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Abstract 

Data on top predator movement are often measured relative to broad scale 

oceanographic processes (>100 km), but foraging decisions are made at the scale of an 

individual predator (<10 km) both in horizontal and vertical dimensions. Using a series 

of case studies, I examined the distribution of prey relative to predators in a series of 

ecosystems by combining novel technologies including fisheries acoustics, 

oceanographic sensors, and digital archival tags. In the Gulf of Mexico, fish distributions 

at fine scales (both horizontal and vertical) were measured relative to hypoxic bottom 

waters to understand potential food web effects. Low oxygen bottom waters led to a 

vertical compaction in biomass that may influence predation risk and access to food.  

Geostrophic currents structured the distribution and density of the deep scattering 

layers (DSL) in the central tropical Pacific which I compared to sightings of marine 

mammals in the area. Scattering layers were denser near the equator correlated to 

primary productivity and during the night.  In the Gulf of Maine, I measured forage fish 

distribution (sand lance, Ammodytes spp.) relative to physical features and oceanographic 

processes, concurrent with individual humpback whale (Megaptera novaeangliae) 

movement. Prey density and school shape increased the likelihood of humpback surface 

feeding, while physical features that correlated with sand lance abundance also 

correlated with increased surface feeding likelihood.  In all case studies, oceanography 

influenced distribution and abundance of prey species. Ultimately, ecological analyses 

of predator distributions are improved by prey and oceanographic data collected at 

appropriate scales. 
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1. Introduction – Linking Prey to Predator 

Optimal foraging theory suggests that a foraging predator will maximize its net 

caloric intake per foraging bout.  High density prey patches containing high caloric prey 

with minimal search and handling time should be preferentially targeted over lower 

value prey patches or prey patches requiring additional handling time (MacArthur & 

Pianka 1966). This theory was extended into the marginal value theorem (MVT) that 

focuses on when a predator should depart a particular patch based on fitness 

constraints.  Foragers should only switch patches when the estimated value of a future 

patch combined with energetic cost of traveling and search among patches outweighs 

the value of the current patch (Charnov 1976). As both of these foraging models assume 

the predator has knowledge of all potential patches and the environment remains static, 

in practice it oversimplifies most ecological relationships (Pyke 1984).  

Recent advances have broadened the assumptions of the MVT allowing for 

additional fitness constraints, changing environments, and limits on current knowledge 

of prey distributions by the forager.  As foraging is central to increasing individual 

fitness, fitness can be used as a common currency in OFT models.  Brown (1988) 

incorporated predation risk for foragers in addition to fitness enhancing activities (e.g. 

resting, territorial defense, reproduction) in a model he called the marginal rate of 

substitution (MRS).  Another important variable included was changes in patch quality 

independent of the forager (i.e. additional foragers, distributional or density changes in 

prey).  As foragers differ in their a priori knowledge of patch quality, Alonso et al. (1995) 

used crane foraging decision to test assumptions in the MVT.  Four foraging strategies 

were modeled, 1) perfect knowledge MVT, 2) prescient (imperfect prior knowledge), 3) 
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Bayesian (imperfect prior with learned information), 4) fixed-time (no prior knowledge) 

and were compared to collected data on crane foraging. Cranes fit a Bayesian foraging 

model where individuals combine imperfect pre-existing knowledge of the environment 

with information gleaned while foraging (e.g. handling time, density) to decide when to 

abandon a patch. While the aforementioned studies focus on the forager’s behavior, in 

situ prey distribution plays a large role in predator decision-making. As modeled spatial 

heterogeneity increased in prey patches, Iwasa et al. (1981) found that abandoning a 

patch was better predicted from the time since last capture. In order to improve our 

understanding of foraging strategies in top predators, my research examines variability 

in prey distributions and the features that influence them.  

By measuring fine scale oceanography and its influence on prey distribution, the 

goal of this research was to fill in the gap between physical features and predator 

behavior.  I tested the following overall hypotheses using three case studies to 

incorporate prey distributions into their ecological setting: 

1. Prey distributions are highly influenced by physical features 

2. Changes in prey distribution occur at fine temporal and spatial scales 

violating a classic assumption of MVT 

3. At fine scales, prey distribution is a better predictor of predator 

behavior and distribution than physical or biological features 

In the first case study I measured the vertical and horizontal distribution of fish in the 

Gulf of Mexico relative to hypoxic bottom waters at a fine scale (<100 km). While 

predators were not explicitly included in this analysis, fish species measured represent 

an important prey base for top predators in the region (e.g. bottlenose dolphins, Tursiops 

truncatus). The second case study focused on changes in the deep scattering layers (DSL) 
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relative to ocean currents and hydrography in the central tropical Pacific.  These patterns 

were then compared at both fine (16 km2) and meso-scales (225 km2) to top predator 

sightings. Returning to a fine scale (<100 km), the 3rd case study examines both prey 

distribution and predator behavior relative to oceanographic and bathymetric features 

in the Gulf of Maine.  With the ability to quantify individual feeding events concurrent 

with three dimensional prey distributions, biological, and physical oceanography, I was 

able to examine both oceanographic and prey influences on top predator behavior. 

Because each of the case studies is prepared for publication with collaborators, I use we 

even though I am the primary author. The synthesis from these three systems allows a 

unique comparison of the interface between oceanography, prey, and their influence on 

predator behavior.   By contrasting open ocean with two coastal ocean environments, I 

also examined the role of scale dependence in foraging ecology (Figure 1.1). 
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Figure 1.1: Case study locations  

For top predators in marine systems, oceanographic gradients have been 

identified as important habitat, particularly as foraging grounds.  Loggerhead turtles 

(Caretta caretta) associate with fronts, eddies, and currents in the North Pacific, 

specifically along the Transition Zone Chlorophyll Front (TZCF) and the Kuroshio 

Extension Current (KEC; Polovina et al. 2000, Polovina et al. 2004). As these areas are 

high in primary productivity from upwelling (Olson et al. 1994, Polovina et al. 2004), 

researchers have assumed high prey availability. Bluefin tuna (Thunnus thynnus) have 
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Samoa 

Gulf of Mexico 

Stellwagen 
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been shown to aggregate at seamounts (Holland et al. 1999) and oceanic shelf breaks 

(Block et al. 2001, Stokesbury et al. 2004) presumably due to increased prey density or to 

minimize metabolic constraints.  Similar patterns have been shown with seabirds (Hunt 

et al. 1998) and marine mammals (Croll et al. 1998, Davis et al. 2002) that target 

oceanographic gradients for a combination of foraging and movement. Gradients such 

as low oxygenated bottom water can act as horizontal or vertical barriers to hypoxia 

sensitive prey species (Craig and Crowder 2005, Taylor and Rand 2005) increasing 

foraging efficiency in tolerant predators. Upwelling fronts and eddies can increase 

nutrients available to phytoplankton in the photic zone leading to greater primary 

productivity and forming the foundation for many open ocean food webs (Olson et al. 

1994). In open ocean systems, remotely sensed measurements of physical and biological 

oceanography are commonly used to analyze predator distributions (Ballance et al. 2006, 

Hyrenbach et al. 2006); by incorporating prey distributions, my work explicitly considers 

the potential spatial and temporal mismatch among these data sets. 

Discrete oceanographic features form the base for many pelagic food webs but at 

varied spatio-temporal scales.  Croll et al. (2005) examined spatial and temporal linkages 

between upwelling intensity, primary productivity, euphausiid density, and ultimately 

blue whale (Balaenoptera musculus) distribution in Monterey Bay, California.  The 

greatest euphausiid densities and increased sightings of blue whales occurred at a 3-4 

month lag from peak upwelling. In tidally driven food webs, Cotté and Simard (2005) 

focused on a spatio-temporally compact food web in the Laurentian Channel, Canada.  

Euphausiids were aggregated by tidal flow at the edge of the Ile Rouge bank creating 

short-lived high-density patches and food webs that build and dissipate up to twice a 

day.  While both of these studies were conducted at fine spatial scales (< 25 km and < 5 
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km transects), the temporal lags are dramatically different (3-4 months and 2-3 hours). 

The contrast in scale between physical processes (seasonal, tidal), prey aggregations 

(layers, patches), and ultimately predator distribution (blue whales, rorquals) in these 

systems highlights the inherent difficulty in matching spatio-temporal scales in 

ecological research.  

Top predators also use the ocean at multiple spatial scales.  Hunt and Schneider 

(1987) categorized spatial scales in top predator movements as ranging from 1) mega-

scales (>3000 km), 2) macro-scales (1000-3000 km), 3) meso-scales (100-1000 km) to the 4) 

coarse scales of (<100 km).  Migration of top predators can span macro-scales such as 

bluefin tuna migrating across ocean basins (Block et al. 2001) and right whales (Eubalaena 

glacialis) migrating from Florida to Nova Scotia (Kenney et al. 2001). Right whales search 

for foraging grounds at 10’s – 100’s of km and are thought to use prior knowledge as the 

primary mechanism.  Whales search within foraging grounds to find prey patches at 

scales of 1 - 10 km hypothetically using chemosensory cues, audio cues, or 

oceanographic features (Kenney et al. 2001). Kenney et al. (2001) also described the 

micro-scale from cm to 10’s of km where whales potentially use tactile, sensory, and 

visual cues to target optimal patches.  Murres (Uria spp.) foraging on capelin (Mallotus 

villosus) were found to correlate at multiple nested scales termed “ hierarchical patch 

dynamics” (Fauchald et al. 2000).  At scales greater than 300 km, capelin and murres had 

strong overlap and authors proposed that capelin distributed relative to temperature 

with murres tracking the capelin.  Closer to 50 km, there was another scale of association 

between predator and prey although no oceanographic features were detected at this 

scale.  Patches of capelin and murres at ~ 3km were the finest scales observed but were 

not cross-correlated potentially because capelin schools were quick to disperse as murres 
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aggregated.  The authors found two even finer scales of capelin aggregation, at ~100 m 

where schools form and disperse in response to predation and 1-10’s of meters of small 

fast swimming schools.  These studies re-iterate the variety of scales in foraging ecology 

and the necessity for explicit consideration.   

While ecological processes across spatial scales have been a continued focal area 

of research, collecting data at appropriate scales is difficult (Horne and Schneider 1994).  

Prey distributions are patchy at multiple scales as they react to broad oceanographic 

processes, fine scale changes in their prey distributions, and finer scale processes such as 

turbulence and predator avoidance (Levin 1992).  As such, there is no single correct scale 

for ecological analyses.  Researchers have long debated the applicability of reduced scale 

experiments (e.g. mesocosms) to control for unaccounted variables and to deduce 

broader ecosystem processes (Carpenter 1996, Schindler 1998).  While difficult to control, 

broad scale field experiments are necessary for broad scale ecological synthesis 

(Schindler 1988).  In dolphin-habitat models, researchers found no scale dependence (2 - 

120 km grain size) using oceanographic predictors in the eastern tropical Pacific 

(Redfern et al. 2008). The authors suggest two possible reasons for these findings. First, 

because oceanographic processes in the eastern tropical Pacific operate at meso-scales 

(Fiedler and Talley 2006, Redfern et al. 2008), scale dependence might be present at grain 

sizes larger than 120 km. Second, for the 40 km grain size models presented, 69% of the 

variability in dolphin distribution is left unexplained. The authors suggest that directly 

including measurements of prey could improve dolphin-habitat models. 

Measuring animal behavior in marine systems is especially difficult as most data 

of interest are below the surface.  Thus visual methods are more difficult in marine 

systems compared to terrestrial ecology (Simmonds and MacLennan 2005). Traditional 
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visual surveys and remote sensing rely on a 2-dimensional data source to represent 3-

dimensional features and processes (Santos 2000).  Top predators such as marine 

mammals have commonly been studied at the surface (Weinrich and Kuhlberg 1991, 

Whitehead 1983) but recent technology on attachable tags has allowed for innovative 

approaches to fine (e.g. Digital tags, Johnson and Tyack 2003) and broad scale (e.g. 

satellite, Mate et al. 2000 and archival, Block et al. 2001) analyses of behavior.  For prey 

species, net trawls are commonly used to measure species composition and density, but 

catchability and lack of spatial or temporal resolution limits their utility in ecology (e.g. 

Harley and Myers 2001).   Fisheries acoustics using narrow split-beam (e.g. 3-12° width) 

echosounders offer a high resolution continuous along-track data on density, target size, 

and relative biomass, at multiple horizontal and vertical spatial scales (Simmonds and 

MacLennan 2005).  Developments in acoustics such as broadband echosounders could 

allow frequency dependent target differentiation (Stanton et al. 2003). In addition, high-

resolution multi-beam (up to 180° beam width) allows more accurate measurements of 

school shape in three dimensions (Nøttestad et al. 2002).  However, these advanced 

techniques are often cost-prohibitive, are data intensive, and are much more difficult to 

calibrate.   

Fisheries acoustics have become a valuable technique because individual sound 

pulses of precise duration and frequency are scattered by objects in the water column in 

a predictable and quantifiable way (Simmonds and MacLennan 2005).  As the only data 

returned is sound in the form of pressure, it is currently impossible to objectively assign 

species or exact target size without additional survey methods.  In addition, variation in 

the sound scattering properties of a fish such as behavioral changes (orientation, depth) 

and physiological changes (e.g. reproductive state) can influence acoustic analyses 
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(Hazen and Horne 2003, Hazen and Horne 2004, Henderson et al. 2008). Sampled length 

frequency and species composition from trawls can be combined with acoustic 

backscatter to estimate size of individual targets, absolute density of schools, and overall 

abundance through methods of target tracking and echo integration (Midttun 1984, 

Simmonds and MacLennan 2005).  Even in the absence of net sampling, acoustic 

backscatter can assess relative density and abundance (e.g. Benoit-Bird et al. 2001).  In 

addition, acoustic data has successfully been used to observe changes in fish distribution, fish 

behavior, school size, and school shape (e.g. herring school size and shape while feeding, 

Misund et al., 1998, Mackinson et al., 1999 and under predation (Thomas and Thorne 2001, 

Nøttestad et al. 2002). This project utilized fisheries acoustics because of its power to observe 

changes in distribution and behavior at a broad extent, yet fine horizontal and vertical 

resolution. 

The information produced by this study will add to the knowledge of foraging 

ecology.  The three case studies allow for a comparison of the oceanographic-ecological 

linkages in varying systems and at multiple spatial scales.  Researchers can better 

understand the linkage between easily collected physical and biological oceanography 

(e.g. remote sensing) by filling in the missing link of prey distributions. More precise 

models can aid predictions of top predator distribution ultimately informing 

management decisions.  In due course, research is needed on the relationships among 

predator, prey, and their environment to inform the new paradigm of ecosystem-based 

management. 
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2. Vertical distribution of fish biomass in hypoxic waters 
on the Gulf of Mexico shelf 

ABSTRACT: Hypoxic bottom waters in the Gulf of Mexico largely due to nutrient loading 

from the Mississippi / Atchafalaya watershed can extend greater than 20,000 km2.  The 

loss of benthic habitat has been documented in bottom trawl surveys, but little is known 

about the effect of hypoxia on the vertical distribution of fish biomass.  To investigate 

these effects we used a 120 kHz split-beam echosounder to compare the vertical 

distribution of biomass at stations with hypoxic bottom waters to those with normoxic 

bottom waters. We also used paired mongoose and flat trawls to assess species 

composition and a conductivity temperature depth profiler (CTD) to measure physical 

characteristics of the water column.  Atlantic croaker (Micropogonius undulatus), Atlantic 

bumper (Chloroscombrus chrysurus), and anchovies (Anchoa spp.) comprised 92% of fish 

sampled by number.  Proportions of bumper and anchovies declined in hypoxic bottom 

waters while the proportion of croaker remained the same indicating potential shifts in 

species composition due to hypoxia.  The acoustic data revealed that stations inside and 

outside of the hypoxic zone had similar overall biomass but differed in the vertical 

distribution. Hypoxic stations had greater biomass in the top 7 meters compared to 

normoxic stations and much less biomass below 13m.  This distribution suggests a 

compaction of biomass above the hypoxic layers.  We did not find as large an increase at 

the edge as found in previous studies.  Although the pelagic habitat seems minimally 

affected by bottom hypoxia, vertical or horizontal displacement of fish species could 

have bioenergetic or trophic consequences. 



 

 11 

2.1 Introduction 

Excess nutrient loading from anthropogenic activities has altered the oxygen 

budgets of many coastal ecosystems such that hypoxia (dissolved oxygen < 2 mg·l-1 or < 

30% saturation) has increased in severity, spatial extent, and temporal duration (Diaz 

2001, Diaz & Rosenberg 2008).  Hypoxia arises when excess organic matter is subject to 

aerobic decomposition in bottom waters that are isolated from re-aeration, typically by 

thermohaline stratification.  The spatial and temporal dynamics of hypoxia are highly 

variable among systems, but a common feature is that low oxygen is typically 

constrained to the bottom waters and rarely extends either fully to the surface waters or 

to the shoreline.  As a result, some amount of oxygenated refuge habitat is typically 

available to mobile organisms capable of behaviorally avoiding hypoxia.  While hypoxic 

areas occur naturally in several marine ecosystems and often harbor diverse resident 

communities (e.g. deep ocean oxygen minimum zones and upwelling induced hypoxia; 

Rogers 2000, Helly & Levin 2004), hypoxia due to anthropogenic nutrient loading is 

increasing and can limit benthic habitat (Diaz 2001, Rabalais et al. 2002, Diaz and 

Rosenberg 2008).  A better understanding of behavioral avoidance responses to hypoxia 

is needed because subsequent indirect effects mediated by these avoidance behaviors 

and associated shifts in spatial distribution are thought to be a major pathway by which 

hypoxia impacts mobile species (Craig et al. 2001, Breitburg 2002, Craig et al. 2005).     

