size of the strata. 

A new parameter introduced by the use of this method to compare the normality of non-

sampled data with different amplitudes, ΔN, could also be used to design new research questions.  

ΔN was designed to assess the vertical distribution of scatterers within a layer.  A possible 

extension of the overall method, which identified layers by fitting Gaussians curves to vertical 

columns of echo amplitudes, could involve differentiating species or groups of organisms that 

have similar acoustic reflectivity characteristics, based on their propensity for organizing 

themselves within a stratum according to a normal or other specified probability density function 

(PDF).  For instance, the bimodal distribution in the layer section shown in Figure 2.4C could be 

two different populations separated by size or by species composition interacting within a single 
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scattering layer.  This prediction could be tested with multiple, targeted net tows that avoided the 

center of the layer where the two populations would presumably be mixed.  Scalabrin et al. 

(1996) had success ascertaining the species of fish schools by determining the characteristics of 

the PDF of the echo amplitude of large schools, so it is likely that scattering layer components 

could be similarly differentiated.  While schools of fish are usually assumed to be monospecific 

(Scalabrin et al. 1994), scattering layers are composed of multiple interacting species, so the 

potential to differentiate these species by the way they organize within a layer could contribute 

significantly to the study of mid-water organisms. 

 The algorithm we have described consistently identified the boundaries of acoustic 

scattering layers, was robust to different types of acoustic scatterers and input parameters in 

disparate ecosystems, could be used to describe a variety of layer characteristics, and could 

monitor layers over extensive horizontal distances.  The use of automated acoustic scattering 

layer detection tools such as the one outlined here will allow for more complete and consistent 

characterizations of the acoustic and geometric properties of scattering layers than has been 

attempted previously.  The adoption of the method we have described could extend our ability to 

classify and characterize acoustic scattering layers and assist in describing their role in oceanic 

ecosystems.   

 

COMMENTS AND RECOMMENDATIONS 

 Despite awareness of their presence for 70 years, much of scattering layer ecology is not 

well understood.  Widespread use of a consistently applicable layer detection method would 

provide a way to compare the ecology and characteristics of scattering layers across ecosystems, 

and would enable comparisons between studies.  There is much about how the organisms in 

scattering layers interact that remains obscure, and adoption and application of the method we 

have described would help shed light on these interactions. 

 

FIGURES 
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Figure 2.1-  A 150 km section of continuous 70 kHz echosoundings in the Gulf of California 
collected 9-10 June 2011.  (A) Data displayed have had the background noise removed and are 
averaged into 1 m x 20 m bins.  Diel vertical migration is apparent on either side of sunset and 
sunrise (indicated).  (B) Background layers are outlined and regions of the water column not 
included in the background layers are darkened.  Parameter values used for this detection are 
listed in Table 2.1.  (C) Detected monopeaked strata (red) and multipeaked strata (blue) in the 
echogram from panel B.  Regions not identified as belonging to a background layer are grayed 
out.  The monopeaked strata are encompassed entirely within the multipeaked strata, and both 
types of strata are entirely contained within the background layers.  The dashed lines are tracks of 
the horizontally contiguous peaks of the fitted Gaussians, and represent the depth of peak energy 
within each stratum.  Monopeaked strata contain only a single Gaussian peak track.  Vertical 
dashed lines at 17 and 31 km indicate the region displayed in Figure 2.3. 
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Figure 2.1 
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Figure 2.2- General outline of the layer detection method in four steps.  Depicted is an 850 m 
section of Monterey Bay data from the 10 km point of Figure 2.5C.  Acoustic scale is the same as 
in all other figures. 
  



24 
 
 
 
 
 
 
 
 
 
 
Figure 2.3- Locating layers and strata within an echogram.  (A) 14 km transect section of Figure 
2.1 showing upward vertical migration.  (B) Scattering layers from panel A highlighted as in 
Figure 2.1C.  (C) The background echogram shows the result of applying a median filter to the SV 
data.  The usefulness of this filter is apparent by comparing to panel A.  Many isolated regions of 
high echo strength are absent and layer features are smoothed, leading to more consistent layer 
boundary detection.  In each vertical column, potential background layer boundaries (green 
squares), stratum boundaries (purple and blue lines), and peaks of fitted Gaussians (black circles) 
are identified.  The echo amplitudes of each data column (white lines) are plotted in the linear 
domain with a scale appropriate for display.  For clarity, only every eighth column is graphed and 
every second background layer boundary candidate is displayed.  The column with the dashed 
line is displayed in panel D.  (D) A data column (in linear sv space) fitted with the Gaussian peaks 
whose sum best matches the original data.  The displayed peaks are offset from the data for 
clarity.  Stratum boundaries symmetrically contain 95% of the area under the fitted curve.  These 
points are considered candidates until they are horizontally linked to form a layer.  (E) Boundary 
candidate points are connected with a tracking algorithm.  The dotted black line connects the 
peaks of the Gaussians.  Other line colors as in panel D.  The tracking algorithm must effectively 
track regions with a high density of points (i.e. the upper 200 m) and sparse points (i.e. the bottom 
100 m), and must monitor strata as they separate and merge as at the 27 km mark.  Echo strength 
colors are faded and every second candidate point is omitted for display clarity. 
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Figure 2.3 
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Figure 2.4- Calculating the departure from normality (ΔN) for the three strata in the vertical sv 
data from the indicated column in Figures 2.3C & 2.3D.  Red lines in the figure are the 
boundaries of the stratum which depend also on data surrounding this column.  This dependence 
explains why they do not match the 95% Gaussian area boundaries, which are determined from 
the fitted curve and represent the boundaries containing 95% of the area of the curve.  If the 95% 
boundaries are within the layer boundaries, the innermost boundaries are used as endpoints to 
minimize the effect of outliers well away from the main energy of the stratum.  sv values are 
shown on the left axis, while standardized values are displayed on the right hand axes.  (A) A 
shallow monopeaked stratum that demonstrates a moderate Gaussian fit.  (B) A deep monopeaked 
stratum that has a good fit.  Note that removing the three shallowest data points gives ΔN = 4.16e-
06, so a few strongly non-normal data points can have a large contribution to ΔN.  Also note that 
because the peak in the Gaussian curve at 452 m is not within the layer boundaries, this ΔN 
would not be included in the average calculated for all monopeaked strata and would be logged as 
having a non-Gaussian fit.  (C) Although for the purposes of analysis this stratum was identified 
as monopeaked and its ΔN was calculated with a single Gaussian curve, 2 curves were fitted here 
for explanatory purposes.  In multipeaked strata, a number of curves corresponding to the number 
of detected peaks are fit to the data.  Residuals are calculated from the standardized sum of those 
curves.  Standardization in this case still results in an area of 1 under the summed curves. 
 
  



27 
 

 
 
Figure 2.5- Two sections of transects in Monterey Bay, California collected at 120 kHz.  (A) A 
thin (< 10 m) layer of microorganisms with high backscatter at 120 kHz that does not appear in 
lower frequency echograms taken simultaneously.  (B) The superposition of the detected layer 
over the echogram in panel A, it showcases the ability of the algorithm to detect thin layers close 
to the ocean floor.  The detected stratum takes up almost the entire background layer, denoted 
with black lines.  (C) A 120 kHz echogram showing how the algorithm can detect a thin stratum 
at the top of a larger background layer even as it approaches the ocean bottom.  Also shown is the 
benefit of this detection method over threshold-based methods since the stratum at the bottom left 
corner is also detected despite having a much lower average SV.  The inset is the same region 
without the layers superimposed. 
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Figure 2.6- A 21 km transect of 38 kHz data collected near the Pribilof Islands in the Bering Sea.  
Primary biologic constituents are young-of-the-year walleye pollock (Benoit-Bird et al. 2013b).  
Settings for the layer detection algorithm can be adjusted to track different types of biology with 
different aggregating characteristics (values in Table 2.1).  In all figures, the background layer 
encompasses almost the entire water column.  In (A), settings are the same as in Figures 2.1 and 
2.3 for the GoC.  They emphasize thick, long strata and count proximate patches as part of a 
layer.  (B) Settings allow for detection of thinner strata, but still link patches.  (C) Settings allow 
for detection of thin strata and identify only those that match the definition of a layer as a region 
that cannot be individually resolved (as per Tont 1976).  (D) The leopard spotting pattern in a raw 
echogram typical of young-of-the-year pollock.  (E) A section of transect with more typical layer 
characteristics. 
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Figure 2.7- Results of two sensitivity analyses performed on the data from the Gulf of California 
displayed in Figure 2.1, using input parameter ranges listed in Table 2.1.  The effect on each 
output parameter of varying each input parameter is indicated.  Output parameters are in the rows, 
input parameters in the columns.  BL = Background Layer.  Str1 = Monopeaked Strata.  Str>1 = 
Multipeaked Strata.  Data from which these categories were created is available in the appendix.  
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TABLES 

 

Table 2.1- Input parameters used for layer detections in Figures 2.1, 2.2, 2.3, 2.5 and 2.6.  GoC = 
Gulf of California, MB = Monterey Bay, PI = Pribilof Islands.  Numbers below the location refer 
to the figure number for which these parameter values were used.  The last column displays the 
range tested in the sampling-based sensitivity analysis.  The OAT analysis used the same range 
except max horizontal linking distance range was 0.4-2.8 km and horizontal minimum layer 
length was 0.4-7 km.  These values were slightly different because for the OAT analysis, the 
preprocessing average parameters were fixed as the distance parameters varied. 
 

