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Abstract – Size and shape patterns of ﬁsh groups are collective outcomes of interactions among members.

Consequently, group-level patterns are often affected when any member responds to changes in their
internal state, external state, and environment. To determine how groups of ﬁsh respond to components of
their physical and ecological environment, and whether the response is inﬂuenced by a component of their
external state (i.e., ﬁsh age), we used a multibeam system to collect three-dimensional grouping
characteristics of 5 age categories of juvenile walleye pollock (age 1, age 2, age 3, mixed ages 1 and 2, and
mixed ages 2 and 3) across the eastern Bering Sea shelf over two consecutive years (2009–2010). Grouping
data were expressed as metrics that described group size (length, height), shape (roundness, spread), internal
structure (density, internal heterogeneity), and position (depth, distance above bottom). Physical data (water
temperature measurements) were collected with temperature-depth probes, and ecological data (densities of
predators and prey  adult walleye pollock and euphausiids, respectively) were collected with an EK60
vertical echosounder. Juvenile pollock maintained a relatively constant shape, size-dependent density
(number ﬁsh/mean body length3), and internal horizontal heterogeneity among age categories and in the
presence of predators and prey. There were changes to group structure in the face of local physical forcing.
Groups tended to move towards the seaﬂoor when bottom waters became warmer, and groups became
vertically shorter, denser, and had more variation in horizontal internal density as group depth increased.
These results are explored in relation to the value and limitations of using multibeam data to describe how
external and internal group structure map onto environmental inﬂuences.
Keywords: Walleye pollock / ﬁsh groups / size / shape / structure / temperature / depth / predator / prey

1 Introduction
Within schooling ﬁsh, interactions between members can
produce group-level patterns and structure (Couzin and
Krause, 2003; Rieucau et al., 2015, 2016)  sometimes
referred to as the “emergent properties” of the group (Clark
et al., 1997)  including group size, shape (Parrish and
Edelstein-Keshet, 1999), and internal packing density.
Changes in group-level properties allow individuals to
maximize their ﬁtness as conditions change. For example,
grouped walleye pollock, Gadus chalcogrammus (formerly
known as Theragra chalcogramma; Page et al., 2013), are
more successful at exploiting ephemeral food patches
*Corresponding author: sarah.stienessen@noaa.gov

(Baird et al., 1991; Ryer and Olla, 1992), and walleye pollock
group cohesion increases as prey distribution switches from
dispersed to clumped (Sogard and Olla, 1997). Within a group,
individuals may position themselves relative to other
individuals of similar sizes in response to predator and prey
considerations (e.g., Svensson et al., 2000; Maes and Ollevier,
2002). Shifts toward a more favorable group structure are thus
the result, in part, of individuals responding to their particular
interpretation of the local environment (Bertrand et al., 2006;
Gerlotto et al., 2006), ﬁltered through individual internal (e.g.,
physiology, experience: Seebacher and Krause, 2017; Cantor
and Farine, 2018) and external (e.g., ﬁsh size: Couzin and
Krause, 2003) states. However, not all group behaviors are
beneﬁcial; some may be detrimental in speciﬁc situations. For
example, it is generally thought members in a group beneﬁt
from greater group density when a predator is nearby
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(Hamilton, 1971), but some predators (e.g., killer whales)
increase feeding efﬁciency by cooperatively herding ﬁsh into
tight balls (Similä and Ugarte, 1993; Nøttestad and Axelsen,
1999). The key to understanding how group structure is
maintained is to determine which individual behaviors produce
group-level patterns that are functionally advantageous to its
members (Parrish et al., 2002).
To identify how interactions between members produce
group-level patterns, studies have tracked the trajectories of
individual ﬁsh and related those patterns to overall group
structure (e.g., Tien et al., 2004; Viscido et al., 2004; Katz
et al., 2011; Stienessen and Parrish, 2013). These types of
observations are limited because of the large effort needed to
extract small amounts of quantitative data (i.e., the difﬁculty in
tracking relatively large, fast animals with overlapping
trajectories over extended periods of time). Therefore,
simulation studies have been frequently employed in tandem
with, or as an alternative to, empirical observations to show
how intricate group structure is created by straightforward
individual interactions (e.g., Couzin et al., 2002, 2005; Viscido
et al., 2005; Conradt et al., 2009; Guttal and Couzin, 2010;
Berdahl et al., 2013; Hein et al., 2015; Swain et al., 2015; Jolles
et al., 2017). Even so, it can be difﬁcult to determine which
behaviors are biologically relevant, and these types of studies
may not be able to provide enough information about what the
group is doing, especially in a realistic, unconﬁned, threedimensional setting.
It is possible to characterize in situ responses of ﬁsh to their
environment by quantifying emergent properties at the group
scale; that is, describing group size (e.g., group length, height),
shape (e.g., group perimeter-to-area ratio) and density (e.g.,
number of individuals/area). A lot of this research has focused
on using acoustic data to depict ﬁsh behavior including
predator-prey interactions (DeBlois and Rose, 1995;
Mackinson et al., 1999), reactions to commercial ﬁsheries
(Wilson et al., 2003; Walline et al., 2012), migration patterns
(Rose, 1993), and reactions to changes in the physical
environment (Nero and Magnuson, 1989; Barange, 1994;
Swartzman et al., 1994; Soria et al., 2003). However, limitations
in associated sampling technologies at the group scale essentially
prevent direct observations of individual group members.
There is evidence to suggest internal group structure (e.g.,
areas of high-density nuclei and unﬁlled vacuoles) observed
within an acoustically detected group represent patterns that
arise from interactions between members (Gerlotto and
Paramo, 2003; Paramo et al., 2010). Such “internal
heterogeneity” may be indicative of group membership.
Relatively high heterogeneity (i.e., higher degree of nuclei and/
or vacuoles) can mean diversity of ﬁsh within a group, because
individuals of different ages, sizes, or species likely have
different physical and physiological limitations (e.g., average
or maximum speed, metabolic rates), which can inﬂuence the
distribution of ﬁsh (Grünbaum et al., 2005; Viscido et al.,
2007) and induce sorting (Hemelrijk and Kunz, 2005;
Seebacher and Krause, 2017). Internal heterogeneity may
also be indicative of ecological interactions. For example,
Gerlotto et al. (2006) were able to detect a “wave of agitation”
that spread through the school when a predator approached and
noted the internal school structure was more homogeneous
(i.e., had more consistent interﬁsh distances between
members) after the predator had passed. These ﬁndings