Mobile fishes and invertebrates typically have well developed sensory systems 

that allow for the detection and avoidance of water with low dissolved oxygen 

(Wannamaker and Rice 2000, Wu 2002).  Sensitivity to hypoxia as well as the capacity to 

avoid it can vary among species (Bell and Eggleston 2005), developmental stages 



 

 12 

(Breitburg et al. 1997), between sexes, with reproductive state (Breitburg 1992), and with 

body size (Burleson et al. 2001).  When exposed to hypoxia, organisms may move 

horizontally to oxygenated refuges that often occur in shallow habitats where mixing is 

sufficient to aerate the water (Eby & Crowder 2002, Bell & Eggleston 2005, Stierhoff et al. 

2006), or to deeper offshore habitats beyond the influence of the stratification and 

nutrient induced hypoxia (Craig & Crowder 2005).  For example, based on fishery-

independent trawl surveys, Craig & Crowder (2005) showed that brown shrimp and 

Atlantic croaker on the northwestern Gulf of Mexico shelf avoid hypoxic water and 

occur at high densities in nearby hypoxic edge habitats, with abundance declining 

rapidly with increasing distance from the edge.  Alternatively, because hypoxia is 

typically constrained to the bottom portion of the water column by density stratification, 

organisms may also move vertically to avoid the low oxygen water near the bottom 

(Patriquin 1967, Aku et al. 1997, Keister et al. 2000, Taylor & Rand 2003).  Shifts in spatial 

distribution that result from behavioral avoidance of hypoxia may have implications for 

foraging (Brandt & Mason 2003), growth (Eby et al. 2005, Stierhoff et al. 2006), and 

exposure to predators (Lenihan et al. 2001, Domenici et al. 2007). These effects may differ 

for organisms that move vertically to avoid low oxygen.  

The northwestern Gulf of Mexico continental shelf currently experiences the 

largest seasonal hypoxic zone in the western hemisphere (Rabalais et al. 2002, Turner et 

al. 2008).  Hypoxia in the Gulf is a coastal phenomenon associated with high freshwater 

and nutrient inputs from the Mississippi-Atchafalaya river system which drains about 

41% of the continental United States.  It has been documented as early as February and 

can persist until October, but typically occurs from mid-May to mid-September 

(Rabalais et al. 2002).  Since the early 1980’s annual hydrographic surveys have shown 
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that the spatial extent of the hypoxic zone can range from 40 km2 to over 20,000 km2 in 

some years (Rabalais et al. 2002, Craig et al. 2005).  Hypoxia typically occurs between 

depths of 5 to 30 m on the inner Louisiana shelf with oxygenated habitat both inshore 

and offshore of the hypoxic region.  It typically extends vertically over the bottom 1-3 m 

of the water column, but has been documented occupying up to 80% of the water 

column (Rabalais et al. 2001).  

The three-dimensional distribution of fish is difficult to quantify using traditional 

tools such as trawls.  Fisheries acoustics is a minimally invasive technique for 

quantifying both the horizontal and vertical distribution of biomass in the water column 

at relatively small spatial scales (Simmonds and MacLennan 2005).  Combining acoustics 

with net sampling can provide information on species composition in addition to the 

fine scale vertical and horizontal distribution of biomass.  We used this approach to test 

the following 3 hypotheses:  1) density of biomass integrated over the water column is 

lower within the hypoxic zone compared to adjacent normoxic waters (e.g. horizontal 

displacement) 2) the horizontal distribution of  biomass is highest near the hypoxic edge 

(1.9 - 2.1 mg l-1 DO) and declines with increasing distance from the edge (e.g. Craig and 

Crowder 2005), and 3) the vertical distribution of biomass is compacted is areas 

overlying hypoxic bottom waters compared to areas where the entire water column is 

normoxic.  We used hydrographic, acoustic, and bottom trawl data collected during July 

2004 from the northwestern Gulf of Mexico shelf to test these hypotheses. 
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2.2 Methods 

2.2.1 Acoustic, Trawl, and Hydrographic Surveys 

We used fisheries acoustics in conjunction with a bottom trawl and hydrographic 

survey on the Louisiana continental shelf from July 20 to August 1, 2004 aboard the R/V 

Tommy Munro (30 m vessel length; Figure 2.1).  A towed body with a 120 kHz SIMRAD 

EK-60 transducer was suspended from a J-frame about three meters from the port side 

of the vessel.  We measured echo intensity at a frequency of 10 pings per second and 

pulse width of 256 µs during the 20-minute trawl duration at a subset of stations (see 

below).  The echosounder was calibrated with a 23 mm copper sphere of known target 

strength (-40.4 dB at 120 kHz; Foote 1982) before and after the 13-d survey.  Acoustic 

data were collected with a threshold of -90 dB to exclude smaller targets and were post-

processed using SIMRAD's Sonar5 Pro (Balk 2001).  Bottom was automatically detected 

and corrected by hand using a backstep of 0.5 meters. Acoustic and trawl data were 

collected synoptically from 1200 to 1800 (day) and from 0000 to 0600 (night) daily from 

July 20 to August 1.  Acoustic data from each station were binned vertically into 1-m 

intervals and averaged horizontally over the length of the trawl (mean trawl length = 

1.84 km) prior to analysis.  
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Trawls were conducted at each station using a 12.8 m shrimp trawl and a 12.8 m 

mongoose trawl towed in tandem from either side of the vessel.  Each trawl was 

comprised of 5.1 cm webbing in the body and 4.1 cm webbing in the cod end, and fitted 

with mud rollers, 2.4 x 1 m wooden chained doors, and a tickler chain.  The mongoose 

trawl had a bib attached to a third bridle cable to sample a larger portion of the water 

column (3-4 m from the footrope to the top of the bib), but was otherwise identical to the 

 
Figure 2.1: Each acoustic station is shown with mean volume backscatter strength 
ranging from high to low (small to large points).  Interpolated bottom DO is 
represented by blue for normoxic waters, and yellow and orange patches for 
hypoxic and anoxic waters (< 2.0 mg·l-1 and < 0.5 mg·l-1 DO respectively).  Station 55 
and 38 are marked for reference. 

 

Site A 

Site B 

55 

38 
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shrimp trawl.  The height of the shrimp trawl was limited to about 1 m from the 

footrope to the headrope by the height of the doors.  Trawls were conducted parallel to 

depth contours for 20 minutes at a vessel speed of approximately three knots.  The 

beginning and ending locations for each trawl tow were recorded with a handheld GPS.  

For some stations, trawl catches were randomly sub-sampled based on weight (23% of 

stations); otherwise, the entire catch was processed.  All species in the catch or the sub-

sample were identified, measured (total length to nearest mm), and counted.  Catches 

were adjusted to the total weight of the catch (if sub-sampled) and to a standard tow 

length of 1.6 km (the median tow distance) based on the straight-line distance between 

the beginning and ending trawl locations.   

A CTD was used to profile physical characteristics of the water column at the 

beginning and end of each trawl.  Profiles were taken with a SeaBird 911-Plus (SeaBird 

Electronics, Inc., Bellevue, WA) equipped with an SBE 43 dissolved oxygen sensor.  

Dissolved oxygen (mg·l-1, percent saturation), temperature (°C), and salinity were 

binned into 1-m depth bins from the bottom to the surface prior to analysis.  We used 

average values from the bottom meter of the profile to characterize bottom conditions.  

We sampled two study sites on the western Louisiana shelf (Figure 2.1).  Site A 

off of Terrebonne and Timbalier Bays is heavily influenced by the Mississippi river and 

has experienced severe bottom-water hypoxia in >75% of years since 1985 based on 

shelfwide mapping surveys in July (Rabalais et al. 2002); we completed 24 acoustic 

stations at this site.  We also sampled a second region further west that is heavily 

influenced by water from Atchafalaya Bay and has experienced bottom-water hypoxia 

in >50% of years since 1985; we completed 17 acoustic stations at this site.  Stations were 

chosen based on random sampling of a nested grid designed to map the general 
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distribution of hypoxia in the region (10 km2 grid cells) as well as the locations of the 

inshore and offshore hypoxic edges (2.5 km2 grid cells). Sampling stations were situated 

in an east to west direction by repeatedly traversing the inshore-offshore distribution of 

hypoxia across a depth range of 2-35 m.  Acoustics were used at a subsample of the 

stations during fixed daytime and nighttime intervals (1200-1800 and 0000-0600).  

2.2.2 Analysis 

Mean volume backscatter strength (MVBS) was measured in logarithmic units of 

decibels (dB) where increasing negative values correspond to lower biomass.  For 

statistical analysis, means and variances were calculated from linear units of backscatter, 

the volume backscatter coefficient (sv = 10Sv/10), and converted to Sv (decibels) for display.  

We did not convert data from acoustic backscatter to absolute biomass because catch 

data were only available for the bottom few meters and correlations between trawl 

catches and acoustic backscatter were relatively weak.  For consistency, we use the term 

backscatter (MVBS or Sv) to refer to the thresholded and binned acoustic data (see 

MacLennan et al. 2002), but biomass to refer to the biological organisms.      

We investigated relationships between acoustic biomass and the following 

environmental variables: Dissolved oxygen (mg·l-1), temperature (oC), and salinity 

averaged over 1 m vertical depth bins of the water column, thickness of the bottom 

hypoxic layer (m), time of day (categorical; day = 1200-1800, night = 0000-0600), vertical 

depth bin within the water (m), distance from the hypoxic edge (m), and absolute 

bottom depth (m).  The hypoxic edge was defined as the band where DO concentration 

averaged over the bottom meter was between 1.9 and 2.1 mg·l-1 based on a spatial 

interpolation (see below).  Distance from each station to the hypoxic edge was calculated 
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using ArcGIS 9.1 (ESRI, Redlands, CA, USA).   The thickness of the hypoxic zone was 

calculated as the vertical distance from the bottom to the 2.0 mg·l-1 oxycline averaged 

between the beginning and ending CTD profiles. We interpolated bottom dissolved 

oxygen separately for site A and B using a basic minimum curvature spline function 

with anisotropy in ArcGis 9.1 (projection: Lambert Conformal Conic, datum: NAD 1983, 

ESRI, Redlands, CA, USA).  This method is an exact deterministic interpolator and 

requires no assumptions about the input data.  The level of anisotropy was chosen that 

minimized the root mean square error. 

Generalized additive models (GAMs) are a nonparametric partial regression 

approach that provide a graphical and statistical analysis of potential nonlinear 

relationships without a priori assumptions of a particular functional form (Hastie & 

Tibshirani 1990).   We used GAMs to investigate the relationship between acoustic 

biomass, environmental, and geographic variables with an identity link function.  To 

account for autocorrelation in acoustic biomass among adjacent vertical depth bins and 

among stations, we expanded the GAM into a mixed model (GAMM) by including 

station as a random effect and a first order correlation function in the error term (Lin & 

Zhang 1999, Wood 2006).  We constructed GAMMs separately for stations with > 2.0 

mg·l-1 DO and stations with ≤ 2.0 mg·l-1 DO to determine if the relationship of 

backscatter with environmental variables varied between stations with hypoxic and 

normoxic bottom waters.  

We also used Mantel’s test to investigate the significance of relationships 

between backscatter and the environmental variables (Mantel 1967).  Mantel’s test is a 

nonparametric partial regression approach based on dissimilarity matrices of predictor 

and response variables rather than the actual variables themselves (Mantel 1967).  One 
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advantage of Mantel’s test over traditional regression approaches is that it explicitly 

accounts for spatial autocorrelation in both predictor and response variables as well as 

intercorrelations among predictor variables.  Unlike GAMs, Mantel’s test assumes a 

linear relationship among dissimilarity matrices.  Statistical analyses were performed 

using S-Plus version 7.0 (Insightful, 2004) and R (R core developers 2005) with GAMMs 

fit using mgcv (version 1.4-1, Wood 2006) and Mantel’s test using ecodist (1.1.3, Goslee 

& Urban 2007). 

We used ANOVAs to compare differences in backscatter between discrete 

environmental categories.  For ANOVAs, data were tested for normality and 

homogeneity of variance using Q-Q plots and standardized residuals and were log 

transformed when necessary. To test whether bottom water hypoxia impacts the vertical 

distribution of biomass, we used an ANOVA with the log-transformed ratio of 

backscatter above to backscatter below the pycnocline as the response variable and the 

presence versus absence of bottom hypoxia as a categorical predictor variable.  Only 

stations with bottom depths > 5m and < 20m (n = 25) were included in this analysis to 

minimize the potentially confounding effect of depth and because the pycnocline was 

readily discernable in this depth range. 

2.3 Results 

Of the 41 stations sampled with acoustics, 22 stations were outside of the hypoxic 

zone in depths of 3 m to 31 m and bottom oxygen levels of 2.0 mg·l-1 DO to 8.7 mg·l-1 DO.  

Nineteen stations were inside of the hypoxic zone in depths of 5 m to 24 m and bottom 

oxygen levels of 0.2 mg·l-1 DO to 1.9 mg·l-1 DO (Figure 2.1). While there were a similar 

number of acoustic stations sampled at day (22) and night (19), there were more hypoxic 
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stations than normoxic stations sampled at night (12 compared to 7).   Hypoxic bottom 

waters were between 0.5 and 6 m thick with a mean thickness of 3.3 m, which extended 

up to 48 % of the water column. In addition there was no significant difference in 

biomass per meter between hypoxic (-59.5 dB) and normoxic stations (-56.6 dB; ANOVA, 

F1,40 = 2.37, p = 0.13). 

Species composition in trawl catches varied considerably among acoustic stations 

but was typically dominated by Atlantic bumper (Chloroscombrus chrysurus), and 

Atlantic croaker (Micropogonias undulatus, Figure 2.2). These two species combined 

accounted for 71% (by number) of total catches for hypoxic stations and 67% of total 

catches for normoxic stations.  Other commonly caught fish species in order of 

abundance included striped, dusky, and bay anchovy (Anchoa hepsetus, A. lyolepis, A. 

mitchilli), silver and white sea trout (Cynoscion nothus, C. arenarius), spot (Leiostomus 

xanthurus), banded and star drum (Larimus fasciatus, Stellifer lanceolatus), and butterfish 

(Paprilus burti).  Atlantic bumper were about 1.5 times more abundant on average than 

croaker and were particularly abundant inshore (< 4 km, 68% of total catch), while 

croaker were more abundant offshore (> 4 km, 44% of total catch).  Species composition 

at normoxic stations was typically more diverse but dominated by bumper (59% of total 

catch) and croaker (24%).  In contrast to hypoxic stations, anchovies were particularly 

abundant at some of the normoxic stations (5% compared to 0.3%).  Backscatter in the 

bottom three meters of the water column was positively but weakly correlated with 

catch-per-unit-effort from the trawls; the relationship was significant for the flat trawl (r2 

= 0.12, p = 0.009, n = 41) and marginally significant for the mongoose trawl (r2 = 0.032, p 

= 0.09; n = 41).     
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Figure 2.2: Total CPUE split by species for normoxic day, night, hypoxic day, and night 
stations and scaled by total catch.  Average fish catch from combined flat and mongoose 
trawls per 1.8 km tow values are shown below each chart.  Standard deviations were 
high (810 to 4280 fish/tow). 

 

To investigate the relationship between acoustically detected biomass and 

environmental variables, GAMMs were fit separately for stations with hypoxic bottom 

waters and those with normoxic bottom waters (Table 1, Figure 2.3). Backscatter was 

lowest at less than 2.0 mg·l-1  DO, increased monotonically up to 4-6 mg·l-1, and then 

leveled off (Figure 2.3a,b). At normoxic stations, there was a trend toward higher 

biomass near the surface but the relationship was not significant, suggesting a relatively 

even distribution of biomass throughout the water column.  In contrast, when bottom 
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waters were hypoxic, backscatter was highest near the surface, declined to about 10 m 

depth, and then leveled off or increased slightly as it approached the bottom.  

Relationships with temperature, salinity, and depth were relatively weak and generally 

non-significant, particularly for normoxic stations.  Similarly, there was no relationship 

with thickness of the bottom hypoxic layer or distance to the hypoxic edge.  Backscatter 

was significantly higher at night than during the day at both hypoxic and normoxic 

stations.   