  GoC  Range Tested in GoC
Parameter Units 1, 3 5B 2, 5C 6A 6B 6C Sensitivity Analysis
Horizontal 
Averaging

m 20 20 20 20 10 2 20, 25, 27.5, 30, 35

Horizontal 
Median Filter

samples 11 5 11 11 19 1 1-21 (odd)

Preprocessing 
Horiz. Average

samples 
(m)

7 
(140)

4          
(80)

1           
(20)

7                 
(140)

7 
(70)

2                 
(4)

1-15 (integers)

Threshold
dB re        

1 m2 m-3 -78 -78 -78 -78 -78 -78 -83 — -70

Min. Bkgrnd 
Layer Height

m 12 6 6 12 6 6 4-40 (even)

Max Gap Within 
a Bkgrnd Layer

m 20 8 8 20 8 8 10-30 (integers)

Max Horiz. 
Linking Dist.

samples 
(km)

84 
(1.68)

48 
(0.96)

12 
(0.24)

84 
(1.68)

140 
(1.4)

12 
(0.02)

0.2-2 (km)

Max Vertical 
Linking Dist.

m 50 12 20 50 12 4 7-70 (integers)

Horiz. Min.          
Layer Length

samples 
(km)

168 
(3.36)

160 
(3.2)

40 
(0.8)

168 
(3.36)

280 
(2.8)

320 
(0.64)

1-10 (km)

Min. Vertical 
Separation

m 10 4 8 10 4 4 5-20 (integers)

            PI                   MB       
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Table 2.2- Pulse lengths (in µs) of echosounders used in each research cruise (Benoit-Bird 2009; 
Benoit-Bird et al. 2011; Benoit-Bird and Gilly 2012).  The nominal 3 dB beamwidth is shown for 
each transducer.  GoC = Gulf of California, MB = Monterey Bay, PI = Pribilof Islands. 
 

38 kHz 
(12°)

70 kHz 
(7°)

120 kHz 
(7°)

200 kHz 
(7°)

GoC 2011 512 512 512 512
MB 2005 256 128 64 128
PI 2008 256 256 256 256

Transducers

Location
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CHAPTER 3:  
DEPTHS, MIGRATION RATES AND ENVIRONMENTAL ASSOCIATIONS OF 

ACOUSTIC SCATTERING LAYERS IN THE GULF OF CALIFORNIA 

 

ABSTRACT 

 Acoustic scattering layers are ubiquitous and ecologically important features in the Gulf 

of California, yet few comprehensive studies have been undertaken.  To analyze these features, 

we applied an automatic layer detection algorithm to shipboard echosounder data from November 

2008, June 2010, February 2011 and June 2011.  We consistently detected a broad (> 200 m) 

background layer with a mean daytime bottom boundary depth of 463 m (night: 434 m), a near-

surface layer with mean daytime bottom depth of 43 m (night: 61 m), and a main migrating layer 

with mean bottom depth of 333 m (night: 54 m).  Diel vertical migration rates for dusk ascents 

averaged a maximum of 8.6 cm/s, and dawn descents averaged a maximum of 6.9 cm/s.  An 

attempt was made to determine an environmental parameter most associated with the daytime 

depths of these scattering layers using logistic modeling, contingency tables, and linear 

correlations with parameter isolines.  Results of these analyses were inconsistent, but evidence is 

presented that upper layers are associated with the thermocline, and midwater and deeper layers 

are more likely to be associated with specific light, temperature or density levels than they are 

with oxygen or salinity.  Contrary to expectations, and despite the overlap between the depths of 

deeper layers and regions of severe hypoxia, evidence indicated that low oxygen levels were not 

an important predictor of scattering layer depths.  Overall, our study provides fundamental 

information about the depth, movement, and internal structure of scattering layers in the Gulf of 

California. 

 

INTRODUCTION 

 In every ocean, horizontally extensive, continuous mid-water features have been 

identified using acoustic echosounders (Tont 1976; O'Brien 1987).  It is well established that 

these features are made up of densely concentrated organisms whose echoes cannot be 

individually resolved (Barham 1966; Tont 1976).  In the Gulf of California, the primary denizens 

of these features, collectively referred to as acoustic scattering layers, are mixed assemblages of 

krill, squid and myctophids (Benoit-Bird and Gilly 2012).  Scattering layers also commonly 

consist of smaller zooplankton like copepods (Hays 2003) and are found throughout the entire 

water column, from surface layers down to at least 2000 m (Burd et al. 1992; Opdal et al. 2008).  
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A single layer can be on the order of meters to tens of meters thick (Sameoto 1976; Thomson et 

al. 1992), and can be hundreds of kilometers in extent (Chapman and Marshall 1966). 

 One of the most characteristic features of acoustic scattering layers is a diel vertical 

migration (DVM), most commonly where organisms spend daytime hours at depth but ascend to 

the surface at night to feed.  DVM has important effects not just on the life cycles and behavior of 

scattering layer organisms and their predators, but also on turbulent mixing, biogeochemical 

cycling and the transport of nutrients and gases (Longhurst et al. 1990; Steinberg et al. 2000; 

Kunze et al. 2006).  The organisms that make-up acoustic scattering layers are also important 

components of oceanic ecosystems and are a vital trophic link between phytoplankton, grazers, 

and larger organisms (McGehee et al. 1998; Fock et al. 2002). 

 The Gulf of California has gone through extensive ecological changes in the three-

quarters of a century since Steinbeck and Rickets (1941) documented some of its characteristics.  

In 2004, Sagarin et al. (2008) conducted a survey that found dramatic losses in intertidal species 

abundance and diversity, and also discussed the substantial decreases in pelagic species 

abundance in the region, while noting that the most common contemporary predator, the 

Humboldt squid (Dosidicus gigas), has very likely only been resident since the 1970s.  This study 

also highlighted the substantial changes in the degree of human influence in the region both 

locally, where the population and associated pressures of just the peninsula side increased by a 

factor of 29 between 1940 and 2010 (Instituto Nacional de Estadística y Geografía 2014), and in 

more remote ways due to climate change, increased agricultural runoff and the diversion of nearly 

all of the freshwater input from the Colorado River (Rodriguez et al. 2001).  Yet, the primary 

study on scattering layer characteristics in the Gulf of California was completed nearly fifty years 

previously (Dunlap 1968), and most of what is known about the composition and behavior of 

scattering layer constituents comes from recent studies of the behavior and diet of predators like 

Dosidicus gigas (e.g. Markaida et al. 2008), so there is a need for more comprehensive studies on 

scattering layers in this region for their own merit.   

 Humboldt squid studies focus on scattering layers since these animals are voracious 

predators whose diet is dominated by scattering layer organisms, primarily the myctophids 

Benthosema panamense and Triphoturus mexicanus and the small squid, Pterygioteuthis giardi 

(Markaida et al. 2008).  Since Dosidicus is well-adapted to low-O2 environments (Rosa and 

Seibel 2010), it is thought that they are successful in the gulf because of the proximity of deep 

scattering layers to a shallow, extensive oxygen minimum zone (OMZ) (Robison 1972; Markaida 

et al. 2008).  What is not known is to what degree the depth of the OMZ controls the depth of 



34 
 
these layers.  If the features are linked, as suggested by Gilly et al. (2013), then Dosidicus may 

have greater success when OMZs shoal because their food sources are squeezed into a smaller 

portion of the water column.  If the two features are not linked, however, then a shallow OMZ 

may influence the success of Dosidicus by bringing an environmental habitat to which they are 

well-adapted within range of prime feeding grounds.  The question of what factor or factors 

control scattering layer depth is thus of importance to the ecology and management of this 

important fishery species. 

 It is well established that light plays a role in initiating and controlling DVM (Clarke 

1970).  However, the depths to which scattering layers return after their foray to the surface may 

also be influenced by other factors.  There have been results reporting associations between 

scattering layer depths and density layering (Herdman 1953; Weston 1958), thermocline depths 

(Kumar et al. 2005), oxygen levels (Devol 1981; Bertrand et al. 2010), and low-salinity water 

(Forward 1976), and there have also been reports of pressure sensitivity in migrating organisms 

(Forward and Wellins 1989).  Confounding the interpretation of the influence of these parameters 

is that oxygen, density, temperature and salinity are all to some degree dependent on each other 

and dependent on depth, especially in a single location.  Most studies have approached this 

investigation by showing the connection between scattering layer depths and a specific parameter, 

but few have conclusively ruled out other factors that could be influential.  Since it is likely that 

different organisms cue off different parameters or different levels of the same parameter, in any 

environment it is important to take into account all possible factors that may determine the depths 

at which these organisms reside. 