Fig. 1. (A) Schematic of the insoniﬁcation of two ﬁsh groups (e.g.,
juvenile ﬁsh  shallower, predator  deeper) with a 7-beam
multibeam sonar. In this depiction, part of the juvenile group has been
insoniﬁed over three consecutive transmitted acoustic signals (i.e.,
pings) and part of the predators have been insoniﬁed over four
consecutive transmitted acoustic signals. (B) The associated backscatter characterizes the two-dimensional structure of the insoniﬁed
part of the groups. (C) The associated backscatter characterizes the
three-dimensional structure of the insoniﬁed part of the group. The
color scale green-to- dark red represents low to high backscatter
values, respectively.

suggest that structural heterogeneity may be a proxy for both
the degree of heterogeneity of group membership (i.e., size,
age, or species) as well as external inﬂuences (e.g., ecological
or other environmental forcing).
The goal of this study was to examine the external and
internal group structure of in situ groups of ﬁsh to ask more
comprehensive questions about the degree to which group
structure (i.e., emergent properties) map onto environmental
inﬂuences. We did this by exploring the connection between
measured group properties, including internal heterogeneity,
the degree of age difference (proxied by size) within the group,
and the local and regional scale inﬂuences of the physical
(temperature, shelf depth) and ecological (predator, prey)
environment.
We took advantage of data collected with a Simrad
multibeam echosounder (ME70) system during an ongoing
ﬁshery monitoring program of walleye pollock in the eastern
Bering Sea. The ME70 is a multibeam system deisgned
speciﬁcally for ﬁshery research applications. It has very low
side lobes and is dedicated for collection of data in the water
column (Trenkel et al., 2008). It can insonify entire groups in
situ, effectively allowing us to measure speciﬁc properties of
the three-dimensional group structure (Fig. 1), and when
calibrated, it can provide ﬁsh density estimates. We then
analyzed the grouping patterns as a function of independently
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assessed physical and ecological factors. Walleye pollock
(hereafter “pollock”) are one of the most abundant and
commercially important ﬁsh in the Bering Sea (Kim, 1990).
Although adults are semi-demersal and form aggregations that
can extend for miles near the seaﬂoor, juveniles are often found
throughout the water column in discrete groups with welldeﬁned edges (Wilson et al., 2003; Walline et al., 2012) which
allow for readily measured emergent properties (Reid et al.,
2000). Additionally, strong cohorts of juvenile walleye pollock
move though the population over consecutive years that can
result in groups composed of multiple age classes of juveniles
(e.g., Stienessen and Wilson, 2008; Honkalehto et al., 2010,
2012). This allows for examination of the role that external
state (i.e., age, proxied by size) plays on emergent group
properties.
We used the three-dimensional data provided by the ME70
to test three speciﬁc hypotheses. First, given that predator
avoidance and foraging success provide two of the main
beneﬁts to group living, we expected that local predator and/or
prey density would affect the responses of ﬁsh as evidenced by
group structure, both external (i.e., size and shape) and internal
(i.e., density and internal heterogeneity). Second, because
habitat features (e.g., thermoclines) have been shown to
inﬂuence the vertical distribution of ﬁsh species (Traynor,
1986; Swartzman et al., 1994) but not their group metrics
(Swartzman, 1997; Soria et al., 2003), we expected that
measures of the physical environment (i.e., temperature and
shelf depth) would inﬂuence vertical position of the group in
the water column rather than group internal and external
structure. Third, because sorting can occur in groups with
different size ﬁsh (Hemelrijk and Kunz, 2005), we expected
groups with differences in membership (i.e., ﬁsh age/size)
would have a higher degree of internal heterogeneity.