  

Table 2.1: GAMM and GLMM results for a) normoxic and b) hypoxic stations.  
Dissolved oxygen was the most informative predictor in all models.  Night time 
backscatter was greater than during the day at both hypoxic and normoxic stations.  
Backscatter at hypoxic stations were also influenced significantly by bin depth and total 
water column depth.  Temperature and salinity were marginally significant at hypoxic 
stations but not at normoxic stations. 
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Figure 2.3: Generalized additive mixed model plots of the effects of DO, temperature, 
salinity, hypoxia depth (hypoxic stations only), time of day, distance to edge (meters), 
distance to shore (km), and total depth on backscatter with station as a random variable.  
The additive and linear p-values are included on the plot to show significant effects.  a) 
For normoxic stations, oxygen and time of day explained the greatest amount of 
variance. b) For hypoxic stations, oxygen, depth, and time of day explained the greatest 
amount of variance. 
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All of the environmental variables were spatially autocorrelated, with the 

strength of the spatial autocorrelation varying by an order of magnitude (r2 = 0.012-0.11) 

among the variables according to the Mantel’s test results (Figure 2.4).  Environmental 

variables were also strongly correlated with each other (Pearson correlation coefficient, 

r2 = 0.01-0.79) with particularly strong negative correlations between temperature and 

salinity (r2 = 0.79), positive correlations between DO and temperature (r2 = 0.66), and a 

lesser negative correlation with hypoxia thickness and DO (r2 = 0.09).    After accounting 

for spatial autocorrelation and intercorrelations among variables, DO, bin depth in the 

water column, and time of day had significant effects on backscatter.  Partial correlations 

with DO and bin depth, however, were about twice as strong as the partial correlation 

with time of day.  Even after accounting for these effects, a small but significant residual 

spatial structure in backscatter remained.  
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Figure 2.4: Mantel path diagram for all stations. The left side shows Mantel’s simple 
partials describing the spatial autocorrelation with environmental variables.  Significant 
spatial structure is represented using arrows.  The right side shows the Mantel’s pure 
partials taking into account the effects of spatial autocorrelation and intercorrelation 
among variables.  The arrow thickness is proportional to the strength of the relationship 
(r2) of significant variables. The bottom arrow shows a residual spatial structure left 
unaccounted for by the chosen variables. 
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We chose two stations for display that were of similar bottom depth (6 vs. 7 m) 

and sampled at similar times (1600 vs. 1300 hours), but experienced contrasting bottom 

oxygen conditions.  Station 55 was located at the hypoxic edge indicated by bottom DO 

of 1.7 mg·l-1 (1 m thick) at the beginning of the transect and bottom DO of 4.2 mg·l-1 at 

the end.  In contrast, station 38 was located in well oxygenated bottom water (mean of 

5.8 mg·l-1 DO).  The acoustic echogram for the normoxic station (station 38) showed large 

schools of fish near the surface as well as near the bottom (Figure 2.5a).  The catch was 

almost exclusively Atlantic bumper (>99%).  The hypoxic edge station (station 55) 

showed high biomass at the surface with high backscatter around 4m and an empty 

water column at depths below 4m (Figure 2.5b); only one fish (immature cobia, 

Rachycentron canadum) was caught at this station.  The oxygen profile at the normoxic 

station was nearly uniform over depth as was acoustic biomass (Figure 2.5c).  The 

oxygen profile at the hypoxic edge station declined precipitously at about 4 m depth 

from 6.3 mg·l-1 DO at the surface to 1.7 mg·l-1 DO at the bottom and was mirrored by a 

similar decline in acoustic biomass with depth (Figure 2.5d).  
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Figure 2.5: Sample images of acoustic biomass.  High scattering volume (Sv) is shown in 
red with low Sv shown in blue. The top meter as well as the bottom 1/2 meter were 
excluded from analysis. a) Station 38 with normoxic waters.  The flat trawl was 99% 
Atlantic Bumper (Chloroscombrus chrysurus) and was 7.5m at maximum depth.  b) Station 
55, an edge station with both normoxic and hypoxic bottom waters (9.2m maximum 
depth).  The flat trawl caught one Cobia. c) Plot of acoustic biomass with shorter bars 
representing higher biomass and dissolved oxygen (DO) shown in blue.  Station 38 
shows a constant oxygen profile and relatively constant biomass. d) Station 55 shows 
biomass decreasing at approximately 4 mg O2·l-1. 

To further investigate the effects of hypoxia on the vertical structure of acoustic 

biomass we compared the absolute and relative depth distribution of acoustic 

backscatter between hypoxic and normoxic stations.  Average acoustic biomass within 

the upper 7 m of the water column at hypoxic stations was greater than the mean of all 
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stations (hypoxic and normoxic combined), while the biomass in the lower 13 m of the 

water column was lower than the mean of all stations combined (Figure 2.6a).  The 

opposite pattern occurred at normoxic stations with greater than average acoustic 

biomass in the lower water column (> 7 m depth) and less than average acoustic 

biomass in the upper water column (< 7 m depth).   

Because these differences in vertical structure may be influenced in part by the 

absolute depths that were sampled, we also calculated the relative accumulation of 

biomass over the relative volume of vertical habitat available, and compared these 

cumulative distributions between normoxic and hypoxic stations.  Acoustic biomass 

accumulated more rapidly with increasing depth (surface to bottom) at hypoxic stations 

compared to normoxic stations (Figure 2.6b).  The near linear relationship between 

cumulative backscatter and water column depth at normoxic stations shows slightly 

greater biomass at the surface (55% in the top 40% of the water column) but indicates a 

relatively even vertical distribution of biomass.  In contrast, at hypoxic stations most of 

the biomass (75%) accumulated in the top 40% of the water column consistent with 

vertical compaction above the hypoxic bottom layer.  The ratio of biomass above versus 

biomass below the pycnocline was 2.5-fold higher at hypoxic stations (mean ratio = 3.90, 

2.8 s.d.) compared to normoxic stations (mean ratio = 1.60, 1.17 s.d.) further supporting 

the hypothesis that biomass is compacted vertically in the water column (ANOVA, F1,24 = 

11.03, p = 0.0029).     
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a) 
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b)  

 

Figure 2.6: Vertical distribution of acoustic biomass separated by hypoxic (n = 19) and 
normoxic stations (n = 22).  a) Deviation from mean backscatter is graphed against 
depth. The mean vertical hypoxic edge (2.0 mg O2·l-1) plus / minus one standard 
deviation is represented by one solid and two dashed lines respectively.  Negative 
values here indicate a logarithmic decrease in biomass and positive values mean a 
logarithmic increase.  Biomass is greater in hypoxic stations for the top 7 meters but 
greater in normoxic stations for the bottom 13 meters.  b) Cumulative backscatter 
graphed against cumulative habitat with hypoxic (black line) and normoxic stations 
(dotted line).  More of the backscatter is contained in the surface waters at hypoxic 
stations when compared to normoxic stations which have a more uniform relationship. 
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2.4 Discussion 

Prior studies addressing the effects of low oxygen on the distribution of marine 

fishes have typically focused on horizontal shifts in distribution that arise from low 

oxygen avoidance behaviors of mobile organisms (Eby & Crowder 2002, Eby & Crowder 

2004, Craig & Crowder 2005, Craig et al. 2005, Tyler & Targett 2007).  Abundance 

typically declines sharply at dissolved oxygen levels below 2 mg·l-1 DO (Howell & 

Simpson 1994, Eby & Crowder 2002, Craig & Crowder 2005).  Recent field studies 

suggest low oxygen thresholds that elicit horizontal avoidance responses may vary both 

among species (Pihl et al. 1991, Rahel & Nutzman 1994) as well as within species at 

different life stages (Pihl et al. 1991, Breitburg 1992) or in different systems (Breitburg et 

al. 1997, Keister et al. 2000, Eby & Crowder 2002, Taylor & Rand 2003).  In addition, 

laboratory experiments suggest some species may exhibit graded rather than threshold 

avoidance responses to low DO (Wannamaker & Rice 2000, Stierhoff et al. 2006).  Much 

less is known about potential vertical shifts in distribution in relation to low oxygen.  

Hydroacoustics offers the opportunity to characterize hypoxia-induced shifts in both the 

horizontal and vertical dimension at fine spatial and temporal scales. 

Hypoxia can extend over > 20,000 km2 of the northwestern Gulf shelf in some 

years but is typically limited to the bottom few meters of the water column (Rabalais et 

al. 2002).  Trawl studies that only sample near the bottom have reported low catches 

where bottom waters are hypoxic (Pavela et al. 1983, Leming & Stuntz 1984, Renaud 

1986).  For example, based on large scale, fishery-independent trawl surveys demersal 

biomass as well as the abundance of particular species (brown shrimp, Atlantic croaker) 

was low within hypoxic bottom waters and high in nearby oxygenated waters (Craig & 
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Crowder 2005, Craig et al. 2005).  This could indicate that mobile fishes and 

invertebrates successfully avoid low oxygen and aggregate in normoxic edge habitats. 

Craig and Crowder (2005) suggested that hypoxia-induced shifts in spatial distribution 

and high density aggregations near hypoxic edges may negatively impact growth, limit 

access to prey resources, and enhance interactions with the shrimp trawl fishery.  Even 

so, our results indicate that considerable biomass remains within the hypoxic zone 

above the low oxygen bottom water suggesting low DO may impact distribution and 

associated processes in the vertical dimension as well.  

Total acoustically detected biomass was not statistically different inside and 

outside of the hypoxic zone indicating considerable biomass remains in areas with 

hypoxic bottom waters. These results indicate that organisms remain within the 

geographic boundaries of the hypoxic zone rejecting our first hypothesis.  With the 

decreased trawl catches within the hypoxic zone particularly during the day, this 

suggests that biomass is aggregated above the hypoxic zone.  These results agree with 

previous findings that overall biomass at an oil rig was displaced vertically above 

hypoxic bottom waters with similar overall biomass during hypoxic and normoxic 

episodes (Stanley and Wilson 2004).  From the acoustic data alone, it is not clear whether 

the hypoxic bottom waters are pushing benthivores above the hypoxic zone that still can 

make feeding forays to the bottom or whether pelagic species are present in greater 

numbers and benthivores are less abundant.  Given the large extent of hypoxic waters in 

the Gulf, a large proportion of benthic habitat is potentially affected.   

The high species richness (mean = 9 species) in bottom trawl samples collected 

synoptically with acoustic data make it difficult to unequivocally identify the species 

comprising the acoustically detected biomass.  Overall, Atlantic bumper, Atlantic 
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croaker, and anchovies comprised the majority of the trawl catches, but on occasion, 

other species such as longspine porgy and sea trout were abundant. Bumper often 

occurred as large monospecific catches while croaker typically occurred as part of a 

more species-rich demersal assemblage.  Given that bumper are pelagic planktivores 

that undertake diel vertical migrations (Chaves and Umbria 2003), they may respond to 

hypoxic primarily via vertical avoidance, and, hence, may comprise a large portion of 

the acoustically detected biomass above the hypoxic zone.  However, other species such 

as anchovies, and herring are abundant in this region as well and may not be effectively 

sampled by bottom trawls.  Croaker are considered a benthivore and strongly associated 

with the bottom, hence it was somewhat surprising to find large numbers of croaker in 

areas with hypoxic bottom waters.  This suggests that croaker may exhibit a degree of 

vertical avoidance in response to hypoxia or that croaker may have a high tolerance for 

low oxygen.   The correlation between backscatter in the bottom three meters and CPUE 

was significant indicating trawl data could be used to identify acoustically observed 

species, but had a large amount of unexplained variability.  Discrepancies between 

acoustic backscatter and CPUE might be caused by varied catchability in size and 

species especially during the day (Michalsen et al. 1996, Casey & Myers 1998), as well as 

acoustic target strength variability based on fish behavior (Foote 1980, Hazen & Horne 

2003, 2004).  Reduced mobility due to low oxygen may also inflate trawl catches in 

hypoxic waters or edges (Breitburg et al. 1997, Craig & Crowder 2005). 

We did not find a significant relationship between acoustic biomass and distance 

from the hypoxic edge.  This differs from findings based on bottom trawl surveys that 

showed large catches of Atlantic croaker, brown shrimp, and other species at the 

hypoxic edge (Craig & Crowder 2005).  This did not support our second hypothesis that 
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expected a peak at the edge with a monotonic decline with distance from the edge. 

Because acoustic biomass integrates the behavioral responses of multiple species that 

could differ in DO tolerance and the degree of aggregation in hypoxic edge habitats, 

trawl results could show different species specific patterns. For example, Atlantic 

bumper were predominant at normoxic stations while lower CPUE trawls in hypoxic 

stations still contained large percentages of Atlantic croaker (Figure 2.2). Additional 

research including midwater trawls and more targeted sampling near hypoxic edges is 

needed to tease apart changes in species assemblages and abundance relative to bottom 

water hypoxia.         

While the presence of fish in the upper water column due to bottom hypoxia is 

not surprising, two lines of evidence suggest that hypoxia alters the vertical distribution 

of fishes.  First, the vertical distribution of biomass was strikingly different between 

hypoxic and normoxic stations although vertically-integrated biomass was not 

significantly different between hypoxic and normoxic regions of the shelf. The amount 

of acoustic biomass in the upper water column was much higher at hypoxic than at 

normoxic stations on both absolute and relative scales, consistent with the displacement 

of organisms in the bottom layer to higher in the water column.  Similarly, the ratio of 

biomass above to biomass below the pycnocline was considerably higher at hypoxic 

stations compared to normoxic stations, again consistent with vertical avoidance.  These 

results are consistent with other studies of pelagic species that have demonstrated 

vertical avoidance of low oxygen bottom water, disruption of diel patterns in vertical 

migration and aggregation in overlying normoxic waters (Keister et al. 2000, Taylor & 

Rand 2003). Further research on diel changes in vertical distribution is necessary to 

adequately assess whether hypoxia alters vertical migrations in the Gulf of Mexico. 
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Hypoxia may have implications for food web dynamics and trophic transfer by 

reducing predator mobility or prey evasion. For example, large billfish and tuna in the 

eastern tropical Pacific that were compressed to the top 25 meters of the water column 

by hypoxia had higher growth rates presumably due to increased aggregations of prey 

(Prince & Goodyear 2006). At smaller spatial scales, differences in hypoxia avoidance 

between pelagic predators and zooplankton prey can lead to both increases and 

decreases in spatial overlap with potential implications for prey mortality and predator 

growth (Breitburg 1994, Breitburg et al. 1997, Taylor & Rand 2003).  Similar food web 

effects may be occurring with Atlantic bumper that are unable to feed upon hypoxia 

resistant zooplankton in low oxygen waters.  Reduced prey availability for benthivores 

such as Atlantic croaker in hypoxic waters (Eby & Crowder 2002) may also have broader 

food web implications than were measured in this study. 

With the possibility of increased hypoxia in the future (Cloern 2001), the 

potential for greater benthic habitat loss, vertical displacement, and changes in species 

composition could alter the ecology of the Gulf of Mexico.  The changes in acoustic 

backscatter coupled with trawl catches show how fish species have different responses 

to hypoxia, and that vertical displacement is as common as horizontal displacement of 

biomass.  This study has demonstrated that hypoxia reduces the vertical habitat 

available to fish species and that horizontal edge effects of hypoxia are more 

complicated than a simple increase in biomass.  An important consideration outside the 

scope of this study was the combined population effect of low oxygen and shrimp 

fishery bycatch on Atlantic croaker and other common gulf species.  Increased 

aggregations or catchability near hypoxic edges could make it difficult to detect 

population declines.  It is extremely important to continue research on the holistic effects 
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of hypoxia at multiple scales to monitor the long term effects of the Gulf of Mexico 

hypoxic zone. 
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3. Latitudinal Complexity in the Deep Scattering Layers 
and Top Predator Distribution in the Central Equatorial 
Pacific 

ABSTRACT: The deep scattering layers (DSL) in the central equatorial pacific form an 

important prey resource in an otherwise unproductive habitat. Few macro-scale 

transects exist that have measured the distribution of the DSL at the same scale as 

physical and biological features making this a unique ecological dataset.  In March of 

2006, we used a calibrated 38 kHz SIMRAD EK60 to assess the spatial distribution of the 

deep scattering layer relative to broad scale oceanographic features and fine scale 

physical and biological measurements.  We employed a single continuous transect from 

approximately 10˚ S to 20˚ N at 170˚ W while measuring acoustic backscatter, current 

velocity and direction, temperature, salinity, oxygen, and fluorescence with depth, in 

addition to observers surveying marine mammal distributions. Shipboard data were 

combined with remotely sensed sea surface height, chlorophyll, and sea surface 

temperature data.  Acoustic backscatter was easily characterized into surface (<200 m), 

mid (200-550 m) and deep (550-1000 m) layers.  We found high diel variability in DSL 

depth and density between the mid and surface layers as well as a shallowing of the 

deep layer moving northward across the equator. Chlorophyll concentration was 

greatest at the equator and higher north of the equator compared to the south.  

Backscatter was highly correlated to chlorophyll-a and upwelling and consequently was 

significantly denser at the equator.  Marine mammal sightings consisted primarily of 
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odontocetes with their distribution supporting known foraging strategies.  Shifts in DSL 

depth and density could be important in understanding the behavior and distribution of 

highly migratory predator species. 

 



 

 40 

3.1 Introduction 

 
Longitudinally, the equatorial Pacific is divided into two distinct ecosystems, the 

warm pool west of the dateline and the Pacific Equatorial Divergence to the east, 

although the division fluctuates with El Niño Southern Oscillation (ENSO) variability 

(LeBorgne et al. 2002, Longhurst 2006). Primary productivity in the Pacific Equatorial 

Divergence, the highly stratified eastern basin of the equatorial Pacific is limited by 

micronutrients (e.g. iron) with a higher level of available nutrients (e.g. nitrogen) 

compared to the warm pool (Barber et al. 1991).  Further east it also is a divergence zone 

for wind driven and geostrophic currents resulting in dynamic oceanography and 

upwelling areas of increased productivity (Fiedler and Talley 2006, Kessler 2006).   

Latitudinally, the highest current speeds up to 1.5 m·s-1 are seen in the Equatorial 

Undercurrent (EUC) which flows eastward at the equator and reaches up to 250m deep 

(McCreary 1981).  High velocity surface currents near the equator include the South 

Equatorial Current (SEC) flowing westward with both a north and south branch on 

either side of the equator (Wyrtki 1974, Harrison 1996).  Continuing away from the 

equator, the north equatorial counter current and south equatorial countercurrent 

(NECC and SECC) are surface currents running eastward at approximately 8° N and 10° 

S respectively (Johnson et al. 2002).  Along the northern branch of the SEC (2-3° N), a 

sharp gradient in surface temperature is called the equatorial front and is indicated by 

strong upwelling (Kessler 2006).  Northeasterly winds meet the southern southeasterly 

trade winds between 5-10° N resulting in a region of downwelling of surface waters and 

increased precipitation (Fiedler and Talley 2006) called the intertropical convergence 

zone (ITCZ). The exact location of the ITCZ varies seasonally, moving north with 
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increased sunlight in summer months (Wyrtki 1966, Fiedler and Talley 2006, Kessler 

2006). 