 Because of the broad ecological implications of scattering layer behavior, the lingering 

questions about them, and the gaps in the knowledge base, our study had two goals: (1) to 

describe general features of acoustic scattering layers in the Gulf of California, and (2) to 

understand the environmental forces that determine the depths of these layers.  Using acoustic 

data from four research cruises, we described layer features and looked for patterns in their depths 

to differentiate among the various possible explanations for the vertical positions of these mixed 

assemblages. 
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METHODS 

 
Summary of approach 

 We collected data on 4 multi-week cruises in the Guaymas Basin region of the Gulf of 

California (Figure 3.1) in November 2008, June of 2010, February of 2011, and June of 2011.  

We recorded continuous acoustic data and collected conductivity, temperature and depth (CTD) 

profiles a total of 103 times.  We identified scattering layers by applying an automatic layer 

detection algorithm to all data and then tracked the depths and migration speeds of the layers.  We 

subsequently focused on the regions around the CTD profile sites and used three statistical 

approaches to study the environmental context in which the layers appear. 

 

Field site and data collection 

 The Gulf of California, is a 1000 km long, 160 km wide sub-tropical body of water 

characterized as a series of troughs, ridges and basins that range in depth from 100 to 3600 m 

(Rusnak et al. 1964).  Its water masses are strongly affected by Pacific Ocean fluctuations 

including El Niño, its surface temperatures range from 16°C in winter to 31°C in summer, and its 

surface salinity is typically above 35 (Robles and Marinone 1987) and decreases with depth. 

 Acoustic data on the two June cruises, onboard the RV New Horizon, were collected with 

Simrad EK60 split-beam, pole-mounted echosounders at 38, 70, 120 and 200 kHz with 512 µs 

pulse lengths.  The 38 kHz transducer had a 12° beam-width and the others had 7° beam widths.  

For the November and February cruises, acoustic data collection was on the RV BIP XII with a 

38 kHz single-beam (15°) and a 120 kHz split-beam (7°), hull-mounted transducer.  The 

November cruise used 1024 and 256 µs pulse lengths for the 38 and 120 kHz transducers, 

respectively, while the February cruise used 512 µs pulse lengths (Benoit-Bird and Gilly 2012).   

 Profiles of environmental characteristics were collected with CTD sensors equipped with 

a dissolved oxygen sensor, a fluorometer and, for the summer cruises, a photosynthetically active 

radiation (PAR) sensor.  Fluorescence dropped below detectable levels much shallower than most 

scattering layers, so no associations were found and this parameter is excluded from most 

displayed results.  All environmental data were averaged into 1 m depth bins.  Of the 103 profiles, 

49 were collected in deep water basins >600 m and 54 were collected in shallower water within 

20 nmi of the coast.  To ensure accurate acoustic results, only the top 600 m of the water column 

were examined; in all cases examined this was sufficient to encompass the entire background 

scattering layer.  For consistency, only the 55 profiles taken during the daylight hours that 
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included regions of severe hypoxia (< 22 µmol/kg as per Hofmann et al. 2011) above 600 m were 

used in most analyses of deep scattering layers (occurring below the thermocline).  Twenty CTD 

profiles were collected during the June 2011 cruise (16 which met the criteria for inclusion), 14 (9 

which met the criteria) were collected in June 2010, 27 (11) were taken in November 2008 and 42 

(19) in February 2011. 

 Temperature, density, salinity, dissolved oxygen, light level and fluorescence profiles 

were collected, and the gradient of each parameter was also calculated and included in analysis.  

For oxygen, we chose to record and test results in partial pressure units (matm) as evidence is 

accumulating that this is the biologically relevant measure of oxygen (Hofmann et al. 2011), 

although other metrics of dissolved oxygen concentration were also tested for comparison.  For 

light, we used photosynthetically active radiation (PAR) values, a direct measure of the total light 

received at a given depth (measured in µE m-2 s-1, equivalent to µmol photons m-2 s-1).  Despite 

the possibility that scattering layer organisms cue off of other aspects of irradiance, PAR tends to 

decrease in synchrony with other measures of light more applicable to zooplankton (Cohen and 

Forward 2005).  Although we collected light data during both June New Horizon cruises, in the 

2010 cruise the PAR readings dropped below detectable levels within 34 m of the surface for all 

casts.  Therefore, in the analyses below, light was only included as a parameter for the June 2011 

cruise. 

 

Scattering layer identification and analysis 

 Scattering layers were identified and classified into background layers and internal strata 

using the automatic detection algorithm described in chapter two.  Background layers were 

defined as contiguous regions of acoustic energy above a threshold, and internal strata were 

continuous features of high acoustic energy within a background layer whose echo amplitudes 

approach a Gaussian distribution.  Migrating layers were usually classified as strata, although at 

times a stratum may encompass the entire thickness of a background layer, most commonly the 

shallowest (<100 m) stratum.  The algorithm worked by identifying potential layer/stratum 

boundaries in each vertical column of acoustic data, and then linking those boundary points 

horizontally according to user-defined parameters.  The most important parameters affecting layer 

detection are threshold (which we set at -78 dB) and maximum vertical linking distance (set at 40 

m).  Other parameters used for layer detection have smaller effects, but are listed in the Gulf of 

California analysis in chapter two. 
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 To analyze general scattering layer properties, the layer detection algorithm was applied 

to all data (not just the regions around the CTD collection sites) in 24-hr increments (Figure 3.2).  

Data from the 38 kHz transducer were used primarily for this analysis since that frequency 

provides the largest range and was closer to the frequency used in earlier analyses (Dunlap 1968).  

The depth of the bottom of the background layer, the shallowest (upper) stratum and the main 

migrating stratum were recorded every 5 km and the mean depth was calculated.  Although all 

cruises were of similar time lengths, there were many more data points in the June 2011 cruise 

due to cruise characteristics more conducive to better acoustic data collection including slower 

cruising speeds and overnight transects, whereas the BIP cruises often travelled quickly and 

returned to port at night.  When calculating the average daytime and nighttime layer depths, times 

between sunset/sunrise and nautical twilight were left out of analysis to exclude the effect of 

migrating layers.  To calculate the ascent and descent speeds of the migrating layers specifically, 

the layer bottom depth at the time when the migrators at the bottom of the layer first started to 

rise (or descend) was compared to the depth and time of depth stabilization for every dusk or 

dawn event on each research cruise.  The migrating speed of the fastest 100 m migration segment 

was also recorded as a way to compare migration speeds to other results that report maximum 

migration rates (e.g. Barham 1966; Kaltenberg et al. 2007).  For surface light levels, two minutes 

of data were averaged at the time of migration initiation/completion.  The measurements were 

compared using standard t-tests. 

 For our analysis considering correlations of environmental parameters with layer depth, 

scattering layers were detected in each region surrounding the location of the CTD deployment.  

For each profile, a three km region before the ship stopped to collect the profile was selected as 

representative of the region.  In some circumstances, for instance if the ship’s motion before the 

CTD profile involved a large change in bottom depth, a 3 km region from after the CTD 

deployment was chosen.  In each section of data around a CTD collection site, an average bottom 

depth and top depth of each scattering layer in the region of interested was recorded, as well as 

the average depth of the seafloor.  For the strata, the average depth of the peak energy in each 

layer was also noted.  For these analyses, both 38 kHz and 70 kHz data were used as both had 

sufficient resolution down to 600 m. 

 

Tests for association of scattering layers with environmental parameters 

 Three increasingly specific statistical methods were applied to the data in an attempt to 

illuminate the relationship between the depths of scattering layers and environmental parameters 
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(i.e.  light, temperature, oxygen, density, salinity, depth).  For all methods, the depths of the 

bottom, top and peak energy of scattering layers (both background layers and internal strata) were 

considered as potential measures of the relevant biological depth.  For the second two analyses, 

association of environmental parameters throughout the whole depth of the scattering layer was 

also considered.  The study area was divided into geographic regions and depth bins, and each 

analysis was performed for each layer feature of interest for each type of scattering layer.  

Because many regions had multiple scattering layers, analysis was performed by identifying 

commonalities between scattering layers.  That is, in addition to looking at all bottoms, tops and 

peak energy depths of all scattering layers discovered using both 38 and 70 kHz transducers, we 

also performed our analysis on categories of scattering layers including the three types of layers 

(background layers, monopeaked stratum and multipeaked stratum), the shallowest, deepest, 

largest stratum by area on echogram, largest stratum by most scattering, and depth associated 

scattering layers (i.e.  below/above the thermocline, below 400 m, below 200m).  This led to 

thousands of tests performed for each of the research cruises and for each combination of cruises, 

as well as for subsets of cruises based on geographic region, water depth, and presence/absence of 

severely hypoxic water in the upper 600 m of the water column. 

 The first analysis, the simplest, was performed to find the specific values of 

environmental parameters at each layer feature depth and to look for specific values that tended to 

occur at each feature.  After locating the depths of the scattering layer features, the value of each 

parameter of interest in each data region was recorded and plotted (as in Figure 3.3).  A central 

value was calculated, and then the depth at which the environmental parameter reached that value 

in each data region was plotted against the depth of the scattering layer, and strong correlations 

indicated a likely relationship.  This method was used by Bertrand et al. (2010) to assert that 

acoustic scatterers in their study area were restricted to a region of the water column above the 

depth of the 0.8 mL L-1 O2 level. 