2 Materials and methods
We extracted and quantiﬁed emergent properties of
juvenile pollock groups from the data collected with the
ME70 and examined the inﬂuence of the local environment on
these properties by considering ecosystem components and
interactions. That is, we described basic associations among
juvenile pollock physical habitat (i.e., water temperature and
depth), one of their main predators (i.e., adult pollock: Bailey,
1989), and a common prey species (i.e., euphausiids: Dwyer
et al., 1987; Aydin and Mueter, 2007) to understand how each
of these features inﬂuences juvenile pollock grouping
behavior.
2.1 Field methods

Acoustic trawl surveys were conducted onboard the
NOAA ship Oscar Dyson during the summers of 2009 and
2010 and consisted of a series of north-south parallel transects
uniformly spaced 20 nmi apart over the Bering Sea shelf from
Port Moller, Alaska, to the U.S.-Russia Convention Line in the
area around Cape Navarin, Russia (Fig. 2; Honkalehto et al.,
2010, 2012). Acoustic data were collected during daylight
hours (typically between 6:00 and 24:00 local time), over
bottom depths ranging between 100–150 m, with a Simrad
EK60 scientiﬁc echo sounding system (Simrad, 2004;

Bodholt and Solli, 1992), which used 5 split-beam transducers
(18, 38, 70, 120, and 200 kHz), and with a Simrad ME70
multibeam echo sounder (Trenkel et al., 2008). The ME70 was
conﬁgured to operate with 31 symmetrical split-beams, the
middle beam being vertically-oriented (i.e., steered at 0°). The
beams in this conﬁguration ranged from the spherical 2.8°
nadir beam (0°) operating at 117 kHz to two 4.5° alongship by
11.0° athwartship ellipsoidal beams steered at ±66° and
operating at 75 kHz (Fig. 3). A 25 mm tungsten carbide sphere
was used to calibrate each beam, except for the 2 outermost
ones on each side, of the ME70 system at the beginning of the
2009 survey. We were unable to place the sphere into those 4
outer beams (they were too far away from the ship in the
horizontal dimension), so the data collected by the 4 outer
beams were not used in this study. This effectively made
the beam conﬁguration limited to a 100° swath (steered
from ±50°), with outer beamwidths of 4.1° alongship by 6.5°
athwartship that operated at 80 kHz (Fig. 3). This conﬁguration
had a two-way sidelobes around 70 dB re 1m. The EK60
system was calibrated at the beginning and end of both
surveys, and during the middle of the 2009 survey (Honkalehto
et al., 2010, 2012). Acoustic data collected with the ME70
were used to obtain metrics describing juvenile pollock
grouping patterns, and acoustic data collected with an EK60
were used to obtain shelf depth and juvenile pollock predator
(i.e, adult pollock) and prey (i.e., euphausiid) densities.
The EK60 and ME70 systems transmitted sequentially to
avoid system interference. The ping rate for both systems was
1 ping/1.26 s, and the ship averaged 5.5 m/s. This provided a
nominal along track resolution of approximately 1 ping/ 6.9 m,
which did not allow for full acoustic coverage in the horizontal
dimension (e.g., a 3° beam is 2.6 m wide at 50 m depth). Only
data collected deeper than 16 m and 20 m by the EK60 and
ME70, respectively, were used because of the combination of
placement of the transducers on the centerboard or hull (i.e.,
depth of the transducers in the water column) and the transmit
blank zones (Simmonds and MacLennan, 2005).
Much of the watercolumn backscatter in the eastern Bering
Sea is from walleye pollock (Honkalehto et al., 2011).
Acoustic backscatter was attributed to adult or juvenile pollock
based on the depth distribution of the aggregations, the
appearance of the aggregations, and the catch composition in
nearby trawl hauls (e.g., Fig. 1). Frequency-differencing was
used to separate euphausiid backscatter from pollock
backscatter (pollock backscatter is relatively stronger at
38 kHz and euphausiid backscatter is relatively stronger at
120 kHz; De Robertis et al., 2010). Biological samples were
collected with a larger (i.e., Aleutian Wing trawl) and a smaller
(i.e., Methot) midwater net (Honkalehto et al., 2010, 2012).
Catches of pollock, typically the dominant scatterer, were
sampled to determine fork length (FL) to the nearest 1.0 cm,
body weight to the nearest 2.0 g, and age of the ﬁsh. Trawl
catch information was used to convert acoustic backscatter
collected with the EK60 to abundance and biomass estimates,
which were binned at 0.5 nmi horizontal resolution using
standard protocols (Honkalehto et al., 2008; Ressler et al.,
2012).
Temperature proﬁles were obtained with a temperaturedepth probe attached to the trawl headrope. Expendable
bathythermograph (XBT) probes and conductivity-temperature-depth (CTD) casts were also used to collect water
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Fig. 2. The study area in the eastern Bering Sea during 2009 (top) and 2010 (bottom). Both plots show the survey tracklines and locations of ﬁsh
groups by age class. Mix12 are groups that contain both age-1 and age-2 ﬁsh, and mix23 are groups that contain both age-2 and age-3 ﬁsh. Note
that age-1 ﬁsh were detected in only a single location in 2010.