In this region, shoaling of the thermocline allows cold nutrient rich water to 

reach the photic zone increasing productivity in the area (Pennington et al. 2006).  In the 

southern hemisphere, the depth of the thermocline slopes upward from the South Pacific 

subtropical gyre (~10° S - Kessler 2006), below the SECC and rises to the equator below 

the SEC and the EUC (Johnson et al. 2002).  North of the equator, the thermocline 

continues to shoal upward as a result of the NECC and its Coriolis forced geostrophy 

(Johnson et al. 2002). When stratified thermoclines exist, the depth of the thermocline 

often corresponds to the depth of the nutricline (Barber and Chavez 1983, 1991).  

Contrary to the eastern warm pool, phytoplankton blooms are micronutrient limited as 

upwelling and thermocline shoaling supplies nutrients to the photic zone (Pennington et 

al. 2006).  These phytoplankton blooms are the foundation of temporally compact food 

webs resulting in zooplankton and pelagic planktivores making diel vertical foraging 

migrations (Roger and Grandperrin 1976, Pennington et al. 2006).  

Deep scattering layers (DSL) were first described in 1948 and have since been 

observed at various depths and in multiple oceans around the world (Tont 1976).  In the 

central equatorial Pacific, the DSL is characterized by lantern fish (Myctophids), squid, 

shrimp, and gelatinous plankton (Tont 1976, Domokos et al., 2007).  Layers of the DSL 

have been categorized as 1) migratory that approach the surface at night, the 2) semi-

migratory that migrate to the midwater at night, and the 3) static layer which remains at 

depth (Tont 1976).  The migratory layers of the DSL exhibit diel vertical migration from 

the surface at night to depths up to 500m during the day as a method of foraging and 

predator avoidance (Tont 1976, Dagorn et al. 2000).  In addition, the DSL form an 
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important component of the food web linking primary productivity and zooplankton to 

top predators (Roger and Grandperrin 1976).  The strength and location of the DSL is an 

important factor in predicting top predator distribution (Dagorn et al. 2000, Ballance et 

al. 2006) and consequently fishery productivity (Domokos et al. 2007).  

Species distributions and the relationships to their habitat are extremely 

dependent on spatial and temporal scale.  Spatial scales for ecological analysis of marine 

predators have been separated into four distinct categories by Hunt and Schneider 

(1987): mega-scale (> 3000 km), macro-scale (1000-3000 km), meso-scale (100-1000 km), 

and coarse-scale (1-100 km).  In some cases oceanographic features such as surface fronts 

and thermocline depth are used as a proxy for prey distributions at mega and macro 

scales, but little research has focused on these associations at meso and coarse scales 

(Ballance et al. 2006).  In addition, measurements of prey distribution and density in 

relation to oceanographic features are required to improve our understanding of trophic 

linkages (Ballance et al. 2006), yet they are rarely made.  Variability in the depth and 

density of the DSL, particularly in the central equatorial pacific is also poorly 

understood. 

In this study we surveyed the physical and biological oceanography, acoustic 

backscatter, and marine mammal presence on a single transect from 13° S latitude to 20° 

N at a longitude of approximately 170° W.  Data from conductivity temperature depth 

(CTDs) sensors, acoustic echosounders, acoustic Doppler current profilers (ADCPs), and 

satellite imagery were used to map physical gradients and to examine their effect on the 

density, distribution of DSL, and potential predators. Our goal was to further examine 

how DSL density varied with previously described water bodies and currents in the 

central equatorial Pacific.  Specifically, we tested the following hypotheses: 1) DSL 
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density would be greatest where upwelling, and in turn fluorescence were highest, and 

that 2) predator density would be directly related to DSL density and less significantly 

correlated with upwelling and fluorescence.  Identifying the relationship between 

physical features and the oceanographically driven pelagic food web is an important 

step towards understanding the ecology of the region.  

 

3.2 Methods 

 3.2.1 Data Collection 

 We collected concurrent measures of backscatter of the DSL and physical 

parameters aboard the R/V Oscar Elton Sette from March 6th-29th, 2006 in the central 

equatorial pacific.  The spatial extent of the cruise was from 14.8° S latitude to 20° N and 

from 174.8° W to 162.2° W departing from American Samoa and arriving in Honolulu, 

HI (Figure 3.1).  Dual hull mounted SIMRAD EK60s operating at 38 kHz and 120 kHz 

were recording backscatter at an average frequency of 5 pings per second with pulse 

widths of 1024 ms and 512 ms respectively.  The echosounders were calibrated prior to 

the cruise using a 23 mm copper sphere and 38.1 mm tungsten carbide sphere of known 

target strengths (23mm: -40.4 dB at 120 kHz, and 38.1mm: -33.6 dB at 38 kHz; Foote 

1982). Data were collected up to 200m deep for the 120 kHz echosounder and up to 

1000m deep at 38 kHz.  Current direction and velocity were measured using an RD 

Instruments Acoustic Doppler Current Profiler (ADCP) operating at 75 kHz and up to 

500m in depth.  Temperature (oC) , salinity, dissolved oxygen (mg·l-1), and fluoroscence 

were measured using a Seabird SBE 19 CTD, every 25 km and expendable thermal 

bathythermographs (XBTs) up to 500 meters in depth every 4 km during daylight (6am-
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7pm). Marine mammal visual surveys were performed using standard line transect 

methods (e.g. Buckland 1993) during daylight hours using two 25X ‘big eye’ binoculars 

mounted atop the flying bridge interspersed with hand-held binoculars and the naked 

eye. Upon sighting, data including time, position, species, and group size were recorded 

digitally. When species identification and group size estimates could not be obtained, 

the ship traveled off transect and off effort to approach and identify.  
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Figure 3.1: Snapshot of global chlorophyll-a during the cruise from composite 
MODIS/SeaWifs satellite imagery with the cruise track outlined in black.  The weak La 
Niña increased equatorial productivity visible in this image. 
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Satellite imagery was used to examine Sea Surface Temperature (SST), Sea 

Surface Height anomaly (SSH), and ocean color in relation to the sampling trackline.  Sea 

surface temperature (°C) was measured using NOAA’s AVHRR 4km and was processed 

into 8-day averages to account for bad data (e.g. cloud cover).  SSH anomaly (from a 

seven year mean ellipsoid) grids (cm) were processed from Aviso satellite data and were 

processed into 7-day windows. Sea surface chlorophyll-a density (mg·m-3) was merged 

from SeaWiFS and MODIS images to improve pixel coverage and compiled into an 8-

day surface (Roberts et al. 2007). A composite grid file for the entire cruise was created 

by sampling each product by location and survey day to ensure temporal accuracy.  

When cloud cover obscured a sampling cell, the mean of the previous and following 

period was used as a proxy. 

 3.2.2 Analysis 

 Acoustic data were processed using Sonardata’s Echoview 3.5 with a processing 

threshold of -90dB to reduce noise.  Noise removal algorithms that analyzed the vertical 

structure of each ping and removed those with a thresholded backscatter >95% of the 

water column were used to eliminate pings from electrical or mechanical interference. In 

addition, surface backscatter (0-5 m) was excluded from analysis due to near field effects 

of the transducers (Simmonds and MacLennan 2005). When in shallow water, bottom 

was automatically detected with a backstep of 0.5 meters and corrected by hand.  

Backscatter data were then binned into 10m vertical bins by 0.25x0.25 km horizontal for 

spatial analysis. CTD and XBT data were processed into 1 m vertical bins. Ocean Data 

View (ODV version 3.1.0; http://odv.awi.de) was used to visualize vertical profiles of 

all oceanographic data and to create spatial interpolations of acoustic and physical data 
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with depth for the entire transect. In addition, horizontal surfaces were created using a 

universal krige to interpolate collected backscatter and environmental (CTD & XBT) data 

into 4x4 km and 25x25 km grid cells for the respective coarse- and meso-scale analyses. 

After initial examination, the acoustic data were integrated using linear units of σbs 

(σbs=10Sv/10) into surface (0-200km), midwater (200-550km), deep (550km-1000km), and 

total (0-1000km) categories.   

The ADCP data were analyzed in Matlab using CODAS to calculate meridonial 

and zonal velocities (Firing et al. 1995).  Using a 20 m vertical lag window, the depth of 

the thermocline was calculated using two methods; 1) by selecting the depth with the 

greatest absolute change within the window (Δ) and 2) by selecting the depth with the 

greatest variance within the window (σ).  Rather than using the 20° isotherm for 

thermocline depth (Kessler 1990), we used maximum change per meter as a measure of 

thermocline depth (Fiedler et al. 2006).  A large difference in depth between the two 

methods was indicative of a broad thermocline.  The process was repeated to identify 

the two depth calculations for the oxycline.  Total water column fluorescence was 

summed for the entire 500m cast and the depth of maximum fluorescence was 

calculated for each 20m lag window.   

All data were analyzed at two spatial scales:  16 km2 and 625 km2 using ArcGIS 

Desktop 9.2.   Fine or coarse scale analyses focused on three locations comprised of 16 

daytime and 16 night 4x4 km stations: 1) EQ at 3o N, 2) AS at 7o S, and 3) HI at 11o N. 

Data were tested for normality and homogeneity of variance using Q-Q plots and 

standardized residuals and were log transformed when necessary.  ANOVAs with 

Bonferonni post-hoc tests were used to examine differences in physical structure and 

backscatter among the three stations.  The meso-scale analysis divided the entire transect 
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into 245 25x25 km grid cells to examine the effects of thermocline and oxycline depth, 

total fluorescence and depth of maximum fluorescence, SST, SSH anomaly, ocean color, 

time of day, and latitude on surface, midwater, deep water, and total water column 

backscatter. Generalized additive models (GAMs, S-Plus 7.0) were used to look for the 

non-linear effects of environmental variables on backscatter and to identify specific 

thresholds.  GAMS are a nonparametric partial regression approach that provides a 

graphical and statistical analysis of potential nonlinear relationships without a priori 

assumptions of a particular functional form (Hastie and Tibshirani 1990). To examine the 

environment near marine mammals, sighting coordinates were used to spatially sample 

the meso-scale environmental variables for qualitative analysis.  The entire transect 

mean was subtracted from the sampled values to obtain a measure we termed “sighting 

anomaly.”  This provides a metric to examine whether the mammals were distributed 

randomly with respect to oceanographic features. By using multiple spatial scales we 

were able to examine abundance and distribution patterns of the DSL and top predators 

relative to physical parameters while also examining coarse scale trends at three 

latitudinally distributed stations. 

3.3 Results 

March of 2006 coincided with a weak La Niña event including an Oceanic Niño 

Index (ONI) of -0.3 (NOAA 2008). An upwelled tongue of high chlorophyll is visible 

advancing westward along the equator in ocean color satellite imagery (Figure 3.1). SSH 

anomaly showed the greatest upwelling at the equator (-10 cm) and southwest of the 

Hawaii islands (-20 cm, 15˚ N; Figure 3.2).  Downwelling was greatest at 10˚ N and 12˚ S 

with SSH anomaly values of 10-15 cm.  Surface backscatter was also greatest at the 
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equator with the majority of observed backscatter between 6˚ S and 10˚ N including a 

diel cycle of greater backscatter during the day (Figure 3.2). The major geostrophic and 

wind driven currents were apparent on ADCP plots of zonal velocity (Figure 3.3).  The 

EUC dominated the system visible at the equator between 75 and 250 m in depth, with 

current velocities greater than 100 cm·s-1.  In addition, both arms of the SEC (2˚ S and 5˚ 

N) and the NECC (9˚ N) were visible flowing westward at the surface.  The SECC and 

NEC (10˚ S and 15˚ N) were also visible from ADCP data flowing eastward with 

measured velocities up to 50 cm·s-1. 
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Figure 3.2: Cruise track with total water column backscatter in 25x25 km grid cells.  The 
three coarse scale stations (16 day and 16 night 4x4 km grid cells) are shown as black 
points for reference. Negative sea surface height anomaly (SSH) in red represents 
upwelling waters with positive SSH anomaly values in blue. 

Hawaii 

3)AS 
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American 
Samoa 
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Figure 3.3: Acoustic Doppler Current Profiler results in zonal and meridional velocity 
(cm·s-1) with latitude and depth.    For zonal velocity, eastward flow is indicated in red 
with westward indicated in blue while for meridional velocity northward flow is 
indicated in red with southward in blue. 



 

 52 

Over the entire latitude of the cruise we observed a static DSL that ranged from 

650-800m in depth with a mean depth of 675 m (Figure 3.4).  The static DSL shallowed 

with a northward change in latitude until ~8˚ N where it remained constant at 650m. 

There was a strong and predicted diel vertical migration (DVM) with the midwater DSL 

migrating toward the surface during night hours.  DVM was most notable between 3˚ S 

and 10˚ N (Figure 3.4).  Temporal and spatial periods of elevated DVM corresponded 

closely to the plot of CTD measured chlorophyll (relative fluorescence) with depth.  

Areas of high chlorophyll-a occurred during the day and spatially were immediately 

north of the equator, at 2˚ S, and 5˚ N with a mean depth of 50 m (Figure 3.5a).   

 

Figure 3.4: Backscatter plot with depth and latitude.  For analyses these data were 
binned into surface (0-200m), midwater (200-550m) and deep (550-1000m). 
 

The vertical structure of the water column changed dramatically moving south to 

north across the equator.  The thermocline showed a similar trend as the static DSL 

shallowing from 275 m at 15˚ S up to 175 m remaining at a constant depth at latitudes 

greater than 8˚ N (Figure 3.5b). The top 500 m of the water column was entirely 

normoxic south of the equator (Figure 3.5c) although there was a strong hypoxic wedge 
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from 500m up to 200m deep around 10˚ N.  Salinity was highest (> 36) in a vertically 

compact wedge with mean depth of 175 m observed between 10˚ - 3˚ S (Figure 3.5d).  

Overall, salinity was lower north of the equator with a localized minima of 34 observed 

between 8˚-15˚ N at depths of 0-80 m and 100-200 m (Figure 3.5d).  
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Figure 3.5: a) Fluorescence (mg ChlA·m-3), b) Temperature (°C), c) Dissolved Oxygen 
(mL·L-1), and d) Salinity plotted against latitude and depth for the entire cruise track. 

 

The meso scale analysis used a 625 km2 cell to examine the effects of satellite and 

CTD data on backscatter data throughout the water column. Backscatter in the entire 

water column was significantly affected by latitude, thermocline depth (σ), oxycline 

depth (σ), total water column fluorescence, depth of maximum fluorescence, daytime 

SST, and time of day.  Backscatter had a negative relationship with thermocline depth 

(σ) from 0-50 m but increased with depth from 50-200 m (Table 1, Figure 3.6).  There was 
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no change in backscatter with oxycline depths (σ) of 0-200 m but increased with deeper 

values.  Total water column fluorescence showed a threshold effect where backscatter 

increased significantly up to fluorescence values of 0.13 volts but then stayed at a 

constant higher level (Figure 3.6). Backscatter had a negative relationship with daytime 

SST especially at values greater than 27° C. Backscatter showed a decreasing trend with 

depth of maximum fluorescence.  There was a peak in total water column backscatter at 

night and time of day explained the most variability in the model (Table 3.1).  Both mid 

and deep backscatter values were significantly correlated with the thermocline and 

oxycline depths (Δ) as well as with averaged day and nighttime SST values.  

Interestingly, surface chlorophyll from satellite imagery was only significant for 

backscatter at mid depths while SSH anomaly was significant for backscatter at both mid 

and deep values.  These differences in the relationship between oceanographic features 

and backscatter among depth categories are further evaluated in the discussion. 



 

 56 

Table 3.1: GAM results for non-linear relationships of backscatter with: latitude, 
thermocline depth (1. maximum change & 2. variance), oxycline beginning and end 
(1&2), total water column fluorescence, depth of maximum fluorescence, Sea Surface 
Height (SSH) anomaly, SST (day), SST (night), surface chlorophyll (mg/m3), and time.  
Significant p-values (< 0.05) are shown in bold. 

  Surface backscatter Mid backscatter Deep backscatter Total backscatter 
 df F value p(F) F value p(F) F value p(F) F value p(F) 

s(Lat) 3 1.074 0.361 4.111 0.007 20.064 0.000 5.331 0.002 
s(THERMO.1) 3 3.391 0.019 2.155 0.095 5.392 0.001 7.408 0.000 
s(THERMO.2) 3 1.426 0.237 3.493 0.017 3.667 0.013 2.227 0.087 
s(OXY.1) 3 7.449 0.000 2.424 0.067 1.954 0.122 7.957 0.000 
s(OXY.2) 3 2.305 0.078 0.247 0.864 2.762 0.043 2.360 0.073 
s(FL.TOTAL) 3 2.767 0.043 1.645 0.181 14.944 0.000 4.718 0.003 
s(FluorDep) 3 5.401 0.001 4.040 0.008 2.736 0.045 4.819 0.003 
s(SSH.a) 3 1.915 0.129 2.778 0.043 4.613 0.004 0.534 0.659 
s(SST.D) 3 2.596 0.054 0.761 0.517 2.684 0.048 3.259 0.023 
s(SST.N) 3 0.934 0.425 0.597 0.618 2.430 0.067 1.329 0.266 
s(CHL) 3 1.491 0.218 6.060 0.001 1.716 0.165 1.240 0.297 
s(TIME) 3 140.008 0.000 9.782 0.000 19.865 0.000 68.285 0.000 
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Figure 3.6: General additive model plots of the effects of thermocline and oxycline depth 
(calculated via maximum change Δ, and variance σ), total fluorescence and depth of 
maximum fluorescence, SST, SSH anomaly, ocean color, time of day, and latitude on 
total water column backscatter for 25x25 km grid cells.  Significant results are shown in 
Table 1. 