 The second method attempted to better separate the influence of each environmental 

parameter on scattering layer depths.  A χ2 contingency table analysis was used to look for non-

random patterns (Wackerly et al. 2008) in the association of each scattering layer feature with 

each parameter.  The water column was first divided into bins (n = 5 to 25), and the boundary 

conditions for each bin were determined for each parameter such that a randomly selected water 

parcel would be equally likely to occur in each bin.  That is, if 1 m of water was randomly 

sampled from a profile and its oxygen content measured, it would be equally likely to be placed 

in any of the n bins.  Then, for each feature identified (e.g. the bottom of monopeaked strata), the 
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oxygen level at the depth of occurrence was put into one of the n bins.  A χ2 test was performed 

on the number of occurrences of the feature in each bin and a p-value was calculated to test the 

null hypothesis that the layers were randomly distributed according to that parameter.  Features 

that were more likely to occur at specific values of only one parameter could then be identified by 

looking for regions in which only one parameter had a low (< 0.05) p-value.  Because depth could 

be divided into bins as easily as any other parameter, this analysis allowed us to examine the 

correlation of feature depths with specific parameters at times when the feature was not 

associated with a specific depth, essentially investigating whether the influence of depth could be 

separated from the influence of the parameter of interest. 

 The third analysis done to identify important parameters associated with scattering layer 

depths was an examination of the coefficients and the fit of logistic models (Ramsey and Schafer 

2013).  The CTD profiles for each parameter (and their gradients), depth, and the bottom depth 

were used as explanatory variables in the models.  The dependent variable was the presence or 

absence of the feature of interest at each depth at each location.  Every time a model was created, 

it was created with five different versions of the dependent variable.  The dependent variables 

indicated whether, at each depth, there was a layer feature (top, bottom or peak energy) within 0, 

5, 10 or 20 m of the depth.  A fifth dependent variable indicated whether each depth was within 

the boundaries of a layer.  A stepwise logistic regression was performed for each region of 

interest and the coefficients were examined.  Explanatory variables were kept in the model if 

there was a significant (p < 0.05) drop in deviance when it was excluded.  A p-value was 

calculated for each parameter that was kept in the model.  Models were examined for fit both 

manually and using a Homer-Lemeshow test.  Akaike and Bayesian Information Criteria (AIC 

and BIC, respectively) were also calculated to compare models of similar complexity.  The 

significance of each parameter to the model was calculated by examining a standardized odds 

ratio (SOR).  The coefficient of each parameter was multiplied by the absolute value of a measure 

of its variability, giving the log odds that an increase (or decrease) of this amount would have an 

effect on the probability of occurrence of the feature in the model.  The exp(log(odds)) was 

recorded as the SOR.  An SOR close to 1 implied that there was little effect of the parameter on 

the probability of occurrence of the feature.  A large SOR, however, implied a large influence on 

the feature.  We rejected standard deviation as an appropriate measure of variability because the 

standard deviation of each parameter was affected by large changes above the thermocline that 

may not be applicable near the feature of interest.  Instead we calculated the median change in 
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parameter value of a depth change of 10 m at the average depth of the target feature, and used this 

as our measure of variability. 

 

RESULTS 

 

Scattering layer characteristics 

 The depths of the 38 kHz acoustic scattering layers in the Gulf of California over the four 

research cruises are reported in Table 3.1.  Mean daytime depth of the background layer was 453 

m, while a shallow upper stratum had a mean depth of 54 m and the mean daytime depth of the 

main migrating scattering layer was 332 m.  In all cases except for the background layer depths in 

the Nov 2008 cruise, the day depths were significantly different than the nighttime depths.  In 

aggregate, the background layer was 29 m deeper (95% confidence interval (CI) 18 to 40 m) 

during the day, the upper stratum was 18.5 m deeper (95% CI 13 to 24 m) at night, and the 

migrating layer was 278.5 m deeper (95% CI 270 to 287 m) during the day.  Some statistically 

significant seasonal differences could be detected by comparing (using t-tests) the two June 

cruises with aggregated data from the Feb and Nov cruises.  The daytime background layer in the 

June cruises was 128.5 m deeper (95% CI 104 to 153 m), the nighttime background layer was 

110.5 m deeper (95% CI 84 to 137 m), the nighttime upper stratum was 13.5 m shallower (95% 

CI 6 to 21 m), and the daytime migrating stratum was 44.5 m deeper (95% CI 22 to 67 m) than 

during the Nov and Feb cruises. 

 The light levels and average time of migration initiation in relation to sunset/sunrise are 

displayed in Table 3.2.  Aggregating data from both June cruises (the only ones with light data 

available), DVM of the main migrating scattering layer started on average 50 minutes before 

sunset, finished 60 minutes after sunset, started descending 51 minutes before sunrise and 

stabilized at depth 31 minutes after sunrise.  Organisms initiated migration when surface light 

levels were 1055 µE m-2 s-1 on average (42% of maximum daytime light levels), but had finished 

their descent by the time surface light was 539 µE m-2 s-1 (22% of maximum).  There was no 

significant difference (p = 0.30) between the light levels when migrators stopped ascending (5.7 

µE m-2 s-1) and started descending (5.4 µE m-2 s-1).  Descent in 2011 began with 1.2 µE m-2 s-1 

more light (95% CI 0.2 to 2.1) than in 2010, but 2011 also had a higher minimum light level due 

to a fuller moon. 

 DVM rates for the individual cruises are displayed in Table 3.3.  Mean ascent rates 

ranged from 1.7 to 3.5 cm/s and max ascent rates ranged from 3.5 to 15.7 cm/s.  DVM mean 
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descent rates ranged from 2.0 to 7.4 cm/s and the max descent rates ranged from 2.0 to 13.3 cm/s.  

The average ascent rates over the fastest 100 m data were 1.7 cm/s (95% CI 0.2 to 3.3 cm/s) faster 

than the fastest descent rates.  The ascent rates on the June cruises were 1.5 cm/s (95% CI 0.5 to 

2.8 cm/s) slower than the ascent rates in Nov and Feb.  The fastest ascent rates in June were 2.5 

cm/s (95% CI 0.5 to 4.5 cm/s) slower than the fastest ascent rates in Nov and Feb.  Other 

comparisons were not statistically significant. 

 

Association with environmental parameters 

 Qualitatively, the most visually apparent association of scattering layers with 

environmental parameters was observed between the thermocline depth (which coincided 

generally with the pycnocline, halocline and oxycline) and the uppermost scattering layers.  If the 

water column was divided into multiple background layers, most often the break came at the 

depth of the thermocline (e.g.  Figure 3.4A).  The thermocline is a standard dividing line between 

upper and lower portions of the water column, and we determined the base of the thermocline as 

the deepest consecutive depth at which the thermocline gradient was larger than one standard 

deviation above the mean of the logged temperature gradients.  The thermocline depth at each of 

the 103 CTD locations in the four study areas was correlated (R2 = 0.60) with the depth of the 

bottom of all scattering layers shallower than 120% of the thermocline depth.  If only the deepest 

scattering layer bottom in this range was considered, the correlation was even stronger (R2 = 

0.83) and had a slope of 1.06 (Figure 3.5).  The strong correlation and the slope near one implied 

that this was a consistent phenomenon, and results of the tests below did not indicate any other 

explanations. 

 To bring to light potential associations of scattering layers below the thermocline with 

environmental parameters, three statistical approaches were attempted on thousands of subsets of 

data.  Because of the large number of analyses conducted, except where useful for purposes of 

comparison or where results differ, most data presented below focused on the June 2011 cruise 

which was the only cruise with usable light data and which had the second most daytime profiles 

collected. 

 The first method we attempted, correlating layer features with the depths of specific 

environmental parameter values, elicited several strong correlations.  The best correlations 

between the depth of the bottom of the background layer and the occurrence of specific oxygen, 

density and temperature values for the June 2011 data are displayed in Figure 3.6.  These 

parameter values were chosen because they were central to plots of all the parameter values 
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(example in Figure 3.3).  For many of the explored areas, oxygen was more strongly correlated 

with the bottom of the background layers than were other parameters.  However, because the 

correlations for other parameters were still strong and the slopes of those correlations were very 

close to 1, these results do not exclude the possibility that oxygen was only a secondary 

characteristic.  Note also that when data from all four cruises were combined, these relationships 

were much weaker.  These observations hold whether the depth of the bottom of scattering was 

calculated using chapter two’s algorithm to determine the bottom of the background layer or if 

the bottom of scattering was determined using Bertrand et al.’s (2010) definition of the vertical 

extension of the epipelagic community as the depth at which 98% of the echo energy in the water 

column had accumulated.  Figure 3.4 shows example data regions overlaid with the 

corresponding CTD profiles.  Figure 3.4B depicts one of the regions where oxygen, temperature, 

density and salinity did not reach extreme values.  While the depths of the bottom of the 

background layers in these regions was similar to the depths in other regions, the clarity of the 

boundaries was less distinct and patchier. 

 The second method, which tested for non-random associations between the depths of 

scattering layer features and environmental parameters, elicited inconsistent results.  Table 3.4A 

displays the number of times each parameter was significantly (p < 0.05) non-randomly 

associated with a layer feature when depth was not significantly correlated (p > 0.05) with that 

feature, but where fewer than two additional parameters had average p-values less than 0.1.  