temperature and salinity proﬁle data at selected locations
throughout the study area (Honkalehto et al., 2010, 2012).
2.2 Deﬁning and isolating a group

Juvenile pollock backscatter collected with the ME70
was ﬁrst isolated from other backscatter (i.e., euphausiid

backscatter) and then classiﬁed into juvenile pollock groups.
The former was done by applying a 52 dB re 1 m threshold to
the backscatter using Fledermaus midwater software (http://
www.qps.nl/display/ﬂedermaus/main, Version 7.3.2b, Build
443Beta, 64-bit Edition, accessed January 2014). This
threshold was selected based on a threshold sensitivity
analysis conducted over a range of processing thresholds
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Fig. 3. The ME70 beam conﬁguration, showing (A) the steering
angle-frequency combination for each beam and (B) the beamwidths
(beam opening values refer to the one-way received beams). Note the
axes in Figure 2B are at different scales. Data collected in 4 outermost
beams (2 on each side) were not used. This resulted in an effective fan
width of ±50°.

from 66 to 48 dB Sv. The backscatter at each processing
threshold was classiﬁed into groups, and group metrics were
calculated. These results indicated that group metrics
stablilized around 52 dB so this threshold was used to ﬁlter
out pollock backscatter from other (i.e., mostly euphausiid)
backscatter (see Stienessen, 2015). The end result was the
generation of 3D point clouds of backscatter detections.
Juvenile pollock backscatter was attributed to 1 of 5 age
categories based on haul data: age 1, age 2, age 3, mixed ages
1–2 (hereafter referred to as “mix 12”), and mixed ages 2–3
(hereafter referred to as “mix 23”). To ensure that the correct
age of pollock was attributed to the backscatter, only acoustic
data that were collected consistently (i.e., no gaps in
backscatter lasting more than 0.5 nmi) up to 15 nmi from a
haul location where 100% of the trawl contained only one age
category were used in this study (Williamson and Traynor,
1996; Walline, 2007).
Backscatter (Sv) values were adjusted to correct for the
effects of angular response of insoniﬁed juvenile pollock
within the steered beams (Towler et al., 2003; Cutter and
Demer, 2007; Holmin et al., 2012). This was done by
averaging Sv values per beam (Svc) based on the evidence that

the pollock were not responding to the vessel (Stienessen,
2015) and under the assumption the ﬁsh were not aligned
geoghraphically.
We then classiﬁed Svc into juvenile pollock groups based
on four user-deﬁned input parameters: minimum connected
distance (10 m), minimum connected size (25 detections),
maximum horizontal linking distance (25 m), and maximum
vertical linking distance (5 m) as follows. The distance
between two Svc values in any direction must be less than or
equal to the minimum connected distance for the backscatter
to be considered part of the same group. A group had to have
at least the minimum connected size to be considered an
actual group. If the distance between any two groups was
more than the maximum linking distance, the groups were
considered separate from one another. These parameters were
examined over a range of values and evaluated, and the ﬁnal
criteria were chosen based on their ability to provide the best
deﬁnition of a juvenile walleye pollock group when compared
by eye to the original echogram. The criteria chosen to deﬁne
a group likely contain substantial and unknown biases.
However, if the criteria are kept constant, as in the present
study, they should provide useful comparative information
about the variability of ﬁsh group structure (Fréon et al.,
1996; Reid et al., 2000). Once juvenile pollock Svc was
classiﬁed into groups, we restricted the dataset to only groups
that had been wholly insoniﬁed, deﬁned operationally as
groups contained entirely within the ME70 swath exclusive of
the outermost beams.
Juvenile pollock groups detected in 2009 were ultimately
classiﬁed into age 1 (n = 459), mix23 (n = 1259), or age 3
(n = 1256) age categories, and the groups detected in 2010
were ultimately classiﬁed into age 1 (n = 19), mix12 (n = 1334),
or age 2 age categories (n = 1406). Although age-1 and age-2
ﬁsh were present both years, there was no appreciable overlap
in age categories between the two years. Age-2 ﬁsh were only
observed in mix23 groups in 2009. Age-1 ﬁsh were only
observed in 19 pure-aged groups or as part of mix12 groups in
2010. Consequently, pure-age 1 groups from 2010 were added
to 2009 for all analyses.
2.3 Group metrics