Coarse scale station data from north of the equator (HI), near the equator (EQ), 

and south of the equator (AS) showed distinct biological and physical patterns.  Surface, 

mid, and total backscatter values showed similar trends with a peak in backscatter at the 

equator but no significant difference between the HI and AS stations (Figure 3.7a).  Deep 

backscatter was significantly greater at the equator than at HI, but HI had significantly 

greater values than the AS station as well.  Daytime SST showed a different trend with 

values decreasing with latitude; temperature at HI was higher than EQ and both of these 

had higher temperatures than AS (Figure 3.7b).  Night SST showed no significant 
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differences and SSH anomaly indicated EQ was a site of upwelling while AS and HI 

were both downwelling zones.  The thermocline was much broader at the AS and HI 

stations with thermocline depth (σ) the same as thermocline depth (Δ) at the equator 

(~140 m; Figure 3.7c).  Both thermocline depths were significantly different yet also were 

shallower at AS than at HI.  Although this differs in pattern from the meso-scale pattern, 

the mean of these two measures still matches the shoaling trend observed previously.  

Oxycline depth was more variable and deeper at AS compared to the other stations.  The 

depth of maximum fluorescence was significantly different at all three stations, 

shallowest at EQ, followed by HI and then AS.  Ocean color and total fluorescence, had 

the highest values at the equator followed by HI with the lowest values at AS (Figure 

3.7d).  However, surface chlorophyll values were much greater at the equator than the 

other two stations compared to total fluorescence.  These three stations classified by 

latitude showed different physical regimes in addition to differing patterns of DSL 

distribution.    
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Figure 3.7: Mean results for the three coarse scale (4x4 km) stations 1) AS, 2) EQ, and 3) 
HI with significant differences indicated using ANOVAs with Bonferonni post-hoc 
comparisons (p < 0.05).  a) Backscatter was significantly greater at station EQ while only 
the deep layer was significantly greater in HI compared to AS.  b) Daytime SST values 
were significantly different across all stations while nighttime SST values had no 



 

 62 

significant differences.  SSH anomaly was significantly different at EQ from the other 
two stations. c) Both the beginning and ending thermocline depths were significantly 
different across all stations.  The beginning and ending oxycline however only showed 
partial significance.  The depth of maximum fluorescence was significantly different 
across all stations.  d)  Surface chlorophyll-a and total water column fluorescence were 
significantly different across all stations and greatest at EQ. 
 

There were a total of 44 marine mammal sightings throughout the entire transect 

consisting of six false killer whale sightings (Pseudorca crassidens), five pilot whale 

sightings (Globicephala macrorhynchus), two sperm whale sightings (Physeter 

macrocephalus), four spinner dolphin sightings (Stenella longirostris), one pacific spotted 

dolphin sighting (Stenella attenuata), seventeen unidentified dolphin sightings, two 

minke whale sightings (Balaenoptera acutorostrata), and one orca sighting (Orcinus orca).  

These were grouped into three groups (pilot whales, stennellids, false killer whales) with 

less than three sightings excluded for qualitative analysis of oceanographic and prey 

conditions.  Pilot whales were most unique with sightings occurring at higher SSTs, and 

lower SSH anomaly values compared to false killer whales and delphinids (Figure 3.8b).  

Pilot whales were sighted in areas of greater chlorophyll from both satellite and CTD 

data as well as greater deep and midwater backscatter (200-1100 m) than the other two 

guilds yet seemed to show no relationship with surface backscatter (<200 m, Figure 

3.8a,c).  False killer whales were often on the other end of the spectrum, sighted more 

often in low chlorophyll, positive SSH anomaly values, and greater surface backscatter.   
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Figure 3.8: Sampled physical and biological parameters nearest to marine mammal 
sightings subtracting the mean transect values at the meso scale (25x25 km).  a) Pilot 
whales were seen in areas of greater mid (200-550 m) and deep (550-1000 m) backscatter 
compared to the other two guilds.  The trend was reversed for  surface waters (>200 m) 
with stelennid sightings having the greatest backscatter measurements.  b) SST was 
highest with SSH anomaly lowest (yet positive) at pilot whale sightings. False killer 
whales were sighted at the greatest SSH anomaly values. c)  Pilot whales were sighted at 
the greatest surface chlorophyll-a and total water column fluorescence measurements 
with false killer whale sightings having the least. 
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3.4 Discussion 

This research shows the effects of a La Niña intensified upwelling at the equator 

with responding increased productivity and DSL density.  Zonal velocity cross sections 

measured between 1985 and 2000 from ADCP data in the central equatorial Pacific 

showed similar current locations and mean depths (Johnson et al. 2002). At 170° W, the 

EUC is the strongest eastward current centered around the equator at 150m depth with 

the equatorial intermediate current (EIC) as the strongest westward current also at the 

equator and at 350m mean depth.  Both arms of the SEC are visible at the surface 

flowing westward and centered at 3° S and 2° N (Johnson et al. 2002).  Because of the 

large convergence in currents near the equator, researchers have previously described a 

dynamic upwelling system centered at the equator (Wyrtki 1981, Johnson et al. 2001) 

which was observed in satellite imagery of SSH anomaly (Figure 3.2).   The increase in 

chlorophyll-a at the equator is also well documented (Barber and Chavez 1991, Coale et 

al. 1996) but this upwelling results in an increased density in the DSL at the equator as 

well (Figure 3.2). Strong downwelling occurs at the boundary of the NECC around 6° N 

(Johnson et al. 2002) and is correlated with a decrease in DSL density (Figure 3.2). A 

similar downwelling at the northern interface of the SECC at 10° S (Domokos et al. 2007, 

Domokos 2008) resulted in lower DSL density than at the equator.   

 Previous research has shown a shallowing of the thermocline moving 

from south to north in the central equatorial pacific (Johnson et al. 2002), but this study 

is the first to show similar patterns in DSL mean depth.  South of the equator, the 

thermocline shallows underneath the SEC and the isotherms converge approaching the 

equator (2° S to 2° N; Figure 3.5b, Johnson et al. 2002).  The isotherms continue an 
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upward trend although less steep moving north, which is associated with the NECC 

(Johnson et al. 2002).  The oxycline also narrows moving from 10° S to the equator where 

the band of ~3 mlLL-1 extends from 140m to 275m yet at the equator and north remains 

around 200m deep (Figure 3.5c).  This narrowing in O2 concentration corresponds to the 

highly saline salt tongue created by subducted waters in the subtropics that are advected 

towards the equator (Johnson et al. 2002).  We see a strong oxygen minima 

corresponding with downwelling centered at 10° N (Figure 3.5c). This is most likely a 

result of increased oxygen consumption from particulate organic matter 

remineralization at the dynamic Intertropical Convergence Zone (Wyrtki 1962, Vidal et 

al. 1999). 

Analysis of DSL depth and density in the Pacific divided scattering organisms 

into three categories:  the static deep layer, a migratory midwater layer, and the semi 

migratory layer (Tont 1976).  We observed a static layer that ranged from a mean depth 

of 750m at 7° S up to 675m at 15° N.  However, this layer was considerably less dense 

south of 5° S (Figure 3.4).  The migratory layer was most dense and apparent between 5° 

S and 10° N with a decreased DSL density at migratory depths near downwelling zones 

(e.g. 9° S and 14° N, Figure 3.4).  The migratory and possibly the semi-migratory layer 

was clearly apparent at the surface (>200m) throughout the range of our cruise, however 

the highest densities were again between 5° S and 10° N (Figure 3.4).  One unique 

observation was the increased scattering density at the surface during the daytime at the 

equator and at 4° N suggesting organisms within a portion of the migratory layer may 

value the increase in foraging efficiency above the risk of predation (Figure 3.4).  A 

similar pattern has been observed in copepods where individuals forego vertical 

migration (Huntley and Brooks 1982, Hirst and Batten 1998).  However, these examples 
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show the opposite trend from our study where copepods remain at the surface in food 

poor environments and vertical migration is more intense when food is in high supply 

(Hirst and Batten 1998).     

When examining specific trends in DSL density and environmental variables, the 

DSL shows a strong relationship to environmental conditions and latitudinal gradients.  

In all three water column sections, DSL was most influenced by time of day as diel 

vertical migration is a common adaptation of midwater species to balance energetic gain 

with predation risk (Tont 1976, Huntley and Brooks 1982, Hirst and Batten 1998).  In 

addition to time of day, the depth of maximum fluorescence significantly affected DSL 

density in the surface, midwater, and deep layers (Table 3.1).  When fluorescence was 

greatest near the surface, DSL density was higher presumably because primary 

consumers such as copepods were also higher in abundance creating a more optimal 

foraging environment for DSL organisms (Figures 3.4 & 3.5a).  Total fluorescence also 

was positively correlated with DSL density thus further supporting the food chain 

driven relationship and supporting our original hypothesis.  While there was a general 

trend of increased backscatter with increasing thermocline depth, a narrower oxycline 

(shallower end and deeper start) also was correlated with higher DSL density. In 

addition, the surface layer was significantly correlated with start depth of the oxycline 

and thermocline while the deep layer was significantly correlated with the end depth 

suggesting the migratory layer might settle above the thermocline during night but 

settling below the thermocline during the day.  The importance of vertical structure has 

been demonstrated previously for vertical migratory species (Fiedler and Talley 2006) as 

the thermocline depth indicates increased nutrient availability for primary producters 
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(Barber and Chavez 1983).  By using coarse scale stations, we aim to further examine the 

linkages from physical oceanography to biological productivity.  

Our data supports previously described DSL food webs with strong upwelling 

events leading to higher productivity and in turn a dense scattering layer (Dagorn 2000, 

Ballance et al. 2006).  The coarse scale stations showed a clear trend of upwelling at the 

equator (EQ) with the northern HI and southern AS stations experiencing downwelling. 

The northward shoaling of the thermocline is apparent at the coarse scale stations with 

shallower start and end depths of the thermocline at HI compared to AS.  The oxycline 

was identified as much deeper at the northernmost station (HI) as the depth with 

maximum variability corresponded to the peak of the low oxygen minima (Figure 3.5c & 

3.7c).  The depth of maximum flourescence also did not follow the shoaling trend shown 

with temperature, however this pattern was formed since fluorescence was contained in 

a small band at 12° N centered at 120 m, which is also apparent as a peak in oxygen at 

the same depth (Figure 3.5c & 3.7c). The HI station is located in an area of increased 

downwelling but is also subjected to low salinity and high precipitation from the ITCZ 

(Fiedler and Talley 2006).  Total water column fluorescence showed the same trend as 

satellite derived chlorophyll: greatest at the equator, followed by AS, and finally HI 

(Figure 3.7d).  However, the difference between the three stations was much greater in 

satellite derived surface chlorophyll measurements as the shallow thermocline resulted 

in greater surface nutrients.  Ultimately, increased productivity resulted in significantly 

greater density at the equator compared to HI and AS stations.  While total, surface, and 

midwater scattering layer density was slightly greater but not significantly greater at HI 

compared to AS, the trend was reversed in the deep layer with significantly greater 

backscatter at AS compared to HI.  This is apparent from the plot of acoustic density as 
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well where the deep scattering layer is less dense south of 5° S.  This is surprising as 

strong surface signals were still apparent during the night throughout the range of our 

cruise (Figure 3.4) suggesting the layer is migrating deeper than 1000m, is decreasing in 

target strength with increased pressure at depth, or is remaining diffuse in the water 

column during the day such that backscatter is less than our acoustic thresholds. 

The DSL is an important component of open ocean food webs as myctophids and 

squid link oceanic primary productivity to highly migratory top predators.  As such, 

sightings of top predators in our survey area hypothetically would have been greater 

near the equator compared to stations further north or south.  Tuna species including 

bigeye (Thunnus obesus) and yellowfin (Thunnus alalunga) forage heavily on the deep 

scattering layer (Roger and Grandperrin 1973, Bertrand et al. 2002, Domokos et al. 2007, 

Howell et al. 2008).  Marine mammals such as sperm whales (Physeter macrocephalus) also 

have been shown to aggregate in areas of high biomass specifically in the midwater (50 

to 300 m) at scales equivalent to 320 nm (Jacquet and Whitehead 1996). While we did not 

have enough sightings of marine mammals to quantitatively test relationships with 

physical and biological features, we were able to examine patterns of distribution along 

our survey.  Pilot whales in the Pacific forage primarily on squid (Sinclair 1992, Pauly et 

al. 1998) often making deep dives (up to 1000 m) to forage (Soto et al. 2008).  While little 

data exists on false killer whale diets, they have been observed feeding on pelagic 

piscivorous fish such as mahi-mahi (Coryphaena hippurus; Baird et al. 2008).  Stenellid 

prey also include pelagic fish with a focus on surface oriented prey (Pauly et al. 1998, 

Ballance et al. 2006).  The correlation of sighting data by “guild” to oceanographic and 

biological measurements support these foraging patterns.  Pilot whales that feed the 

deepest of the three guilds were sighted in areas with higher mid and deep backscatter. 
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False killer whales and stenellids - which tend to forage in near surface waters - were 

sighted in areas of greater shallow backscatter, greater SSH anomaly values, and had no 

discernable relationship with chlorophyll-a. It is also important to note that even with 

the small sample size and mismatch in sampling scale and foraging scale of individual 

cetaceans, we did observe correlations between top predators and potential prey.  

However to make quantitative analyses, additional transects in the central tropical 

Pacific measuring oceanography up top predators are required to compare and contrast 

distribution patterns with the more studied eastern tropical Pacific.  

Our examination of the deep scattering layer relative to oceanographic features 

and potential cetacean predators resulted in a number of novel findings.  The depth of 

the DSL shoals toward the surface from 800 m at 5° S to 650 m at 10° N (Figure 3.4) 

which parallels the shoaling of the thermocline from 250 m at 10° S to 180 m at 10° N 

(Figure 3.5b).  The migratory layer was still present at the surface during daytime hours 

near the equator (Figure 3.4) suggesting foraging potential was greater than predation 

risk at these latitudes which matched areas of highest fluorescence (Figure 3.5a).  At 

coarse scales, SSH anomaly, proxies for primary productivity (total fluorescence and 

chlorophyll-a), and depth of maximum fluorescence were significantly different at the 

equator compared to northern and southern stations (Figure 3.7d).  This pattern matches 

the increased density of scattering organisms at the equatorial station elucidating a 

potential trophic relationship between the scattering layer and upwelling, resulting in 

shallower and higher chlorophyll-a.  These spatial trends at meso-scales were eclipsed 

by time of day (Table 3.1), but fluorescence (depth and strength) still had a significant 

relationship with pelagic scatterers in all portions of the water column (Table 3.1).  This 

study highlights that understanding the factors that influence DSL distribution is an 
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essential step in understanding the relationships amongst physical oceanography, 

chlorophyll-a, and top predators in pelagic environments.  
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4. Three dimensional prey aggregations and fine scale 
foraging ecology of humpback whales 

 

ABSTRACT:  Analyses of the foraging behavior of large cetaceans have generally focused 

on either correlations to environmental conditions at a regional scale or observed surface 

behavior conducted at a local scale.  We employ a novel analysis which combines 

seascape scale correlations of environmental conditions with simultaneous local tracking 

of surface and subsurface predator movements and prey aggregations. Our study 

focuses on the relationship between the Humpback whale (Megaptera novaeangliae) and 

their prey, the sand lance (Ammodytes spp.) in the Stellwagen Bank region of the Gulf of 

Maine.   A geospatial analysis of the role environmental features (bathymetry, slope, 

bottom type and tidal stage) play in foraging patterns was conducted at the regional, 

seascape scale (~10 km).  At the local scale (< 1 km), multi-sensor acoustic data logging 

tags recorded whale movement and behavior in three dimensions and concurrent 

synoptic prey data were collected using 120 and 38 kHz EK60 echosounders with 

simultaneous surface measurements of temperature and relative fluorescence 

(phytoplankton density).  CTDs were also used to measure vertical profiles of the water 

column during feeding events.  At the, seascape scale we find that: (1) a negative 

relationship exists between relative fluorescence and sand-lance prey density; (2) a 

positive relationship between predator and prey densities co-occurring over bottom 

types of sand and mud near high-slope edges; (3) a cyclical relationship with tidal height 

(a proxy for upwelling as well as a potential zooplankton aggregator); and (4) an 

observed temporal lag between peak prey and predator densities. These seascape scale 
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findings support a trophic cascade model of regional predator-prey patterns. At the local 

behavioral observation scale we find that: (1) time of day was the most important factor 

in explaining feeding versus non-feeding behavior; and (2) surface feeding occurred 

more often around larger, vertically oriented schools. Vertically distributed schools of 

sand lance appeared to be preferentially exploited by bubble feeding techniques. 

Determining threshold densities of prey required for whale foraging, the effects of 

predation on prey school size and behavior, and examining the effects of oceanographic 

conditions on predator-prey interactions can augment knowledge regarding foraging 

theory of top predators in marine systems. 
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4.1 Introduction 

Foraging is comprised of several components: searching for, capturing, handling, 

and consumption of prey. Optimal foraging theory predicts that an individual foraging 

on a prey patch should continue until the search time outweighs the energetic gain from 

prey capture, handling, and consumption (MacArthur & Pianka 1966).  Predators must 

also take into account the potential value of future patches considering the density and 

area of the current patch and requisite search times for any new patches (the marginal 

value theorem: Charnov 1976).  To date, it has been difficult to determine from field 

research the point at which a prey patch becomes attractive to a consumer in addition to 

what biological and physical cues they follow to find a more energetically beneficial 

patch.  