Given the large number of tests performed (e.g.  for the 70 kHz June 2011 data, 4368 tests were 

performed over all combinations of scattering layer type and geographic region), the values in 

Table 3.4 should not be seen as strong indications of a trend, and few significantly strong patterns 

of association could be elicited from this analysis that would lend evidence to association 

between scattering layer features and any single specific parameter value.  Additionally, because 

of the very large number of tests performed in various scenarios, in scenarios where one value did 

appear to be more strongly associated, the likelihood of a type I statistical error is high.  There 

are, however, several weaker conclusions that can be drawn.  Of the 853 tests that meet the 

criteria for inclusion in Table 3.4, 17% were from data in shallow layers (from layers above the 

thermocline or in the < 200 m depth bin).  However, of the 114 tests in the June 2011 70 kHz data 

where light was one of < 3 significant factors and depth was non-significant, only 1 occurred in 

these shallow depth bins.  Most often, however, multiple parameters were significant.  For 

example, when looking at the June 2011 deepest scattering layer bottoms in regions that contain 

severely hypoxic water, all of the non-gradient parameters (including depth) were significant.  
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Overall, this method did not give conclusive evidence that any one parameter is more often 

correlated with any specific scattering layer feature. 

 The third statistical approach used the environmental parameters as variables in a logistic 

model that predicted the depth of scattering layer features based on their association with the 

parameters.  Results of some of the tests for some of the regions in the June 2011 data are 

displayed in Figure 3.7.  The top row of the figure highlights several different models targeting 

different features of interest.  Each figure shows the results of a model constructed from the June 

2011 data exclusive of the region in the figure, implying that the models shown were predictive in 

nature.  Model results for the logistical model were generally good qualitatively in that they 

accurately predicted feature depths.  Although several quantitative methods of evaluating model 

fit were attempted, including the Homer-Lemeshow method, none consistently differentiated 

good-fitting models from poor-fitting models.  Likely due to the large number of negative hits 

(regions of the water column where the target scattering layer feature is not present), usually 

results were either all deemed significant or all deemed insignificant in these tests, even if the 

varying appropriateness of the models could be readily perceived by visual examination. 

 The logistic models were tested by a leave-one-out method, constructing a model for each 

specific CTD region without the information from that region in the model.  The model-generated 

probability of occurrence of the feature of interest was then plotted against the actual features.  

Spikes in probability usually corresponded to not only the feature of interest, but also had high 

agreement with other features (Figure 3.7), indicating that different boundaries (tops, bottoms and 

the depths of peak energy) all were responding to similar parameters.  Also shown in the figure 

are models constructed without temperature, density, oxygen or light as inputs.  In addition to the 

models shown and discussed below, models were also created using quadratic parameters, using 

parameters that account for the influence of depth, and using depth-adjustments of individual 

parameters to look for changes in the model.  None of these methods increased the ability of the 

models to isolate important parameters.  Inclusion or exclusion of gradient parameters also did 

not greatly affect model results. 

 The models did have some suggestive results.  Generally, temperature and density were 

the factors with the highest SORs.  For data from all regions in water below the thermocline in 

the June 2011 cruise, in 1302 of 1598 models for the 38 kHz data and in 1292 of 1650 models for 

the 70 kHz data, temperature had the highest SOR.  Table 3.5 displays the geometric mean of the 

SORs for all of these tests.  Although sometimes SORs were extremely large, in most cases, 
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SORs were in the range of 1-3 and did not indicate a particularly strong reliance of the model on 

those parameters.   

 Logistic model results for the bottom of the background layer (the deepest boundary 

measured) indicated that both temperature and density were influential for this feature.  In the two 

summer cruises, the SOR for temperature was about 3.5 times as high as the next highest 

(density) in 2011, and nearly 400 times larger in 2010.  The density value, however, was over 500 

times greater than the next SOR in both cases.  Since temperature and density were highly 

correlated (Table 3.6) and, along with salinity, derivative of each other, it is meaningful that 

temperature SORs were consistently so much larger than density and that salinity did not play 

nearly as significant of a role.  This is consistent with general Gulf of California oceanographic 

conditions where salinity decreases with depth, indicating that it is not contributing to the 

increase in density with depth, but instead works against it.  Consistent with this interpretation, 

leaving temperature out of the June 2011, 38 kHz background layer bottom model increased the 

AIC from 1805 to 2090 and leaving density out of the model increased AIC to 2113, while at the 

same time reducing all SORs to less than 1.55.  Additionally, leaving either temperature or 

density out of the model severely limited the ability of the model to accurately predict features 

(graph I in Figure 3.7).  Leaving salinity out, in contrast, only increased AIC to 1822 and leaving 

oxygen out increased AIC to 1868.  Neither removal greatly affected the model.  Leaving light 

out of the model had very little effect on deeper features, but graphs III-V highlight the effect on 

the models of removing light on the mid-water features, although in all these cases temperature 

still had the highest SOR.  Models with salinity or the gradients of each parameter excluded were 

not included in Figure 3.7 for clarity purposes as their removal did not noticeably affect the 

success of the model. 

 

DISCUSSION 

In all seasons considered in this research, scattering layers were consistently found in 

most regions of the central Gulf of California at all times of day at a variety of depths down to 

600 m.  Although Jaquet and Gendron (2002) anecdotally reported only weak scattering layers in 

the summer in the Gulf of California, our analysis confirmed results of others (Fiedler et al. 1998; 

Gilly et al. 2006; Markaida et al. 2008) that acoustic scattering layers are an obvious and likely 

significant component of the ecosystem in this region throughout the year.  Background scattering 

layers, contiguous regions of acoustic energy above a threshold, were generally broad, up to 

several hundred meters in width, with inconsistent internal structure.  Stratified layers within the 
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background layers, which were identified based on their propensity to have a normally distributed 

echo envelope, tended to be more consistently structured with one or more horizontally 

contiguous peak energy regions (Figure 3.2).  These internal strata tended to be < 100 m in width, 

but contained the bulk of the acoustic energy in the water column. 

Our daytime observations of an upper stratum around 45 m, a main stratum around 325 m 

and the background layer boundary at 340-485 m were broadly consistent with results from the 

tropical scattering zone characterized by Dunlap’s (1968) scattering layer survey.  In his survey, 

Dunlap identified daytime scattering layers in Sep-Nov around 175, 300, 400 and sometimes 500 

m depth.  The largest difference from then to now was Dunlap's report that the most common 30 

kHz scattering layer was between 100 and 200 m between the 13 and 14° isotherms, while in our 

survey this depth zone commonly contained 38 kHz scattering layers only during dusk and dawn 

migration events.  This region did often contain a higher frequency (120 kHz) layer, however, 

suggesting some size differentiation or potentially a change in species size over the last 50 years.  

It is also possible that the two surveys actually detected the same layer, but that the 

specializations of acoustic equipment since 1968 that allow for transducers with narrower 

frequency bandwidths made it possible for us to more effectively differentiate this layer as strictly 

high-frequency.  Consistent with our results, Dunlap reported that the deepest scattering layer in 

the Gulf of California was associated with low oxygen levels (< 0.2 mL L-1), similar to our 

observation that the bottom of the background layer in June 2011 was correlated with oxygen 

levels of 0.15 mL L-1 (5.1 matm). 

Diel vertical migrations in our survey area were comprised of a twilight ascent (averaging 

4.7 cm/s) and dawn descent (averaging 5.0 cm/s).  This type of migration is defined by Cohen and 

Forward (2009) as nocturnal migration.  The maximum ascent rate (8.6 cm/s) and descent rate 

(6.9 cm/s) were comparable to the 7.0 and 6.1 cm/s ascent and descent rates found in similar 

waters in the Gulf of Mexico (Kaltenberg et al. 2007).  Similar to Dunlap’s results reported in 

1968, on many nights two migrating strata were readily apparent (Figure 3.2).  Results reported in 

Tables 3.1 and 3.3 are of the longest, most consistent stratum containing the most acoustic 

energy, usually the deeper of the two.  On some nights in our study area there were scattering 

layers that began both ascending and descending earlier than the times reported in Table 3.2, but 

these layers were weak and had boundaries that could not consistently be ascertained either 

visually or with our automatic detection approach.  The surface light levels (measured in µE m-2 

s-1) at ascent initiation averaged 42% of the maximum of that day, similar to the 66% (of 

maximum light energy) that Dunlap found in January 1968 during a single observation. 
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The overall similarities between our results and Dunlap’s suggest that scattering layer 

organisms, fundamental links between phytoplankton and larger predators, as well as overall 

oceanographic conditions, have been relatively stable for at least the last 50 years.  This finding, 

in turn, lends support to the idea that the fundamental shift in large predators in the Gulf of 

California from tuna and billfish to Humboldt squid (Sagarin et al. 2008) is a result of niche 

utilization as the predatory fish species declined, not a result of a fundamental change in lower 

trophic level ecology.  Changes to the scattering layer ecology in the Gulf of California prior to 

1968, however, also remains a possible explanation. 