Several “group metrics” were used to describe the overall
structure, or architecture, of juvenile pollock groups. These
metrics fall into three general categories: external, internal, and
positional. External metrics describe the overall size and shape
of the group, internal metrics describe the density distribution
within the group, and positional metrics describe position of
the group in the water column. Most of these metrics have been
previously used to characterize in situ responses of ﬁsh to their
environment (e.g., DeBlois and Rose, 1995; Gerlotto and
Paramo, 2003; Soria et al., 2003; Wilson et al., 2003; Gerlotto
et al., 2006; Stienessen and Wilson, 2008; Walline et al., 2012).
External group structure was described with several size
metrics: group length (i.e., major horizontal axis of the group;
m), width (i.e., greatest horizontal distance perpendicular to
group length; m), height (m), surface area (m2), and volume
(m3; Tab. 1). Because there was a high degree of correlation
between group length, width, surface area, and volume
(r > 0.88 across all pairwise comparisons), length was used as
the representative of these 4 metrics, restricting length and
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Table 1. Names, symbols, and deﬁnitions of group metrics and the various indices, intermediary equations, and scattering quantities used to
calculate them.

Group metrics

Symbol

Name (and unit)

Deﬁnition or Algorithm

L

Length (m)

Maximum distance between all points in ƍ2D

W

Width (m)

H
R
V
SA

Height (m)
Roundness
Volume (m3)
Surface Area (m2)

Greatest horizontal distance perpendicular
to group length in the ƟLþ90° direction
zmax(i)  zmin(i)
L/W
ƞ3D
Pf
1 ðv1  v2 þ v2  v3 þ v3  v1Þ=2 for all k3D

Sp
d
d(BL)

Spread (m1)
Density (ﬁsh/m3)
Density (ﬁsh/BL3)

D

Depth (m)

DB

1

IHh

Horizontal Internal Heterogeneity (m)

Distance above Bottom (m)

SA/V
sv =s bs
d/(BL3)
Pn
1 zi  di
P
n
1 di
Bottom depth  D
Pn pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
ðxi Cx Þ2 þðyi Cy Þ  di
1
Pn
/L
1

Pn

Indices

Positional
Intermediaries

Geometrical
Intermediaries

IHv

Vertical Internal Heterogeneity (m)

R

Range from the ship (m)

HD

Horizontal distance from the ship (m)

n
i
k
a
b
p
f
v1,v2,v3
x,y

Horizontal position (m,m)

Z
sx,sy
Sx, Sy

Depth position (m)
Ship position (m,m)
Mean ship position (m,m)

Cx, Cy, Cz

Density dependent center
of gravity (m,m,m)

ƍ
ƍ2D

Convex hull
2D convex hull

ƍ3D

3D convex hull

Universal Transverse Mercator (UTM) coordinate
position of the Sv measurement
Depth of the Sv measurement
UTM coordinate position of the vessel
Ssxi Ssyi
p ; p
Pn
Pn
Pn
x  di
y  di
z  di
1 i
1 i
P
; P
; P1 2
2
2
1

di

1

di

1

di

Pƍ

Pƍ
¼
i¼1 ei ðxi ; yi Þjei ≥ 0 f or all n and
i¼1 ei ¼ 1
The smallest 2D convex polygon that contains every
one of the n data points (x1,y1....xn,yn) within the group
The smallest 3D convex volume that contains every one
of the n data points (x1,y1,z1....xn,yn,zn) within the group
Convex hull coefﬁcient/ weight such that the coefﬁcients
are non-negative and sum to one
arctan (|xa – xb| / |ya – yb|)
Number of triangle facets
The vertices of each triangle facet

ƟL
f
v1,v2,v3
sv
FL
BL
TS
s bs

ðzi Cz Þ2  di

Pn
=H
di
1
ﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
ðSx  Cx Þ þ ðSy  Cy Þ2 þ Cz 2 ;
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðSx  Cx Þ2 þ ðSy  Cy Þ2
1

Total number of measurements within a group
Each measurement within a group
Number of indices deﬁning ƍ
One of 2 measurements in ƍ2D used to deﬁne L
One of 2 measurements in ƍ2D used to deﬁne L
Total number of pings
Number of triangle facets
The vertices of each triangle facet

ei

Scattering quantities

di

Volume backscattering coefﬁcient (m1)
Fish length (m)
The number of body lengths per meter (m1)
4
Target strength (dB re 1 m2)
2
Backscattering cross section (m2)
2