Baleen whales, specifically rorquals (blue, fin, sei, bryde’s, minke, humpback) are 

marine predators that feed primarily on discrete patches of prey and presumably 

conform to optimal foraging theory.  In Witless Bay, Newfoundland, Piatt & Methven 

(1992) used acoustic surveys for capelin (Mallotus villosus) concurrent with visual 

surveys of baleen whales to determine whether these top predators exhibited a 

threshold response to the density of their prey. Their results documented a limit of prey 

density per km below which foraging became unprofitable and whale aggregations did 

not occur (Piatt & Methven 1992). However due to technological limitations, prey 

thresholds and foraging behaviors have rarely been examined for foraging at the scale of 

an individual whales (<10 km). 

Little quantitative information exists regarding the foraging ecology and feeding 

dynamics of individual humpback whales (Megaptera novaeangliae).  Recent advances in 
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archival tag technology now allow the ability to recreate sub-surface movements and 

elucidate behaviors in ways previously impossible for free-ranging cetaceans.  Using a 

tag with 2-axis motion sensors, Goldbogen et al. (2006) documented feeding lunges in 

fin whales using changes in acceleration.  The “DTag” (Johnson & Tyack 2003), a digital 

acoustic recording tag, has been used to visualize underwater behaviors by combining 

precise depth measurements, acceleration in three axes which allows measurements of 

individual fluke strokes and body orientations (e.g. Miller et al. 2004a, Ware et al. 2006), 

and acoustic records (e.g. Nowacek et al. 2003, Miller et al. 2004b).   

Precise measurements of piscivorous prey in the marine environment can be 

troublesome.  Measurements of the distribution of fish using net trawls are commonly 

used to correlate prey presence and density with the distribution and behavior of 

predators, but the spatial and temporal resolution provided by these techniques is 

extremely coarse and prey species can vary in catchability (e.g. Harley & Myers 2001).   

Fisheries acoustics offer a minimally invasive technique for collecting continuous along-

track data on biomass at fine horizontal and vertical spatial scales throughout the water 

column (Simmonds & MacLennan 2005).  By analyzing the amount of scattered sound 

returned to the transducer and sampling length frequency and species distribution of 

the targets, backscatter can be used to estimate size of individual targets, density of 

schools, and overall abundance.  In the absence of net sampling, acoustic backscatter can 

be a valuable measure of relative density and abundance (e.g. Benoit-Bird et al. 2001).  

Acoustics have been used to observe changes in distribution and behavior of fish such as 

herring school size and shape while feeding (Misund et al., 1998, Mackinson et al., 1999) 

and under predation (Nøttestad et al. 2002).  Acoustic measurements of prey 
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distribution have less frequently been combined with concurrent data on foraging 

behavior.   

To date, Croll et al (1998, 2005) and Baumgartner et al. (2003) have completed the 

most integrated studies of the fine scale foraging ecology of individual baleen whales.  

Croll et al (2005) attached microprocessor-controlled time-depth recorders (TDRs) to two 

blue whales (Balaenoptera musculus) and correlated the vertical profiles of their dives to 

the vertical distribution and density of euphausiid swarms in the area.  Euphausiid 

density was approximately two orders of magnitude greater in areas where whales 

concentrated their foraging efforts than elsewhere in the study area (Croll et al 2005).  

These investigators note that “as measurements of prey were directed at patches where 

whales were foraging, we feel that this provides, for the first time, an estimate of the 

magnitude of prey densities for large whales.”  Baumgartner et al. (2003) used optical 

plankton counters and discrete depth net tows to assess vertical and horizontal 

distribution of stage V calanus copepods while also surveying for right whales.  Right 

whale abundance was greatest during the day near high concentrations of deeper, 

diapausing C5 copepods (Calanus finmarchicus; >90m) requiring a higher energetic cost 

than feeding on diel migratory aggregations.   

In addition, Mayo & Marx (1990) found significantly more prey in the path of 

skim feeding North Atlantic right whales (Eubalaena glacialis) than in surrounding 

waters.  Dolphin (1987) used qualitative sonar scans to describe the behavior of 

humpback whales in Alaskan coastal waters, which appeared to be foraging in the 

upper 120 m of the water column and associating with the shallowest and most dense 

prey patches.  Fine scale oceanography had a significant effect on acoustic backscatter 

and subsequently fin whale (Balaentoptera physalus), minke whale (Balaentoptera 
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acutorostrata), and harbor porpoise (Phoceana phoceana) habitat utilization in the Bay of 

Fundy (Johnston et al. 2004, Johnston et al. 2005a, Johnston et al. 2005b).  More recently, 

Friedlaender et al. (2006) analyzed the distribution of humpback whales off the Western 

Antarctic Peninsula, finding a significant spatial relationship with hydro-acoustically 

inferred krill patches < 140 m deep.  While these studies correlate certain prey features 

with observations of foraging behavior, our ability to quantify and discriminate 

underwater foraging behavior in relation to prey characteristics has been limited by our 

inability to directly observe whale behaviors underwater. Understanding foraging 

preferences of large baleen whales is necessary to understand and manage these species. 

Humpback whales are a cosmopolitan species that typically feed seasonally in 

high latitudes.  These foraging habitats maintain predictably high prey concentrations 

over time, and are often characterized by proximity to shore, dynamic bathymetry, 

upwelling, and increased productivity (Gaskin 1982, Piatt 1990, Thiele et al. 2004, 

Friedlaender et al. 2006).  Like other baleen whales their distribution and abundance is 

linked in a scale-dependent manner to that of their prey (Piatt & Methven 1992).  For 

humpback whales, both the type of prey and its relative abundance over time contribute 

to habitat selection in the Western North Atlantic (Whitehead & Carscadden 1985, Payne 

et al. 1986, Payne et al. 1990, Weinrich et al. 1997, Stevick et al. 2006, Stevick et al. 2008).   

Stellwagen Bank in the Gulf of Maine is an important feeding site for humpback 

whales (Payne 1986, Clapham et al.1993, Weinrich 1998).  The surface feeding strategies 

that these animals display on Stellwagen Bank is diverse, and includes lunge feeding 

(Watkins & Schevill 1979), a variety of bubble feeding strategies (Hain et al. 1982), lobtail 

feeding (Weinrich et al. 1992a), and other idiosyncratic feeding styles (Hays et al. 1985).  

These behaviors are suspected to facilitate feeding by aggregating or corralling prey.  
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Feeding behavior is thought to vary by prey type, with many of these bubble feeding 

behaviors used to catch sand lance (Ammodytes spp.), the dominant prey on Stellwagen 

Bank. The abundance of sand lance is in large part thought to drive the local abundance 

and distribution of humpbacks (Overholtz & Nicolas 1979, Payne et al. 1990, Weinrich et 

al. 1997).  However, humpback whales have also been observed feeding on Atlantic 

herring (Clupea harengus), and krill (e.g. Meganyctiphanes norvegica) in other regions of the 

Gulf of Maine including Cultivator Shoals (near Georges Bank), Jeffrey’s Ledge, or Platts 

Bank (Anthony & Waring 1980, Weinrich et al. 1997, Garrison 2000, Auster et al. 2001, 

Overholtz 2002).   

Stellwagen Bank has long been known to be an important habitat for American 

and northern sand lance (Auster et al. 2001).  Bathymetric slopes around the bank serve 

to upwell nutrients increasing productivity and ultimately prey for sand lance 

(Robinson & Lermusiaux 2002).  As tidally driven waters pass over the shallow bank, 

turbulent flow creates internal waves that propagate along density gradients and can 

serve to aggregate zooplankton (Lennert-Cody & Franks 1999, Warren et al. 2003, 

Stevick et al. 2008).  In addition, bottom substrate on the bank includes the coarse 

grained sandy habitat that sand lance use for predator avoidance (Meyer et al. 1979).  

However the abundance of sand lance on and around Stellwagen Bank is highly plastic 

(Payne et al. 1990, Weinrich et al. 1997), possibly due to variation in climatic conditions, 

prey availability, and commercial fishing pressure on predators (Fogarty & Murawski 

1998, Garrison 2000) and/or competitors (Payne et al. 1990).  Understanding the 

distribution of sand lance relative to their environment is an important step in 

understanding the pelagic food web on Stellwagen bank. 
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Our goal was to combine acoustic measures of prey density with precise 

measures of whale movement and feeding behavior to test the following null 

hypotheses regarding foraging humpback whales and their prey: 

 

1)  Sand lance density will not be significantly correlated with increased 

bathymetric slope, relative fluorescence, and bottom type. 

2)  Humpback whale surface feeding events will not be correlated with increased 

bathymetric slope, relative fluorescence, and bottom type.    

3)  Humpback whale surface feeding events will not be correlated with increased 

prey density or school shape characteristics.    

4)  Humpback whale surface feeding events will continually increased in 

likelihood with density of prey and there were no quantifiable thresholds. 

 

We believe this approach will allow us to elucidate the seascape scale (~10 km) and fine 

scale (<1km) foraging ecology of both predator and prey relative to environmental 

features. 

 

4.2 Methods 

 4.2.2 Data Collection 

Data were collected on or near Stellwagen Bank from July 6-20th, 2006 with the 

goal of measuring environmental gradients, prey distribution, and predator behavior.  

The Bank is the focus of a 2,181 km² marine protected area located in the southwest Gulf 

of Maine.  The area is characterized by diverse topography, sediments, oceanographic 
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conditions and high primary productivity that result in abundant marine life, including 

humpback whales.  The research was conducted off of NOAA’s R/V Nancy Foster 

(length = 60 m) with tagging support from inflatable boats (8 m or less) operating off the 

primary vessel.   

4.2.2.1 Prey sampling  

Prey distribution and density was continuously measured using 38 kHz and 120 

kHz SIMRAD EK60 echosounders towed off the Foster’s port side A-frame at speeds 

between 2 and 5 knots depending on sea state and currents.  Sampling frequency was 10 

pings per second and pulse widths of 512 ms and 256ms respectively.  Echosounders 

were calibrated before and after the cruise using a 23mm copper sphere and target 

strength values of -48 and -40.4 for 38 kHz and 120 kHz respectively (Demer et al. 1999).  

The acoustics data collected before whales were sighted were treated as a control 

measure of prey density in the absence of whale predators.  

Sampling scale is a concern in ecological experiments as predators and prey 

perceive and respond to their surroundings at a range of scales.  We attempted to 

resolve prey distribution and predator behavior at similar scales as there is no single 

scale correct for studying ecological relationships (Levin 1992). Depending on the 

behavior of the tagged whale, an iterative approach to sampling prey was employed.  If 

the whale was traveling (>1 km per hour displacement), a zig-zag design was used to 

survey prey distributions passed over by the whale (1.5 km long transects centered on 

the whale’s position, Figure 4.1).  Surface feeding (which includes lunge and bubble 

feeding) was identified by observing the animal with its mouth gaped or when bubbles 

were located where the animal surfaced.  If the tagged whale was surface feeding, an 

expanding box sampling design allowed the measurement of prey density and 
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distribution at varying scales, with the center of the sampling box moving with the 

whale.  In practice, our smallest box was 1 km2 (Figure 4.1).  The sampling design 

around non-feeding and non-traveling (i.e. resting) individuals was identical, with an 

expanding box to examine the prey distribution in the absence of feeding.  As a result, 

our design allowed us to quantify the distribution, density and dimensions of prey 

patches in a variety of ranges to both feeding and non-feeding whales.   
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Figure 4.1: Sampling methodology for a) traveling whales and b) stationary (e.g. feeding 
or logging) whales.  a) Traveling whales were followed with a zig-zag pattern with 1500 
m transects to measure prey that was not foraged upon while b) stationary whales were 
sampled using a box with 1000 m sides to sample characteristic prey patches. 

When measuring prey and environmental data relative to surfacing events, 

transects were designed to pass within 200 meters of a tagged whale. For each whale 

surfacing, correlations between whale behavior, prey data, and environmental data were 

only considered within a 500 m radius.  All visual observations of prey in the presence 

a) 

b) 
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of feeding whales, including photos of the prey in the gaped mouth of whales, during 

the survey were identified as sand lance.   When visual identification was unavailable, 

comparing the two frequencies of acoustics allowed acoustic targets and schools to be 

differentiated as non-swimbladdered fish (e.g. sand lance), which have greater 

backscatter at 120kHz than 38kHz (Gauthier & Horne 2004). 

4.2.2.2 Physical data  

Environmental and physical data were collected using continuous shipboard 

measurements of relative surface fluorometery and surface temperature.   Existing data 

sets for bathymetric multibeam and bottom typing surveys were also incorporated to 

understand which physical parameters drive prey distribution and predator foraging.  

CTD casts measuring salinity, dissolved oxygen, temperature, and fluorescence were 

performed at the time and location when a whale was tagged, and when the tag 

detached, as well as every 2-3 hours during tag deployment.  Real time surface 

temperature and relative fluorescence were collected through an uncontaminated 

seawater system on the bow and measured using a SeaBird SBE 38 with fluorometer.  

Tidal height was measured by NOAA in Boston Harbor (approximately 55 km from the 

study site). Daylight was defined as the time between sunrise and sunset, as identified 

from NOAA’s marine weather database. 

4.2.2.3 Whale data  

Whale behavior (e.g., feeding/non-feeding) was inferred from the tag record in 

combination with near continuous daytime focal surface observations.  Tag attachment 

was accomplished using a 7 m rigid-hulled inflatable boat (RHIB) equipped with a 14 

meter, bow mounted, cantilevered carbon-fiber pole.  The Dtag is a small, lightweight, 
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pressure tolerant tag capable of recording data approximately 24 hours dependent on 

sampling frequency.  It is attached to an animal via suction cups with a programmable 

release (Johnson & Tyack 2003).  The Dtag measures the acceleration in the animal’s 

pitch, roll, and heading, as well as depth, and water temperature at 5 samples/second.  

Data from the tag’s pitch record allows for analysis of fluke stroke rates and relative 

stroke amplitudes and combined with behavioral observation allows the identification 

of surface feeding bouts and quantification of their duration and maximum depth.  All 

sensor data are stored in flash memory on the tag and are downloaded via an infrared 

connection to a computer for analysis.  The tag has a VHF antenna that transmits when it 

is at the surface, allowing us to follow the whale both when it was out of visual range 

and during nighttime. Additionally, the tag has 2 hydrophones which continuously 

record any sounds the animal either makes or encounters (Johnson & Tyack 2003).     

Focal follows of tagged animals and associates occurred continuously during 

daylight hours using techniques described in Whitehead (1983) and Weinrich & 

Kuhlberg (1991) from the tag boat or a 5 m inflatable.  Whenever possible, the tagged 

animal’s position was recorded using laser range finder binoculars (Leica Vector Viper II 

binoculars, Leica, Solms, Germany) with a realtime GPS data feed; these were combined 

to give the true position of the whale.  When behavioral observations were unavailable 

(e.g. night time), whale positions were estimated using the research vessel’s location and 

relative proximity to the tagged whale as judged by the amplitude of VHF localized 

radio signals. 

 4.2.3 Data Analysis 
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Behavioral data from tagged whales were integrated with physical data and 

measurements of prey patch distribution, density and shape collected during the 

synoptic acoustic surveys.   

 

4.2.3.1 Prey Sampling 

Acoustic data were measured in logarithmic units of decibels (dB) providing a 

measure of patch density and were processed using Sonardata Echoview software 

(version 4.20).  The sounder detected bottom was manually rectified and an exclude 

below line was created incorporating a half-meter backstep. Individual schools were 

marked, visually scrutinized, integrated, and exported using the SHAPES school 

detection algorithm (5m linking distance) at both 38 kHz and 120 kHz with a -75 dB 

threshold (Coetzee 2000).  To examine overall water column biomass, acoustic 

backscatter was vertically integrated into the nautical area scattering coefficient (sA; 

m2/nmi2), a relative measure of biomass.  Mean volume backscatter strength (MVBS), a 

relative measure of density, was subsequently gridded into 50 meter horizontal cells by 

1 meter vertical cells with and integrated with a -90 dB threshold to examine smaller 

prey aggregations.  MVBS is referred to as prey density throughout this paper.  All 

exported acoustic biomass data including geo-referenced 2-dimensional school 

parameters (density, length, mean height, mean depth), integrated cell biomass (density 

per 50m), and bottom depth were imported into ESRI’s ArcGIS 9.2 for spatial analysis. 
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4.2.3.2 Whale Data  

We combined the pitch, roll, heading, and depth data from the Dtag with the 

whale’s surfacing locations to generate a geo-referenced “pseudo-track1” of each 

animal’s movements.  The pseudo-track was then incorporated into Trackplot, a 

customized visualization software package which allows for examination of temporally 

sequenced behaviors as spatial patterns (Ware et al. 2006).  The program creates a 3D 

ribbon indicating the whale’s direction of travel, body orientation (pitch and roll) and 

fluke strokes.  To visualize certain behaviors, like rolling, the ribbon incorporates sensor 

data and twists around the along-track heading (Ware et al. 2006).   

We then coded every surfacing from each tagged whale as either a surface 

feeding or non-surface feeding event, based on the behavioral observations during focal 

follows.  After a preliminary examination of time-linked surfacing observations from the 

behavioral data and trackplot visualizations, we were able to define underwater 

movement patterns that resulted in a surface-feeding event.  In a blind comparison 

using a subset of data, we were able to successfully code surface feeding events in 

Trackplot validated against behavioral observations 97% of the time (n = 100 events).  

Thus, in the absence of behavioral data (e.g. at night), the iterative process gave us 

confidence in behaviors identified by analysis using Trackplot.  Surface feeding and 

non-feeding surface events were then imported into ArcGIS.  The duration of a feeding 

event was defined as the start of the dive encompassing a feeding event and the 

subsequent re-surfacing.  When individuals made multiple loops (e.g. kick feeding) 

before the final surfacing, the entire behavior was coded into a feeding event.  The mean 

                                                      
1 We use the term pseudo-track to identify that the exact track of the whale is unknown.  The main error is a 
result of the tag’s inability to resolve swim speeds, which likely vary during different parts of each dive.  
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depth of feeding events and total dive duration per feeding event were quantified using 

Trackplot and compared to prey distribution.  Surface feeding was identified from the 

tag record using dive and ascent angles (> 45˚ head down or head up), roll angles (>45˚ 

fluke off axis), and usually incorporated one to three individually stereotyped vertical 

loops.   