The timing of the main migrating stratum’s arrival at and departure from the surface was 

consistent both on a day-to-day and on a seasonal basis.  In contrast, the timing of the stratum’s 

arrival and departure at depth had much greater variability (Figure 3.8).  Stabilization at the 

surface after migration consistently averaged 53 minutes after sunset when the surface light levels 

(in the summer cruises when measurements were available) averaged 5.7 μE m-2 s-1.  Similarly, 

the beginning of downward migration from the surface consistently averaged 49 minutes before 

sunrise when mean surface light levels were 5.4 μE m-2 s-1.  However, the times of stabilization 

and the surface light levels when the layers were at depth were less consistent.  Although the start 

of the ascent time and the surface light levels were similar in both June years (averaging 49 

minutes and 1053 μE m-2 s-1), the standard deviations were large (> 60% of the mean light levels 

in both years), and the range of times at which migrators began their ascent was also large (from 

109 minutes before to 15 minutes after sunset).  This observation can be explained if the most 

important factor in controlling DVM is an organism's desire to maximize surface time while light 

levels are minimal.  In that case, the time that organisms start migrating would not be as 

important as the time of arrival at the surface, where the direct trade-off between food intake and 

predation risk is most profound (Clark and Levy 1988). 

Left unexplained by our analyses is a consistent and unique predictor of daytime 

scattering layer depths.  This result was surprising, in part because we found that regions with 

more extreme parameter values had more clearly defined layer boundaries, while regions without 

severely hypoxic water and low temperatures (example in Figure 3.4B) had less distinct bottom 

boundaries.  This suggested that the reason that organisms that formed clearly defined layers were 

aggregating could have been to stay above an extreme water property parameter.  However, 

despite multiple methods of analysis, we could not isolate an environmental parameter that 

indicated scattering layer presence more consistently than other parameters.  Our preliminary 

hypothesis was that oxygen would be a strong controlling factor of layer depth.  After our initial 
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analysis found a correlation between the bottom of the background layer and isolines of oxygen, 

we expected our subsequent methods to support this conclusion.  Instead, further analysis gave 

some evidence that light levels were associated with scattering layer depths in mid-water (below 

the thermocline) regions, and that temperature and/or density were more associated with 

scattering layer depths than any other parameter.  Oxygen’s contribution to the success of the 

logistic models was essentially nil in the vast majority of the models that were run, indicating that 

oxygen levels were not predictive of scattering layer depths.  Figure 3.9 also shows several 

associations of scattering layers with bends in plots of temperature vs. salinity, implying that at 

least some features (in addition to the shallow features associated with the thermocline) are likely 

to have been associated with boundaries between water masses.  All of these results, however, 

were only suggestive and no parameter could be consistently identified as the most important in 

any subset of data. 

An important implication of our inability to isolate a dominant environmental parameter 

is that scattering layer depth was likely controlled by more than the physiological constraints of 

animals.  When discussing the causes of scattering layer depth, it is important to consider that 

scattering layers are composed of individual organisms, typically of a variety of species, sizes and 

life stages, responding to factors at the individual level.  Existing approaches to studying these 

animals use remote sensing tools that can sense them only as aggregations.  However, even these 

provide evidence of differential responses to the environment.  The scattering layers in the Gulf 

of California show complicated internal structures that at times are distinctly identifiable and at 

other times are more subtly graded.  Each of these features is composed of a collection of 

animals, each making independent cost/benefit analyses of their surroundings.  In a fundamental 

ecological treatise, Hutchinson (1953) described five reasons that organisms may form patterns, 

only one of which is related to the environment.  Because of the difficulties inherent in studying 

collections of organisms hundreds of meters below the surface, we have very little information 

about what individual organisms are actually experiencing.  An individual myctophid fish or 

mesopelagic crustacean has to balance reproductive, social, metabolic, food-finding and anti-

predator needs at all times.  Cohen and Forward (2009) commented on the need for field 

observations of individual migrators, and we support this call to learn more about scattering layer 

organism responses to non-physiological cues. 

In the Gulf of California, our results are in confirmation with others that the deepest 

daytime scattering layer at ~400 m to 600 m usually occurs in a hypoxic area (Robison 1972).  

However, our results also concur with Dunlap (1968) who found that scattering layers do not 
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appear to have a specific association with oxyclines or specific oxygen values, but that 

temperature may serve as an indicator of layer depth.  While a shoaling OMZ certainly has 

implications for many species, many denizens of deep scattering layers are well-adapted to low-

oxygen conditions (Seibel 2011) so it is unlikely that a shoaling OMZ would greatly reduce the 

habitat of scattering layer organisms as has been proposed (Gilly et al. 2013).  If predators like 

Humboldt squid are benefitting from a shoaling OMZ, it is likely not from habitat compression of 

prey in deep scattering layers, but could instead be from the overlap of the habitats of predator 

and prey that results when the low-oxygen water to which squid are well-adapted is brought 

closer to the scattering layer organisms on which they feed. 

Oxygen was well associated with the deeper scattering layers using simple linear 

analysis, and there was high overlap between the depth of the deeper scattering layers and low-

oxygen waters.  However, the tight correlation of oxygen with other parameters (Table 3.6) made 

it equally likely that these other factors were actually responsible for scattering layer depths.  

When our follow-up analyses suggested that various other parameters had a stronger influence on 

scattering layer depths than oxygen, it became clear that the initial correlation was likely 

coincidental.  Most pelagic environments have similarly tight covariances among their 

environmental factors.  Indeed, water masses can be tracked through large ocean basins precisely 

because of how the relationships among the parameters within them remain consistent (Sarmiento 

and Gruber 2006).  It is likely, then, that layers in other regions that have been reported to be 

associated with a specific parameter may instead be more highly associated with a related 

parameter.  For instance, in Bertrand et al.’s (2010) study, the depth of a strong oxycline was 

found to be highly correlated with the depth of a shallow scattering layer.  However, oxyclines 

are usually found in conjunction with pycnoclines and other boundaries, and the sharp decline in 

oxygen at the layer boundaries in their study area makes it likely that a number of variables could 

have been chosen that would associate well with the co-located scattering layers.  In the absence 

of data about some intermediate variable that could, in the language of causal calculus, mediate 

the interaction between an action and its effect, such as a differences in gill function or metabolic 

state when organisms return to depth, causal relationships are always difficult to infer from 

correlations (Pearl 1994).  This is especially true when the parameters of interest have strong 

covariance.  Covariance among environmental parameters is often a facet of oceanographic 

studies, and, when inferring causation from correlations between organisms and their habitat, 

covariance must be considered not just statistically, from the standpoint of independence of 

variables, but from a biological and oceanographic context. 
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We believe that our efforts represent the most comprehensive attempt to date to isolate an 

association of scattering layers with environmental parameters.  One possible reason that we 

could not illuminate a dominant association is that the environmental variables in our study area 

were too highly correlated, even for sensitive techniques, to differentiate their individual 

influences.  As physical, chemical, and even biological properties are often carried with water 

masses, this is likely to be a problem in most studies that occur in a limited location over 

relatively short time periods.  As the number of parameters measured increases, the problem of 

covariance multiplies, however the problem of inferring causation from correlations is a 

consistent challenge.  Comparing different regions, for example the Gulf of California and a 

region with colder, denser, more oxygen-rich deepwater, could start to address this problem, but 

then a differing ecological community must also be taken into account.  Ideally, this problem of 

covarying parameters could be more thoroughly examined with a long-term analysis at a single 

location where oceanographic parameters vary enough to provide a decoupling of parameter 

values over time, but this scenario is much more common in shallow, coastal waters (e.g. Adams 

et al. 2013) than in deep pelagic environments.  If such a scenario could be studied, the analytical 

techniques we have described could more effectively isolate an indicator parameter.   

Another explanation for weak associations between scattering layers and environmental 

parameters can be found in the composition of scattering layers.  Unlike schooling fish, which are 

all of the same species and usually approximately the same size class (Peuhkuri et al. 1997), 

scattering layers are diverse assemblages made up of species from different phyla.  Even within a 

species, a single feature can have individuals of assorted sizes and life stages (Burd et al. 1992).  

Thus, the  metabolic needs of individuals within a layer can vary over space and time.  It is 

possible that the variation we noted in the relationships between the depth of scattering layer 

features and the habitat was a result of data that reflects different mixtures of species and size 

classes that cue to different parameters or different values of the same parameter. 

Finally, while we measured a relatively larger number of water column parameters than 

has been attempted in previous studies explaining scattering layer depths, it is possible that 

unmeasured factors are playing a large role in driving most individuals in scattering layers.  This 

could be a parameter that mediates layer depth because of physiology or metabolism, as 

implicitly hypothesized in our study and others, or it could be a social parameter.  For example, a 

tendency to aggregate for reproductive, social or anti-predator reasons.  Aggregating and 

migrating in synchrony likely has benefits that could result in the entire layer correlating with a 

parameter linked to the requirements of a single important constituent, but the constituent whose 
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limitations or benefits drive the layer’s distribution could change day-to-day based on conditions 

and layer composition. 

Given the consistent formation of layers despite the lack of sharp environmental gradients 

at depth, the failure of a consistently limiting boundary parameter to emerge in our analysis was 

surprising.  Yet, it is clear that in the Gulf of California, mid-water zooplankton and larger nekton 

form consistently extensive scattering layers with clearly definable boundaries that migrate in 

unison, that their overall depths and diel patterns have been relatively consistent for fifty years, 

and that these organisms exist in a medium with a range of competing environmental and social 

cues.  It is also clear from our analysis that simple correlations of scattering layer depths to 

environmental parameters are insufficient for disentangling the influences of oceanographic 

parameters that are often highly correlated.  Future studies should exercise caution in this regard.  