3

1

Bottom depth was taken from the nearest (<15 nmi) haul location.
MacLennan et al. (2002).
3
Based on the population length composition from the nearest (<15 nmi) haul location.
4
TS to FLcm model for walleye pollock from Foote and Traynor (1988).
2
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height as the representative simple geometric measurements of
school size. The size metrics were used to calculate two shape
metrics: group roundness and spread (m1; Tab. 1). Because
juvenile pollock groups are more spread out in the horizontal
plane than the vertical plane (Wilson et al., 2003; Stienessen
and Wilson, 2008; Walline et al., 2012), and the majority of
forward motion of ﬁsh groups is typically in the horizontal
plane (Bumann et al., 1997), we chose to describe the
horizontal shape of walleye pollock groups. To do this, we
calculated roundness, a ratio of group length to group width. A
smaller roundness value (minimized at 1, a circle) indicates the
group is more horizontally circular, whereas a larger value
indicates that the group is more horizontally oblong. Spread is
the ratio of group surface area to volume and, along with group
size, describes the consistency of 3D group shape. If the spread
stays constant over various group sizes, it suggests that smaller
groups are more spherical and larger groups are more elliptical
or irregular. However, if spread decreases as group size
increases, it suggests that group shape is more constant among
various group sizes. Length, width, and roundness were also
corrected for the effects of beam spreading (Stienessen, 2015)
according to Diner (2001). These corrections utilize a form of
corrected school length increase which is a function of nominal
beamwith.
Internal group structure was described with several
metrics: group density and internal heterogeneity. To be
consistent with many other in situ studies which have
described acoustic data with density calculated as a function
of backscatter per volume (e.g., DeBlois and Rose, 1995;
Swartzman et al., 1994; Paramo et al., 2007; Stienessen and
Wilson, 2008; Walline et al., 2012), we calculated juvenile
pollock group density as ﬁsh per volume based on the average
fork length of juvenile pollock in the nearest haul (ﬁsh/m3;
Tab. 1). However, because the juvenile pollock in our study
were not the same size, we standardized this result by also
calculating juvenile pollock group density as a function of
body length (number of ﬁsh/mean BL3; Tab. 1; e.g., Pitcher
and Partridge, 1979) based on catch data. Size-dependent
density describes interﬁsh spacing relative to ﬁsh size (i.e.,
body length; BL), whereas volume-dependent density
describes interﬁsh spacing relative to a constant volume
(i.e., 1 m3). In a situation where small and large ﬁsh both
maintain 1 BL between neighbors, there would be more small
ﬁsh in 1 m3 than there would be large ﬁsh. Density was also
corrected for the effects of beam spreading (Stienessen, 2015)
according to Diner (2001). To represent the organization of
juvenile pollock within a group (i.e., to parameterize whether
the ﬁsh are forming clusters, or nuclei, within the group), we
described the variance in group density (m2, Tab. 1). This
variance was standardized by group length and group height to
produce horizontal and vertical internal heterogeneities,
respectively (m; Tab. 1). Groups with lower (or higher)
internal heterogeneities have a more uniform (or clustered)
spacing between ﬁsh.
A limitation to using Diner’s corrections is that the group
dementions need to be large compared to the beamwidth.
Therefore, we only considered groups, and applied the
corrections, when the normalized group length relative to
beamwidth was larger than 1.5 (Diner, 2001). After applying
Diner’s corrections, there is an extremely low correlation
between group range to the ship and each group metric

(i.e., correlation = 0.02 [range and length], 0.02 [width],
0.09 [roundness], 0.01 [spread], 0.06 [density], and 0.11
[horizontal inertia]). This indicates that observed changes in
group metrics were not dependent on range. Thus, patterns
were either large enough to be adequately captured by the
coarser resolution found at deeper depths, or they were too
small to be adequately captured by the ﬁner resolution found
at shallower depths.
Finally, three positional metrics of the group in the water
column were calculated based on the group’s densitydependent center of gravity: group depth, distance above
bottom, and range from the ship (m; Tab. 1). To investigate the
potential that vessel avoidance by the ﬁsh (De Robertis and
Handegard, 2012) might confound our results, all descriptors
were examined as a function of horizontal distance from the
vessel at three depth bins: 20–50 m, 51–100 m, and 101–150 m.
No trends were detected that could be attributed to vessel
avoidance (Stienessen, 2015).
2.4 Environmental factors: ecological and physical

Two categories of environmental factors were examined:
ecological factors (i.e., predator and prey densities) and
physical factors (i.e., water temperature and shelf depth). The
inﬂuence of predators (here proxied by the sA (m2 mni2;
MacLennan et al., 2002) of adult pollock) and prey (here
proxied by the kg of euphausiids) was assessed as a function of
the distance between each juvenile pollock group and the
nearest predator and prey, respectively. Three water temperature measurements were associated with each group based on
the group’s density-dependent center of gravity: sea surface
temperature, temperature at the depth of the group (“group
temperature”), and bottom temperature. Summer sea surface
and bottom temperatures are related to the presence or absence
of sea ice during the previous winter (Stabeno et al., 2012) and
characterize larger-scale temperature patterns over the eastern
Bering Sea; whereas group temperature describes the water
temperature at the exact depth of the group. These values were
determined by matching the geographic surface location, depth
of the group, and seaﬂoor depth below the group to the
corresponding temperatures from the nearest (<15 nmi) XBT
or CTD proﬁle, conducted within a day of the acoustics data
collection.
2.5 Statistical analyses