 

4.2.3.3 Data sampling and statistics 

In order to sample data for each behavioral event, fish school parameters (length, 

height, area, density, depth), logarithmic measures of acoustic density (dB), surface 

temperature (oC), and relative fluorescence (volts) were interpolated into temporally 

segregated raster grid cells using an ordinary kriging function while adjusting 

variograms to minimize RMS error (Petitgas 1993, Maravelias et al. 1996). Additional 

previously measured physical parameters (distance to slope, bottom depth, bottom type) 

were also incorporated in sampling.  Tidal height was linked to each data point.  For 

prey analyses, individual 50 m cells were used to sample the environmental variables.  

Each sighting following a surface foraging or non-foraging event was used to sample 

interpolated environmental and school parameters when measured within 500 meters.  

If environmental and prey data were unavailable within 500 meters from the sighting, 

the surfacing was not used in our analyses.  These distances were chosen as 50 m was 

the mean patch size of prey and 500 m was the mean distance between subsequent 

surface feeding events.  The resultant samples were imported into Insightful’s S-Plus 7.2 

for statistical analysis. 

For prey data, generalized additive models (GAMs) were used to examine the 

non-linear relationship between prey density and environmental variables using a 
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Gaussian distribution.  A generalized linear model (GLM) was used to examine the 

linear effects of each environmental variable on prey density.  To examine thresholds in 

predator behavior, a Classification and Regression Tree (CART; Redfern et al. 2006) 

analysis was conducted with whale surface behavior as the response variable with 24 

environmental and prey variables as predictors.   Optimal recursive partitioning 

combined with a cross-validation using explained deviance ensured that only the most 

significant breaks were included in the final model.  GAMs were then used to examine 

the non-linear relationship between CART selected variables and whale foraging 

behavior using a binomial distribution to test for significant effects. Individual whale 

was included as a random term.  We also examined foraging dive depths with mean 

prey school depth to look for correlation in behavior. 

 

4.3 Results 

We recorded 2980 fish schools detected at 120 kHz.  We present results for 120 

kHz data only because initial models with both frequencies found no significance from 

38 kHz measures (density, patch size and shape) when 120 kHz variables were included.  

The difference in backscatter between frequencies is supported by the fact that scattering 

is greater for similar sized fish lacking swimbladders at 120 kHz than at 38 kHz 

(Freeman et al. 2004, Gauthier & Horne 2004). Prey biomass was patchily distributed 

with the nautical area scattering coefficient (sA) varying an order of magnitude from 

2000 m2/nmi2 to 2 m2/nmi2 over a distance of 200 m (Figure 4.2). Schools reached up to 

4km in length and vertical thickness up to 30 m.  Detected schools had an average 

density of -57.7 dB with a range from -72.9 dB up to -33.1 dB.  The mean school length 

was 139 m and the mean height was 7.9m.  While most of the survey effort was 
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concentrated near the western edge of the bank due to the distribution of whales, prey 

density was greatest near high slope bathymetry along the western bank edge (Figure 

3.2).   

 

Figure 4.2: The study area, the Stellwagen Bank National Marine Sanctuary is shown in 
the subset image relative to land.   Interpolated acoustic data from detected schools are 
shown in the red rectangle.  EK60 measured vertically integrated prey density (sA; 
m2/nmi2) interpolated within 1 km of the ship track every 12 hours.  Red represents high 
relative density with blue representing low relative density. 

DTags were deployed on 15 individual humpback whales, and we collected 95 

hours of data from tagged whales: 66 hours during daytime and 29 hours at night 

(Figure 4.3; see Friedlaender et al. 2008 for tag durations). Eleven of the fifteen (73.3%) 

whales (and 393 of the 892, 44.0% of surfacing events) were visually observed surface 
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feeding during the tag attachment.  Our descriptive results focus on the behavior of an 

individual whale that showed multiple behavioral switches and was representative of 

the overall patterns. 

 

Figure 4.3: All tagged whale surfacing are shown in the red rectangle.  On the main 
image, Dtag measured foraging behavior is shown in black with non-foraging surfacing 
shown in white for all 15 whales tagged.  Bottom type is represented with dark brown 
for mud, light brown for sand, and grey for gravel. 

Examining the longest tag deployment (whale 196a, ~21.5 hrs), surface foraging 

bouts occurred at three distinct times and locations (Figure 4.4).  The whale was surface 

feeding when the tag was attached at 8:51 and stopped at 10:00.  Surface feeding 

commenced again at 19:00 and continued until 20:16.  The final feeding bout began at 

05:00 the next morning and continued until the tag released at 06:30.  During the tag 
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deployment, 153 surfacings were recorded from visual observation, with 40 being 

classified as surface feeding events.  For example, during the first feeding bout whale 

196a was observed lob-tailing followed by a feeding event in a bubble net in 66 meters of 

water.  This behavior is shown in the whale track with a corresponding prey school 

(Figure 4.5).  Large surface schools were visible in the acoustic data recorded 

simultaneously with the feeding events. On a broader scale, two out of three of the 

surface feeding bouts overlapped with high prey density areas while the third was 

about one kilometer from the nearest recorded high density patch.  However, a 

regression of surface feeding depth against mean prey school depth had a low R2 value 

(0.11) with high variability in the relationship. 
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Figure 4.4: Individual whale track in the southwest corner of the sanctuary for whale 
196a, from 09:00 on July 15 to 06:00 on July 16.  Interpolated vertically integrated prey 
density (sA; m2/nmi2) is shown with high vertically integrated backscatter in red and low 
vertically integrated backscatter in blue. 
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a) 

 

b) 

 

Figure 4.5: a) Trackplot image of whale 196a at 09:27 in the morning beginning a 
characteristic double loop.  Behavioral sequencers observed a lob-tail and bubble net 
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during this dive.  b) At 09:24 a large prey patch was observed in the water column in 66 
meters of water.  Red represents high relative density with blue representing low 
relative density. 

We found that all of our measured environmental variables had significant, non-

linear effects on prey density (p < 0.05; Table 4.1).  However, time, temperature, and 

bottom depth explained 82% of the variability in the model of prey density.  Prey 

density in the water column was greatest from 03:30 – 05:30 with a decline at 17:00 and 

lowest after 20:00 (Figure 4.6).  We also observed a large amount of biomass on the 

shallow shelf, 20 m declining with depth up to 35 m.  There is a positive relationship 

between MVBS and depth from 35 m to 100 m.  We also found a negative relationship 

with relative fluorescence.  Biomass was greatest at values of 0.05 volts declining to 0.07 

and leveling out at greater values.  There also was a greater amount of fish biomass near 

areas of high bathymetric relief, such as the bank edge.  Prey were found in greatest 

density over bottom types of sand and mud with less density in the water column above 

gravel.  There was a cyclical relationship with tidal height as well with a peak in prey 

density at 8m tidal height.  At lower and higher tidal values, prey density showed a 

decline.   
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Table 4.1: GAM results for areal backscatter (sA) as linear and non-linear relationships 
of environmental variables.  Significant p-values (< 0.05) are shown in bold. 

Parameter Linear Effects Nonlinear effects 
 df χ2 Pr(χ2) df F Pr(F) 

         
Time 1 23427.52 0.000 3 82.06504 0 
Tidal Height (ft) 1 21815.59 0.000 3 16.84461 0 
Bottom type (M/S/G) 2 23139.42 0.000 N/A N/A N/A 
Temperature (oC) 1 23397.27 0.057 3 37.01386 0 
Relative Fluorescence 1 23396.49 0.377 3 9.64755 2.35E-06 
Distance to Slope (m) 1 23288.42 0.000 3 4.82115 0.002348 
Bottom Depth (m) 1 23400.89 0.000 3 30.01492 0 
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Figure 4.6: Generalized Additive Model (GAM) plots for prey density (Sv) as a function 
of time, depth, temperature, relative fluorescence, distance to slope, bottom type, and 
tidal height.  Strong relationships were observed between time of day, tidal height, and 
bottom type, and distance from slope edge. 

The CART analysis (Figure 4.7) revealed a number of thresholds that were 

predictors of whale surface feeding.  A pronounced diel component was identified, with 

surface feeding not detected after 20:29 at night or before 04:40.  In addition, an inverse 

relationship with flourometry levels emerged.  At low relative fluorescence levels (<0.06) 

163 out of 192 surfacings were feeding events.   When tidal height was greater than 7.3 

meters or observations were close to the slope, whales were also more likely to be 

surface feeding.   At higher fluorescence levels, high tide height (>6.28), shallow school 
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              Tidal Height (ft)                    
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height (<12 m) and high prey density (>-65.3 dB) were correlated with surface feeding 

events.    

 

Figure 4.7: Classification and Regression Tree (CART) for behavioral state of tagged 
humpback whales: surface feeding or non surface feeding.  Breaks were chosen based on 
deviance explained with values shown on each branch of the tree.  Numbers below each 
terminal node represent the number of misclassified observations out of the total 
number of observations.  Time of day was the most definitive split for surface foraging 
and non-surface foraging behaviors. 

These relationships were tested for significance using GAMs.  Of the 

environmental variables and fish school parameters tested, only temperature, bottom 

depth, and school depth did not have a significant effect on whether whales were 
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surface feeding or not on any given surfacing (Table 4.2).  Time, tidal height, relative 

fluorescence, and prey density explained the largest amount of deviance in the feeding 

model.  Whale feeding showed a peak around 07:00 and began to decline around 18:00, 

peaking 2 hours after prey density was greatest (Figure 4.8).  Whale feeding behavior 

increased in likelihood at high tidal heights (4 m) with a peak at 9 m.  Surface feeding 

behavior was more likely to take place over mud and sand bottoms when compared to a 

gravel substrate, and there was a notable decline in feeding behavior as relative 

fluorescence increased.  Surface feeding was observed more often over deeper water 

depths and close to the slope edge.  For the prey school parameters, a large increase in 

feeding behavior occurred up to -63 dB with a smaller increase with higher backscatter 

values.  There was a positive relationship between whale surface feeding behavior and 

both prey school height and area.  However, there was a negative relationship between 

whale surface feeding and mean prey school depth and length (e.g. horizontal size) in 

the water column.  These results are useful in elucidating potential foraging thresholds 

as well as the environmental variables that could influence the whale’s foraging 

behavior. 
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Table 4.2: GAM results for likelihood of whale surface feeding as linear and non-linear 
relationships of school parameters and environmental variables.  Significant p-values (< 
0.05) are shown in bold. 

 
 
Parameter Linear Effects Nonlinear effects 
 df χ2 Pr(χ2) df F Pr(F) 
         
Time 1 214.32 0.174 3.00 32.73 0.000 
Tidal Height (ft) 1 205.07 0.002 3.00 14.17 0.000 
Bottom type 
(M/S/G) 2 190.39 0.001 N/A N/A N/A 
Temperature (oC) 1 157.49 0.106 3.00 1.62 0.183 
Relative 
Fluorescence 1 173.05 0.000 3.00 9.13 0.000 
Distance to Slope 
(m) 1 160.10 0.007 3.00 3.64 0.013 
Bottom Depth (m) 1 167.28 0.016 3.00 0.95 0.418 
School sA (dB) 1 148.45 0.003 3.00 6.21 0.000 
School Area (m2) 1 140.42 0.005 3.00 4.22 0.006 
School Height (m) 1 137.71 0.100 3.00 2.78 0.040 
School Depth (m) 1 134.94 0.096 3.00 1.83 0.141 
School Length (m) 1 97.02 0.295 3.00 2.76 0.041 
Individual Whale 14 69.15 0.090 N/A N/A N/A 
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Figure 4.8: Generalized Additive Model (GAM) plots showing whale behavioral 
classification as a function of environmental variables and mean school parameters 
(density, area, height, depth, and length).  Time of day and tidal height explained most 
of the variability in foraging, while school density and area were important as well. 

 

4.4 Discussion 

While synoptic surveys of environmental variables, prey distribution, and 

predator behavior can be difficult to align at temporal and spatial scales, such 

approaches are required to understand the foraging ecology of marine apex predators.  

Recent technological advances in high frequency prey detection capabilities have made 

such multidisciplinary studies more feasible, especially at fine scales.  By using 
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hydroacoustic measurements of prey, real time sensors for oceanographic variables such 

as sample surface temperature and fluorescence, and measuring fine scale behavior of 

predators, we were able to examine how oceanographic features, prey distributions, and 

humpback whale surface feeding interact at both seascape and fine scales.  At basin-

wide scales, recent work suggests that the highest densities of humpback whales in the 

Gulf of Maine occur primarily along a relatively narrow corridor following the 100 m 

isobath (NOAA-NCCOS 2006). Our results suggest that on a finer scale, a mixture of 

temporal effects, environmental effects, and dynamic prey distribution affects the 

whale’s behavior and likely their distribution.  At the seascape scale, we found a high 

correlation between prey density and the measured environmental variables, while 

humpback whale feeding events on a fine scale were best correlated with prey school 

shape and density, as well as the above-mentioned environmental variables.   

Although split-beam acoustics only measures an instantaneous vertical profile in 

the water column, we were able to use continuous recording to describe the two 

dimensional (along transect with depth) patch shape and density of sand lance schools 

on Stellwagen Bank. Time of day explained most of the variation in prey distribution, as 

suggested by previous studies of sand lance behavior.  Adult sand lance are thought to 

be present in the water column during daytime foraging (on small zooplankton), while 

they bury in sandy substrate at night and when in low density, primarily for predator 

avoidance (Winslade 1974, Meyers et al. 1979, Hobson 1986). In our study, however, 

sand lance density peaked between 03:00 – 04:00 hrs (mean sunrise at 05:30), but the 

maximum likelihood of whale surface feeding did not peak until 06:00 hrs. This suggests 

that whale foraging did not peak until well after densities of sand lance were substantial 

enough to be energetically valuable, that the average search time before whales were 
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able to find prey patches was around two hours, or that the whales required sufficient 

light to be able to use a visually-oriented predation strategy (e.g. Friedlaender et al. 

2008).  Further research is necessary during the period from night to dawn in order to 

understand the mechanisms that trigger behavioral switching in foraging whales. 

Acoustic biomass of sand lance was greatest above sandy and mud substrates.  

While sand lance use the sandy shelf for refuge, mud habitats are most common 

immediately off the western slope of the bank in deeper waters.  In addition, dynamic 

bathymetry at the slope edge of Stellwagen Bank offers the potential for upwelled 

productivity with tidal currents (Haury et al. 1979). Tagged whales exhibited surface 

feeding more often above mud habitats than above sand habitats but both of these 

habitats had a higher likelihood of surface feeding than above a gravel bottom.  As mud 

substrate was found often in deeper environments where whales were foraging, it is 

difficult to tease apart the effect of each of these variables independently.   

Although the relationship between sand lance prey density and temperature was 

significant, the relationship was complex.  A general decline in density occurs at the 

lowest and highest temperatures, although the standard error is particularly high.  Low 

temperatures correspond to nights when sand lance are buried and high temperatures 

correspond to near mid-day when they are dispersed throughout the water column 

(Meyer et al. 1979).  There was a dip in biomass at a surface temperature of 17.5, degrees 

but the reason for this association is not obvious (Figure 4.6). However, despite these 

relationships, whale surface feeding was not significantly correlated with sea surface 

temperature (Table 4.2, Figure 4.8). 

Both whale surface feeding and prey density showed a negative correlation with 

surface fluorescence, which contradicts the proposed relationship between sand lance 
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and increased productivity (Meyer et al. 1979).  Trophic cascades are defined as 

reciprocal predator–prey effects that alter the abundance, biomass or productivity of a 

population community or trophic level across more than one link in a food web (Pace et 

al. 1999).  Cascading trophic interactions offer a plausible explanation for this 

relationship; high productivity would result in increased density of small zooplankton 

that would with time graze down phytoplankton levels.  In turn, increased zooplankton 

density would attract high densities of sand lance, eventually resulting in increased 

surface feeding for humpback whales.  Contrary to a closed lake system (Carpenter et al. 

1985), upwelling events reset the process with an initial increase in nutrients that initiate 

plankton growth, an eventual increase in grazers and resultant decrease in 

phytoplankton, and culminating in an increase in sand lance and humpback whales.  

This temporal lag between predator and prey is also apparent in the relationship with 

tidal height.   

Tidal height was incorporated into the analysis as a proxy for upwelling and 

internal wave formation.  Nonetheless, the high correlation with prey and predator was 

surprising.   Acoustically measured prey were most dense at a tidal height of 8 feet 

while whale surface feeding peaked at a height of 10 feet at maximum high tide.  

Internal wave packets are generated during ebb tide as a lee wave over the western edge 

of Stellwagen bank (Haury et al. 1979).  As the tide turns, the waves begin propagating 

towards shore and undulations develop as the waves stack up redistributing chlorophyll 

and zooplankton (Haury et al. 1979, Stevick et al. 2008).  This lag suggests that prey are 

aggregating after the formation of internal waves on the west edge of the bank with a 

further delay before whales begin surface feeding.  The increase in prey distribution and 

increased observations of whale surface feeding behavior near the slope edge also 
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supports this possibility.  Fine scale measurements of internal wave production, 

propagation, and nutrient upwelling would aid in understanding the influence of such 

waves on the oceanographic and biological processes of Stellwagen Bank. 