While the full explanation for daytime depths of scattering layers remains unclear in the Gulf of 

California, our description of the depth, movement, and internal structure of these ubiquitous 

features provides information important for understanding the ecology of the Gulf of California. 
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FIGURES 

 

 

 
 
Figure 3.1- Map of research area in the Guaymas Basin in the Gulf of California (CEC 2009).  
Symbols indicate CTD profile collection locations for all four cruises.   
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Figure 3.2-  Scattering from a 70 kHz transducer mounted on a moving vessel over several days in deep water.  The continuity of the main 
migrating stratum is readily apparent and is contiguous for hundreds of kilometers.  Similar diel vertical migration patterns can be observed 
over several days and several regions.  The insets highlight the different kinds of scattering layers referenced in this analysis.  Contiguous 
regions of energy above an acoustic threshold are referred to as background layers.  The top inset outlines the background layer and grays out 
regions of the water column that are not part of the layer.  The bottom inset displays internal strata from the data above, highlighting in red the 
dense energy regions described as monopeaked strata, and highlighting in blue the multipeaked strata where smaller peaks in the energy 
spectrum overlap vertically with the monopeaked strata.  The dashed lines track the peak energy within the strata.  See chapter 2 for a full 
description of layer classifications and the layer detection algorithm.  Times shown are local time. 
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Figure 3.3-  The oxygen content at the bottom of the 70 kHz background layers in the 28 CTD 
regions from each New Horizon cruise that had a region of severe hypoxia.  When plotted against 
the whole water column, the range (1.7-17.1 matm) appears very small.  When plotted against the 
values below 200 m, the association of layer bottoms with a specific oxygen level appears less 
strong. 
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Figure 3.4-  Typical CTD profiles of temperature (T), oxygen (O2), salinity (S), and potential 
density (σT), overlaying the acoustic scattering in the region the profile was collected.  (A) A 
typical profile from the June 2011 cruise that includes severely hypoxic water above 600 m.  (B) 
A typical CTD profile from the June 2011 cruise overlying scattering in a region that did not 
include severely hypoxic water.  (C) From the June 2010 cruise.  O2 ranges from 229 matm near 
the surface to 91 matm at the thermocline to 20 matm at 200 m.  The range from 0-200m is an 
order of magnitude larger than the range from 200-600m.   
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Figure 3.5-  Association between the depth of the thermocline and the bottom of the upper 
stratum in all 103 CTD regions.  Displayed are the depths of the deepest scattering layer 
shallower than 120% of the depth of the thermocline in each CTD region.  
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Figure 3.6-  Example correlations between the depth of the bottom of the background layer 
detected at 70 kHz and the depth of specific levels of oxygen, temperature, and density.   
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Figure 3.7-  Logistic model results from the June 2011 data predicting the depth of feature 
occurrence based on environmental parameters.  Except as indicated, all depicted data are from a 
38 kHz transducer.  The top row shows the same region (around CTD 2) with the results from 
models that used different scattering layer features as the output parameter.  The bottom row (and 
graph VI) shows the results from different regions of a model predicting the depth of the peak 
energy of the most acoustically dense stratum.  Also depicted are models constructed after 
excluding oxygen, temperature, density or light from the model.  Models were also constructed 
after excluding other parameters, but results were not substantially different than the full model. 
 

(next page) 
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Figure 3.7 
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Figure 3.8-  Schematic of average rates and times of the diel vertical migration of the main 
scattering layer.  Standard deviations are represented as error bars.  Measured depths were of the 
bottom of the main migrating stratum.  Grey background is a stylized layer and its width is not 
representative of true layer thickness.  A cruise-by-cruise breakdown of times and average light 
levels are in Table 3.2, and migration rates are in Table 3.3. 
 
  



60 
 

 
 
Figure 3.9-  Temperature-salinity plots of every CTD profiles from the four cruises.  Black 
diamonds are the temperature and salinity at the depths of the peak energy of all detected 
monopeaked strata in each region.  The regions in the boxes are expanded in the insets.  While 
some strata appear at sharp changes in the profile, implying that they are associated with water 
mass changes, it is not a consistent explanation.  
  



61 
 
TABLES 

 

Table 3.1-  Depths (m) of the bottom of acoustic scattering layers in the Gulf of California 
collected with a 38 kHz echosounder.  sd = standard deviation, n = # of observations 
 

mean sd n mean sd n mean sd n mean sd n mean sd n mean sd n
Jun 2011 485 40 193 470 40 104 42 40 200 58 30 141 329 86 206 57 19 137
Jun 2010 445 53 123 408 66 66 46 34 152 58 53 98 356 50 105 46 25 72
Nov 2008 341 39 16 336 12 20 36 42 11 68 24 88 280 59 33 57 37 76
Feb 2011 53 62 35 75 36 65 321 52 16 52 28 62

Background Layer
Day Night Day

Not available

Night Day Night
Upper Stratum Migrating Stratum

 
 
 
 
 
 
 
 
Table 3.2-  Timing of the initiation and termination of DVM, with associated surface light levels. 
 

mean sd n mean sd n mean sd n mean sd n mean sd n mean sd n
Jun 2011 52 41 12 1074 660 12 43 28 12 49 14 11 5.8 0.4 11 167 22 11
Jun 2010 45 55 7 1016 883 7 41 36 7 56 11 5 4.6 1.5 5 243 100 5
Nov 2008 9 24 7 — — — — — — 41 0 1 — — — — — —
Feb 2011 13 21 9 — — — — — — 41 20 4 — — — — — —

mean sd n mean sd n mean sd n mean sd n mean sd n mean sd n
Jun 2011 66 19 12 5.8 0.6 12 167 19 12 43 28 11 678 529 11 27 21 11
Jun 2010 49 11 7 5.5 0.7 7 294 46 7 15 12 5 234 223 5 9.2 8.8 5
Nov 2008 46 17 7 — — — — — — -1 0 1 — — — — — —
Feb 2011 46 20 9 — — — — — — 15 23 4 — — — — — —

Light Level       
(µE m-2 s-1)

% of max light

Time before 
sunset (min)

Light Level       
(µE m-2 s-1)

% of max 
light

Time before 
sunrise (min)

Time after 
sunset (min)

Light Level       
(µE m-2 s-1)

% of min 
light

Time after 
sunrise (min)

Start of Ascent Start of Descent
Light Level       
(µE m-2 s-1)

% of min light

End of Ascent End of Descent
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Table 3.3-  DVM ascent and descent rates in the Gulf of California.  Fastest rate is the rate 
measured over the most rapid rise/fall of 100 m. 
 

mean sd n mean sd n mean sd n mean sd n
Jun 2011 3.3 1.4 12 7.2 2.2 12 4.5 1.4 11 7.0 3.2 11
Jun 2010 5.0 2.3 7 7.8 2.9 7 5.5 0.7 5 7.2 1.2 5
Nov 2008 6.0 2.4 7 10.2 3.7 7 6.0 0.0 1 6.0 0.0 1
Feb 2011 5.3 1.4 9 9.8 3.3 9 5.0 1.3 4 6.5 1.7 4

Overall

Ascent rate (cm/s) Descent rate (cm/s)

Overall FastestFastest

 
 
 
 
 
 
 
Table 3.4-  Results of the second method, χ2 analyses for non-random patterns in the association 
of environmental parameters with scattering layer features.  (A) The number of times that each 
tested parameter was one of three or fewer parameters with p < 0.1 when depth did not show a 
non-random association with the scattering layer feature (p > 0.05).  (B) The number of 
occurrences where the parameter is the only significant (p < 0.05) association. 
 
A.

Cruise Freq Temp O2 Dens Salin Light dTemp dO2 dDens dSalin dLight
June 2011 38 kHz 69 67 42 39 34 11 64 14 29 70
June 2011 70 kHz 59 82 30 63 114 8 5 22 15 59
Both June 38 kHz 50 54 50 54 -- 13 52 6 30 --
Both June 70 kHz 86 22 75 32 -- 4 1 22 9 --

All 38 kHz 3 11 8 8 -- -- -- -- -- --
B.

Cruise Freq Temp O2 Dens Salin Light dTemp dO2 dDens dSalin dLight
June 2011 38 kHz 42 88 11 30 18 8 65 10 20 60
June 2011 70 kHz 18 60 5 27 87 0 3 20 8 49
Both June 38 kHz 15 34 17 27 -- 10 45 0 8 --
Both June 70 kHz 7 22 17 33 -- 2 2 21 8 --

All 38 kHz 1 7 11 3 -- -- -- -- -- --  
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Table 3.5-  Geometric means of the standardized odds ratio (SOR) of the coefficients of logistic 
models predicting the depth of scattering layer features.  Layer features examined in this subset 
were the entire layer, the layer bottom, and the peak energy of the layer.  Displayed values are 
means from models built using all geographic regions, from layers occurring below the 
thermocline.  The coefficients of 1598 models were averaged for the 38kHz data, and 1650 
models for the 70 kHz data. 
 