Because walleye pollock exhibit diel periodicity in their
grouping behavior (Ryer and Olla, 1998; Fréon et al., 1996;
Wilson et al., 2003), time of day was used as a covariate in
analyses of covariance tests to examine whether juveniles
maintained consistent group structures. To test whether the
environment differed among age categories, a single-factor
ANOVA was conducted on each positional metric and
environmental factor (Zar, 1996). Tukey’s Honestly Signiﬁcant Difference tests were then used to check for differences in
each group metric and environmental factor based on juvenile
pollock age class (Zar, 1996).
We used a path analysis (Kline, 1998) to develop
interactions among aspects of juvenile pollock habitat (i.e.,
water temperature and depth), adult pollock densities, and
euphausiid densities and to determine the inﬂuence these
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environmental factors had on group metrics within an age
class. Path analysis is a structural equation model that tests
relationships among measured variables and determines
whether there are any meaningful patterns in the data by
examining the overall impact of one variable on another by
considering both the direct (e.g., impact of variable 1 on
variable 3) and indirect (e.g., impact of variable 1 on variable 3
via variable 2) paths (Streiner, 2005). An extension of multiple
regression, path analysis allows some variables (i.e., variables
in the middle levels) to be both independent and dependent,
and the strength of each of the indirect pathways is calculated
as the product of the path-coefﬁcients along that pathway
(Streiner, 2005).
For this study, two a priori models were created to
examine the inﬂuences of ecological and physical factors on
both group position in the water column and group metrics.
The ﬁrst causal model addressed the inﬂuences of the 2
categories of environmental factors on group position in the
water column and incorporated four levels of variables. The
most basic level involved the depth of the eastern Bering Sea
(EBS) shelf, the second level contained the water temperature, the third level contained the ecological factors (i.e.,
predator and prey), and the fourth level contained the vertical
position of the group in the water column (i.e., group depth
and distance above bottom; Fig. 4a). The second causal
model addressed the inﬂuences of the 2 categories of
environmental factors on group metrics and incorporated ﬁve
levels of variables: those levels used in the ﬁrst model plus a
ﬁfth level which contains group metrics (Fig. 4b). Because
school depth and distance above bottom were collinear for
our study area, only school depth was included in the fourth
level of the second model. Both models assumed that
inﬂuences move from bottom to top in the diagram and that
each lower level variable had a path connecting it to each
higher level variable; however, there was no connecting path
between variables on the same level. The models assumed
that temperature values were dependent on water column
depth (e.g., Coachman and Charnell, 1979; Kinder and
Schumacher, 1981; Schumacher and Stabeno, 1998) and in
turn inﬂuenced the distribution of juvenile and adult ﬁsh as
well as zooplankton (e.g., Swartzman et al., 1994; Bertrand
et al., 2005; Ressler et al., 2014). Additionally, they assumed
that the presence of predators (i.e., adult pollock) and prey
(i.e., euphausiids) inﬂuenced the position of juvenile
pollock in the water column (e.g., Olla and Davis, 1990;
Sogard and Olla, 1993; Swartzman, 2001; Benoit-Bird,
2009). Within each age category, we performed a 4-level path
analysis focused on group depth and distance above bottom for a
total of 10 path analyses. Additionally, within each age category,
we also performed a 5-level path analysis focused on each group
metric, for a total of 35 path analyses.
Log transformations were performed on group metrics
to stabilize the variance prior to all analyses. To avoid
the assumption that signiﬁcant associations equate to
meaningful associations with such large sample sizes, effect
sizes (i.e., total direct þ indirect standardized regression
coefﬁcients) were used in lieu of t-values and p-values
(Cohen, 1988; Rosnow and Rosenthanl, 1996) in the
path analyses. Results from Tukey’s Honestly Signiﬁcant
Difference tests were considered signiﬁcant at alpha
0.05.

3 Results
3.1 Effects of age category on group position
and structure

Age-2 pollock formed the shallowest groups (Fig. 5a),
farthest above the bottom (Fig. 5c). Age-1 pollock also formed
shallow groups (Fig. 5a), but because they were found over
relatively shallower areas of the shelf (Fig. 5b), they instead
aggregated closer to the seaﬂoor, at above-bottom distances
similar to the other three age categories (i.e., similar to mix12,
mix23, and age-3 ﬁsh; Fig. 5c).
Juvenile pollock maintained a relatively constant density and
shape among age categories. Although volume-dependent group
density (ﬁsh/m3) declined signiﬁcantly as a function of ﬁsh age
(Fig. 6e), there were no signiﬁcant differences in average
interﬁsh distances relative to ﬁsh body size among all juvenile
age categories (number of ﬁsh/mean BL3; Fig. 6f). That is,
smaller pollock formed denser groups because more ﬁsh could ﬁt
into a given volume, not because their interﬁsh distances
decreased. Roundness was constant across all age categories
(x ¼ 1:71:8; Fig. 6c), except mix 23 (x ¼ 1:9), and not
correlated with other external group metrics (r = 0.35, –0.14, and
–0.11, for length, height, and spread, respectively). This suggests
a similar horizontal shape, irrespective of ﬁsh age and group size.
By deﬁnition, when spread is inversely proportional to size, the
shape is constant. Therefore, the inverse trends that existed
between group height and group spread among age categories
(r = –0.97) also suggests a similar overall 3D shape (Fig. 6b, d).
Mixed age groups were no more variable internally than their
older pure-aged cohorts. Mix12 groups had the same internal
heterogeneity as age-2 groups (Fig. 6g, h), even though mix 12
formed signiﬁcantly longer groups (Fig. 6a). Likewise, mix23
groups had the same internal heterogeneities as age-3 groups
(Fig. 6g, h).
3.2 Two scales of inﬂuence