Whale surface feeding was significantly affected by prey school shape.  Surface 

feeding occurred more often around larger schools with a distribution that emphasized 

the vertical rather than the horizontal.  Because humpback whale bubble feeding 

involves a “corral” of air bubbles that aggregate prey followed by a feeding lunge 

through the surface (Juarasz & Juarasz 1979; Hain et al. 1982), vertically-oriented schools 

might be more easily manipulated by bubbles rising through the water column.  Longer 

(i.e. horizontally-oriented) schools were often associated with a thin layer (<2.5 m tall) in 

the water column, potentially more difficult or less cost-effective to consume.  Although 

the lack of a clear relationship between dive depth prior to surface feeding and mean 

school depth defined by the center of the school is surprising, this could be a function of 

the whale feeding only on a portion of school, or corralling of deeper schools toward the 

surface.   A more detailed analysis of surface feeding depth relative to both pycnocline 

depth and mean school height is necessary.  Throughout, however, it should be noted 

that the vessel recording the prey schools was typically at least 200 m from the tagged 

whale, suggesting that small scale variability in prey schools may affect the relationships 

between whale surface feeding events and the characteristics of the sand lance schools 

being measured. In addition, because bubble feeding can be cooperative (Hain et al. 

1982, Baker & Herman 1984, Weinrich 1991), the tagged whale may not be producing the 

bubbles, but could be either aiding in corralling behavior or simply taking advantage of 

another whale’s bubble-net. Multiple tags on cooperating foragers and detailed analyses 

of the acoustic data will be necessary to better elucidate this relationship. 
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Predator aggregation most often occurs as a non-linear function of increasing 

prey density (Holling 1959, Holling 1965, Oaten & Murdoch 1975), leading to a threshold 

foraging behavior typical of higher vertebrates (Piatt & Methven 1992). For cetaceans, 

the lower limit is likely set by their metabolic demands combined with their unusual 

foraging style of engulfing prey (Nagy et al 1984, Goudie & Piatt 1991).  Piatt & Methven 

(1992) suggest that because humpback whales have wider jaws and a greater filtering 

volume for their size than fin or minke whales, they may be able to subsist on lower 

density prey aggregations.  One of our goals was to measure this threshold for surface 

feeding humpback whales. Using GAM and CART models, we observed that surface 

feeding was more likely above acoustically detected prey densities of -65 dB rejecting 

our fourth null hypothesis that there were no thresholds in surface feeding behavior.  

However, using a minimum school detection threshold of -75 dB, we did not observe a 

lower threshold, below which foraging did not occur.  As above, this might be explained 

by the distance between the vessel and the exact spatial and temporal location of the 

feeding whale.  Even if exact overlap were possible, bubbles from surface feeding events 

would confound the acoustic data.  In addition, these thresholds may vary based on the 

number of prey patches in an area.  It is not clear whether whales are more likely to feed 

on smaller but numerous prey patches or on large but spatially distinct patches.   

Our ability to understand the decision-making process of a foraging or feeding 

whale is hampered by a general lack of knowledge of the sensory capabilities of the 

whales themselves.  Humpback whales negotiate their surroundings over spatial scales 

ranging from 1000’s of kilometers (migration routes) to tens of meters (micro-scale 

feeding on prey patches).  Kenney et al. (2001) suggest that while in seasonal foraging 

areas, northern right whales sample prey using varied sensory modalities depending 
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upon the distance form the prey.  Humpback whales have been observed approaching 

large-scale prey patches from tens of km (Weinrich unpublished observation), 

suggesting that they too use a variety of senses to make decisions on varying ecological 

scales.   

Our research provides a finer-scale analysis of baleen whale predatory behavior 

relative to their prey and a suite of environmental variables, and has allowed us to 

examine possible cues that the whales themselves may use for foraging.  In addition, we 

were able to identify an upper threshold of relative prey density above which surface 

feeding likelihood no longer increased.  Daylight hours, high tidal heights, and prey 

distribution were good predictors of whale surface feeding.  This understanding of 

whale foraging behavior at the scale of an individual whale is an important addition to 

our ecological understanding of baleen whales and their relationship to marine 

ecosystems.  
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5. Conclusions – Linking Prey to Predator 

The goal of this project was to fill in a critical component of pelagic food webs by 

analyzing oceanographic influence on prey distributions at varying spatial scales. The 

marginal value theorem (Charnov 1976) models how prey patchiness drives predator 

distributions but carries some rather strict assumptions. Specifically, while a predator 

depletes the density of prey while foraging on a patch, the surrounding patches in the 

environment remain a constant quality (Brown 1988). I used the three case studies to 

examine the scales at which distribution of prey remain static and to test this 

assumption. As food webs with mobile top predators are often driven by oceanographic 

features (Cotté and Simard 2005), it is important to understand how prey are aggregated 

into an optimal prey patch.  An additional goal of this research was to understand the 

interaction between oceanography, prey distribution, and prey density. Oceanography 

influences top predator movement, but knowledge of prey density could allow a more 

accurate examination of their behavior and distribution.  Using spatially explicit models, 

I tested whether oceanographic features or prey distributions better predict humpback 

surface feeding at the scale of an individual predator. 
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Table 5.1: Key oceanographic influence and scales in presented case studies. 

 Gulf of Mexico Central tropical 
Pacific Stellwagen Bank 

Oceanographic 
key feature 

hypoxic bottom 
water 

current boundary 
induced upwelling bank edge upwelling 

Primary 
influences physical barrier food web 

formation food web formation 

Vertical Spatial 
Scales 

compaction:        
1-10 m 

thermocline depth:        
10-100 m 

bathymetry:                
1-10 m 

Horizontal 
Spatial Scales 

movement of 
hypoxic edge:      
1-10 km 

current boundaries:       
10-1000 km 

bank edge,   
bottom types:                            
1-10 km 

Temporal 
Scales 

fish: 12 hrs 
hypoxia: days 

prey: 12 hrs 
currents: months 

prey / whale: 3-6 hrs               
internal waves: 12 hrs 

 

Supporting my first hypothesis, oceanographic features structured prey 

distributions in all three case studies (Table 5.1).  Hypoxia in the Gulf of Mexico could 

influence food webs by acting as a physical barrier for low oxygen sensitive species and 

a refuge for tolerant species.  Naturally occurring hypoxia in the central tropical Pacific 

decreased DSL density, but did not result in a similar compaction above.  Both the 

second and third case studies featured oceanographic driven, bottom-up processes 

providing the foundation for pelagic food webs.  The contrast between the central 

tropical Pacific and Stellwagen Bank was similar to that between broad-scale upwelling 

induced krill layers in Monterey Bay (Croll et al. 2005) and tidally driven krill 

distributions in the St. Lawrence estuary (Cotté and Simard 2005). In broad scale 

upwelling systems, physical features increase nutrient availability and result in 

increased primary productivity, from which food webs develop (Olson et al 2004).  In 

finer scale tidally driven features, the physical mechanisms are more likely aggregative 

of phytoplankton or zooplankton creating a more optimal foraging environment 

(Wolanski and Hamner 1988). These comparisons show that physical features (shelf 
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edge, bank edge, divergent fronts) can result in similar food webs yet at vastly different 

scales. 

In the Gulf of Mexico, I hypothesized that vertical and horizontal distribution of 

fish change relative to low oxygenated bottom water.  While acoustic biomass was 

denser above hypoxic bottom waters, there was no significant horizontal effect.  This 

seems to contradict bottom trawl results that found increased biomass at the hypoxic 

edge (Craig and Crowder 2005), but the bottom half meter is not included in the acoustic 

data. The described vertical compaction could give the impression of horizontal stacking 

if sampling the bottom meter alone. The vertical compaction may result in a loss of 

benthic habitat, but also affects species distributions (e.g. Atlantic bumper catches, 

Figure 2.2). Taylor and Rand (2003) described habitat reduction and potential trophic 

influences from hypoxia in anchovies (Anchoa spp.) in the Neuse River, USA.   Copepod 

prey were able to tolerate low dissolved oxygen and the hypoxic waters served as a 

predation refuge. In the Gulf of Mexico, top predators (e.g. bottlenose dolphins, Tursiops 

truncatus) could find the compacted prey as a more desirable (e.g. Davoren et al. 2000) or 

could use the low oxygen as a physical barrier to increase foraging success. These 

findings demonstrate the importance of collecting three-dimensional data in marine 

systems. 

In the central tropical Pacific, current boundaries lead to increased upwelling 

and consequently higher primary productivity.  Both horizontal and vertical boundaries 

significantly impacted the distribution of deep scattering layers (DSL). Specifically, 

increased density of DSL (both static and migratory) at the equator were highly 

correlated with productivity (chlorophyll-a concentration) and upwelling (SSH and 

depth of stratification). This was the first study in the central tropical Pacific to link 
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oceanographic processes and prey density to top predator distribution, ultimately 

providing a framework for food web structuring in the central Pacific. Oceanographic 

features are known to structure marine mammal communities in the eastern tropical 

Pacific (Ballance et al. 2006) but these models have overlooked the role of prey. I found a 

qualitative link between squid-eating pilot whales and DSL density, in contrast with 

pelagic-fish-eating false killer whales and stenellids. Incorporating prey into indirect 

oceanography-predator associations could improve the predictive capacity of cetacean 

habitat models. 

My third case study in the Gulf of Maine builds upon the previous two by 

examining prey distribution relative to oceanography but also adding tag derived top 

predator foraging behavior.  Physical features, particularly the western edge of 

Stellwagen bank interacted with tidal flow creating internal waves and initiating the 

phytoplankton –> copepod -> sand lance –> humpback food web.  Consequently, tidal 

state and distance to bank edge were strong predictors of both sand lance density and 

whale surface feeding likelihood. In addition, we were able to measure a specific density 

of prey and categorize the shape of prey aggregations that influenced whether whales 

were surface feeding. Assessing predator behavioral decisions with archival tags at the 

same scale as oceanographic features and acoustically measured changes in prey patches 

can be a useful template for future projects on marine foraging ecology. Previous studies 

have examined foraging thresholds of top predators relative to prey distributions (e.g. 

Piatt and Methven 1990), but this is the first study at the scales used by an individual 

foraging whale (10 m – 10 km). 

Scale is extremely important in predator-prey research (Schneider and Piatt 1986, 

Schneider 2001). In field experiments on cod (Gadus morhua) and capelin (Mallotus 
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villosus), both prey and predator scales vary based on behavior and as a result, the scale 

of ecological measurements influenced the perceived strength of correlations (Rose and 

Leggett 1990). Over three years, when the scale of prey distributions changed from 

aggregated to dispersed, a consequent change in Rhinoceros Auklet (Cerorhinca 

monocerata) foraging behavior was also dispersed with more solitary foraging bouts 

(Davoren 2000). Multiple scales of aggregation were found with predator and prey in 

the Barents Sea (Fauchald et al. 2000, Fauchald et al. 2002).  Fauchald et al. (2002) 

suggested two foraging strategies that explained the variability in overlap between 

predator and prey. In years with denser capelin aggregation, murres targeted specific 

patches of prey resulting in a significant predator-prey correlation.  When capelin were 

more dispersed, murres were hypothesized to track the oceanography to look for areas 

of predictable prey densities resulting in a weaker link between predator and prey 

aggregations (Fauchald et al. 2002) Since both predator and prey behaviors operate at 

multiple scales (Hunt and Schneider 1987, Fauchald et al. 2000, Kenney et al. 2001), 

research must pay explicit attention to scale in both data collection and analysis.  

In particular, a diel scale (migration, aggregation) is common in marine systems 

as methods of predator avoidance and optimal foraging (Hirst and Batten 1998, Benoit-

Bird et al. 2001). Diel changes in prey distribution occurred in all three case studies 

(Table 5.1).  Fish were more aggregated at night in the Gulf of Mexico and in the central 

tropical Pacific, fish were densely aggregated at night and exhibited vertical migration.  

In the Gulf of Maine, sand lance exhibited an opposite trend by burying in the sand at 

night and feeding in the water column from early morning (~0400) until sunset (1830).  

This pattern was complicated by the strong correlation between sand lance density and 

tidal flow, resulting in finer scale temporal changes of patch density and consequently 
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whale surface feeding (Table 5.1).  In addition, due to the short temporal duration of all 

three cruises, broader scale processes were likely missed such as seasonal and annual 

variability in the hypoxic zone (Rabelais et al. 2001), wind amplitude, current migration, 

and intra-annual regimes in the equatorial Pacific (Johnson et al. 2002, Fiedler et al. 

2006), and seasonal and annual variability in distributions of both sand lance and whales 

(Weinrich et al. 1997) on Stellwagen Bank.  

Spatial scales were more varied among the three case studies than temporal 

scales (Table 5.1).  Fish in the Gulf of Mexico reacted at very fine vertical scale (meters) 

to low oxygen (Figure 4.1).  While no horizontal reaction to hypoxia was observed, it is 

also possible that our stations were too fine (1.5 km) to pick up the exact hypoxic edge.  

In the central tropical Pacific, oceanographic processes such as divergent fronts and 

resultant increased primary productivity varied at scales of 100-1000 kms. Lower SSH 

values resulted in increased productivity and increased DSL density at both fine and 

coarse spatial scales.  While the fine scale stations matched predator feeding scales and 

the coarse matched foraging scales (Hunt and Schneider 1987, Kenney et al. 2001), we 

lacked temporal extent in our top predator data (point sightings instead of focal follows 

or tag data) to quantitatively compare these processes. In Stellwagen bank, patch density 

was greatest near the bank edge (< 1 km) and correlated with a higher likelihood of 

whale surface feeding. At the individual patch scale, sand lance aggregations averaged 

~50 meters in length and ~3.5 meters in height.  This scale matched observed whale 

foraging behaviors with individual feeding events (e.g. bubble nets) at 10’s of m and 

patch switching while foraging at 1-10 kms. 

In this dissertation I aimed to analyze oceanographic influences on prey and 

predators with explicit attention to scale.  I have shown that prey distributions are 
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highly influenced by physical features in three different study systems and at multiple 

scales, supporting my first hypothesis.  As this research has shown prey distributions 

change dramatically at the scale of hours supporting the second hypothesis, the 

assumption of a constant environment can only be applied at very fine temporal scales 

in marine systems.  Broad scale measurements of environmental variability coupled 

with fine scale patch measurements could provide an empirical test of optimal foraging 

in marine systems.  I found that humpback whales are strongly correlated with physical 

features (tidal state, bank edge), prey density, and patch shape. I was unable to 

statistically tease apart the scale at which whales were cueing on the prey from cueing 

on physical features in part because the research vessel (60 m) was larger than the 

average patch size. Nonetheless, findings from this study do not reject the third 

hypothesis that whales find prey patches using physical features while sensing prey at a 

finer scale (Kenney et al. 2001).    

There is no perfect technique for measuring prey density and distribution in 

marine systems. Traditional net tows usually operate at discrete depths or a discrete 

range of depths but result in a single data point for the entire tow duration.  Acoustics 

allow fine scale analyses at discrete depths with multiple horizontal pings per second 

(Simmonds and MacLennan 2005).   Combining the two methods allows estimates of 

species composition, length frequencies, and ultimately absolute estimates of 

abundance.  But, both techniques have error, for trawls in the form of catchability, and 

for acoustics as target strength variability.  Using acoustics independent of trawls is still 

a powerful approach that I used in both the Pacific and Gulf of Maine to examine 

relative densities of prey, where visual observations combined with previous knowledge 

can be used to assign identification to acoustic signatures.  Using this study as an 
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example, acoustics offer a minimally invasive approach where absolute abundance 

estimates are not required for ecological synthesis.   

One reason reduced scale experiments are used in lieu of ecological field studies 

is spatial and temporal autocorrelation.  Traditional ecological experiments using 

mesocosms include numerous replicates and controls to make inference as simple as 

possible (Hurlbert 1984).  In the field, spatial autocorrelation violates traditional 

independence assumptions ultimately leading to issues of pseudoreplication and 

autocorrelated residual errors (Hurlbert 1984, Legendre 1993, Dormann et al. 2007).  The 

future of ecology requires field experiments particularly those at large scales to test 

mesocosm derived theories and relationships (Schindler 1998), thus spatial 

autocorrelation is something that must be acknowledged (Legendre 1993).  Techniques 

to account for spatial autocorrelation are varied.  They include kriging, which uses the 

inherent autocorrelation to create surfaces that can be sampled for analysis (Simard et al. 

1993) in addition to auto-regressive models that explicitly incorporate autocorrelation 

(Dormann et al. 2007).  Nonetheless, it is important to remember that spatial 

autocorrelation is not simply error (e.g. Diniz-Filho et al. 2003); ecological processes are 

spatially related because they have common origins (e.g. fish distribution and whale 

distribution correlated with shelf breaks).  By lumping spatial autocorrelation in the 

error term in ecology analyses, unexplained ecological relationships are being 

overlooked.  

This research opens the door for further studies of predator-prey relationships 

across multiple spatial scales.  An analysis of the Stellwagen Bank data to test the 

feedback effect of predation on fish distribution and abundance would be enlightening. 

Predators have been shown to affect school size and shape of forage fish in Hawaii with 
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spinner dolphins and the mesopelagic boundary community by corraling and 

aggregating prey in denser patches (Benoit-Bird and Au 2003).  By continuing the 

research on Stellwagen Bank into future years including re-tagging individual whales, I 

could analyze both individual and interannual variability in foraging behavior and 

threshold foraging.  While this study was performed at the scale of an individual whale, 

future projects could add broad scale prey mapping and visual surveys for predator 

distribution to understand the scene surrounding an individual tagged whale. Such 

extensions would allow fine scale mapping of the prey patch being consumed, mapping 

of other prey patches in the environment to ultimately analyze when humpback whales 

switch prey patches to optimize their caloric intake.  This research as a whole provides 

an extremely diverse assessment of prey distribution relative to oceanographic 

gradients.  In all three case studies, prey had a potential influence on the foraging 

patterns of top predators, and integrating fine scale prey data better informs our 

understanding of foraging ecology.  
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