Cruise Freq Depth Temp O2 Dens Salin Light Fluor dTemp dO2 dDens dSalin dLight dFluor
June 2011 38 kHz 1.3 403 3 80 17 1.1 1.0 1.7 1.1 1.5 1.4 1.0 1.0
June 2011 70 kHz 2.7 9154 17 717 88 1.1 1.4 665 7.7 51 11 1.5 1.0  
 
 
 
 
 
 
 
Table 3.6-  Correlation coefficients (R2) for measured parameters on the June 2011 research 
cruise. 
 
T Dens S O2 PAR dT dDens dS dO2 dPAR   
0.74 0.61 0.74 0.65 0.05 0.27 0.29 0.20 0.25 0.02 Depth 

 
0.96 0.90 0.94 0.16 0.47 0.53 0.31 0.32 0.07 T 

  
0.76 0.89 0.22 0.54 0.61 0.34 0.32 0.09 Dens 

   
0.91 0.11 0.32 0.36 0.23 0.25 0.05 S 

    
0.16 0.50 0.55 0.34 0.36 0.07 O2 

     
0.06 0.08 0.04 0.01 0.52 PAR 

      
0.98 0.81 0.75 0.03 dT 

       
0.72 0.68 0.03 dDens 

        
0.78 0.01 dS 

         
0.01 dO2 
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CHAPTER 4:  
GENERAL CONCLUSIONS 

 

 The use of acoustic technology in the ocean has led to important discoveries about a 

world that remains inaccessible to traditional forms of exploration.  Acoustics is a reliable and 

accurate method of obtaining information about fields as diverse as geological and gas 

explorations (Heeschen et al. 2003), bathymetry studies (De Moustier and Matsumoto 1993), 

marine mammal population surveys (Mellinger et al. 2007), studies of physical oceanography 

(Clarke 2006), and research on zooplankton and micronekton behavior (Holliday et al. 1989).  

However, it is not without its challenges.  Without an appropriate ecological context, acoustic 

signals can give misleading results.  Specifically, the biological assemblages that appear in 

echograms as thick layers of acoustic backscatter pose several challenges.  Because these layers 

are made up of multiple species from different phyla with compositions that vary from region to 

region (Sameoto 1982; Kalish et al. 1986; Simard and Mackas 1989), their behavior does not 

always conform to the same patterns or occur for the same reasons.  Scattering layers can have a 

variety of internal structures (Figures 2.1 and 3.2) that make defining their boundaries difficult, 

and the mixed collection of species and sizes that is characteristic of these features (Auster et al. 

1992) can make enumerating the individual animals challenging.  To approach the question of 

what environmental parameters were affecting acoustic scattering layer depths, I first needed to 

develop a method for defining scattering layer boundaries that was both accurate and consistent in 

the face of these challenges (chapter two).  Only after I was confident in that method could I turn 

my attention to determining which of the covarying environmental parameters was most likely 

influencing the organisms that comprise these ecologically important features (chapter three). 

 Despite their importance, there has been no broad consensus regarding how to 

characterize acoustic scattering layers.  Depth of layers, ostensibly one of the simplest properties 

to measure, is inconsistently defined and reported; in addition to using variable boundary 

definitions, some researchers report the depths of layers as the top edge, some the bottom, and 

some the depths of peak energy (chapter two).  Despite often dramatic internal features, few 

researchers (Benoit-Bird and Au 2003) have attempted to describe the structures within the 

vertical boundaries of layers.  A benefit of acoustics is the ability to collect large datasets, 

however that information is not useful if it cannot be efficiently processed.  The lack of horizontal 

boundaries and the variable echo strengths of layers have proven troubling to automatic 

detections, as they make it difficult to adapt existing algorithms designed for other purposes.  
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However, by looking at the structure of the layers and observing the propensity of scattering layer 

organisms to aggregate according to a generally normal distribution, I was able to construct an 

algorithm that could consistently identify, classify, and monitor these features across a range of 

ecosystems and organism types. 

 By employing this new algorithm to consistently define layer features in the Gulf of 

California, I was able to test the hypothesis that scattering layer boundaries were associated with 

environmental parameters.  Specifically, I sought evidence that the depth of scattering layers was 

controlled by oxygen levels, since that would lend credence to theories about the success of 

Humboldt squid in regions with shoaling OMZs (Gilly et al. 2013), including off the Oregon 

coast.  Because I could automatically detect all three generally used descriptions of layer 

boundaries (top, bottom, and peak energy) over large distances, I also set out to determine which 

of these would prove to be the most appropriate descriptor of layer depth. 

 When my initial tests examining the importance of oxygen in determining scattering layer 

depths gave suggestive but not conclusive evidence, I tried to understand the nature of the 

covariance between the parameters under study, and to craft methods that would highlight the 

influence of essential parameters.  When a variety of direct comparison and correlation 

approaches could not identify a key parameter, I examined the strength of association of each 

parameter with the detected scattering layer features by crafting contingency tables and looking 

for non-random patterns in the distribution of layers within those tables.  When that method did 

not yield results that indicated oxygen was a significant parameter, I crafted logistic models that 

would rank the importance of the parameters.  The most challenging part of these analyses was 

that not only was oxygen not verifiably an important parameter, no other parameter emerged as a 

consistent indicator of scattering layer depth.  Whether this result is an indication that the 

parameters were too closely linked even for sensitive analyses, that organisms in the scattering 

layer are cueing off some other, possibly non-physiological parameter, or whether it implies that 

scattering layer depth is, by nature, inconsistent from day to day and region to region could not be 

determined.  The failure of oxygen to emerge as a key indicator, however, merits reconsideration 

of the hypothesis that shoaling oxygen minimum zones will have an overly large effect on the 

daytime habitat of scattering layer denizens. 

 To address this question about the role of oxygen in scattering layer distributions moving 

forward, one approach would be to collect scattering layer and environmental profile data in a 

single location (or series of locations) where the relationships among parameters change 

seasonally or as different water masses move through the area.  Although such a scenario is more 
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common in coastal waters less than 100 m deep (e.g. Adams et al. 2013), deep water masses with 

differing O2-σT relationships have been found in close geographic proximity (Richards and 

Redfield 1955).  Alternatively, historical scattering data could be analyzed in regions where the 

oxygen content has changed over longer time scales (e.g. Watanabe et al. 2003). 

 Despite the lack of emergence of a clear environmental indicator of scattering layer 

depth, the major contributions of this work are fourfold: 1) a layer detection method is described 

that can facilitate scattering layer comparisons across studies, using both new and archived data, 

2) the method introduces a more standardized vocabulary for describing scattering layers by their 

acoustic structure and their defined boundaries, 3) scattering layers in the Gulf of California are 

described and compared to previous accounts, and 4) evidence is presented that scattering layer 

organisms are unlikely to be exhibiting a consistent physiological response to limitation in any 

one parameter, providing a caution to future researchers describing the relationship of a single 

environmental parameter to scattering layer boundaries.  Acoustic scattering layers, and the 

organisms within them, are complex and demonstrate complex interactions with their 

environment, yet they are commonly only studied as a small part of larger research projects.  

Despite their identification as biological features nearly seventy years ago, acoustic scattering 

layers still contain mysteries that will take dedicated scrutiny to illuminate.  To support this 

effort, this work has added new tools to identify layers, describe their characteristics, and analyze 

their relationship to their habitat, and these tools have the potential to contribute to ecosystem 

studies throughout the world's oceans. 
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APPENDIX 1: DETAILED RESULTS OF CHAPTER TWO’S SENSITIVITY ANALYSIS 

 
Figure A- Detailed results of two sensitivity analyses conducted after applying chapter two’s 
layer detection algorithm to data from the Gulf of California.  Output parameters are in the rows, 
input parameters are in the columns. 
%Δ = maximum percent difference in output parameter from the baseline when the input 

parameter was varied over the range given in Table 2.1.  Differences were considered 
substantial if %Δ > 20%.   

p (rand) = the averaged p-value (when p < 0.05) of the χ2 tests for non-random patterns.  If only 3 
of the 4 χ2 tests had p < 0.05, those values are marked with a subscript 3.  Other displayed 
values had p < 0.05 in all 4 tests.   

PCC = the larger of the partial correlation coefficient (PCC) or the PCC on ranked values for each 
input/output pair.  If the ranked PCC was larger, it was indicated with a subscript R.  PCCs 
were displayed only if p < 0.05, and they were marked with a * if p < 0.01 and a ** if p < 
0.001.  If the PCC was not significant to the p < 0.05 level, but the Spearman’s ρ statistic 
was, it was displayed and marked with a subscript ρ.  If both PCCs and Spearman’s ρ were 
not significant, all other tested statistics (i.e.  SRC and R2-deletes) were also not significant.   

% range = the fraction of the input range for which the output parameter varied by less than 20%.  
A large value indicates that only at the edges of the input range was there a substantial effect 
on the output parameter.   

Category = see chapter two for description.  These are the categories used to create Figure 2.7.   
BL = Background Layer  
Str1 = Monopeaked Strata  
Str>1 = Multipeaked Strata 
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Figure A (Continued) 
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Figure A (Continued) 
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