We used comparisons of means and path analyses to focus on
different temporal and spatial scales of environmental inﬂuences
as follows. The comparisons of means scrutinize all age
categories simultaneously to measure the grouping and position
behavior of juvenile pollock across age categories (i.e., regional
responses). These results are indicative of longer-term responses
of juvenile pollock to their environment across the study site and
between years (e.g., “mix12 ﬁsh were found in the warmest
waters compared to the other age classes of juvenile pollock”). In
contrast, path analyses were indicative of how juvenile pollock
groups responded to changes in their immediate environment
(i.e., local responses). More precisely, path analysis scrutinizes
one age category at a time. The results indicate the total effect
environmental (i.e., physical and ecological) factors may have
on both group structure and the position of the groups in the water
within an age category (e.g., “mix12 groups were further off
bottom when bottom waters at that location were colder”).
For our study, comparison of means suggest juvenile pollock
were grouping and positioning themselves by age class across
the entire Bering Sea shelf based on the shelf’s environment.
However, path analyses suggest that at the speciﬁc location of
each group, juvenile pollock were responding to immediate
physical factors but not to immediate ecological factors.
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Fig. 4. (A) The 4-level causal model used to examine the inﬂuences of physical and ecological factors on group position in the water column
within each age class and (B) the 5-level causal model used to examine the inﬂuences of physical and ecological factors on group metrics within
each age class.

3.3 Regional effects of the physical environment
on juvenile pollock

The physical environment may have inﬂuenced regional
responses of juvenile pollock across age categories.
Comparison of means show that within each year, groups of

older juveniles were found in signiﬁcantly cooler waters
compared to the younger ﬁsh. Thus, mix23 and age-3 groups
were in areas with cooler group and bottom temperatures than
were age-1 groups in 2009 (Fig. 5g, h). Similarly, age-2 groups
were in areas with cooler surface, group, and bottom
temperatures than were mix12 groups in 2010 (Fig. 5f, g, h).
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Fig. 5. Results of a single-factor ANOVA showing the local environment for each age class of juvenile walleye pollock (A, group depth; B,
bottom depth ; C, group distance above the seaﬂoor; D, adult pollock density; E, euphausiid density; F, sea surface temperature; G, group
temperature; and H, bottom temperature). The error bars represent 95% conﬁdence intervals about the mean and are sometimes obscured by the
symbol. Black circles represent means from 2009, and the gray circles represent means from 2010. Mix 12 results (e.g., groups with 1 and 2 year
olds) are plotted between age 1 and age 2, and mix 23 results (e.g., groups with 2 and 3 year olds) are plotted between age 2 and age 3. Lines
above the symbols indicate no statistically signiﬁcant differences were detected between those age groups based on Tukey’s multiple comparison
tests.

3.4 Local effects of the physical environment
on group position and structure

although the degree of this response varied by age category
(Fig. 7).

The physical environment may have also inﬂuenced local
responses of juvenile pollock. Path analyses show that within
each age category, groups were found farther above bottom as
the bottom got deeper (Tab. 2). Groups were also found further
away from the seaﬂoor (i.e., age 1, mix12, mix23, and age 3)
and the ocean surface (i.e., mix12 and mix23) when those
waters, respectively, became cooler (Tab. 2).
The vertical position of juvenile walleye pollock groups in the
water column was, in turn, associated with speciﬁc group
structuring within an age category. As group depth increased (for
age-1, mix12, age-2, and age-3 ﬁsh) or bottom temperature
decreased (for mix 23 ﬁsh), groups became vertically shorter,
denser, and had more variation in horizontal internal density,

3.5 Regional effects of the ecological environment
on juvenile pollock

The ecological environment may have also inﬂuenced
regional responses of juvenile pollock across age categories.
Comparison of means show that mix12 groups were found in
areas with considerably higher average adult pollock
densities (x ¼ 2800 sA ) compared to all other age categories
(x ¼ 2001200 sA ; Fig. 5d) and they formed signiﬁcantly
longer groups (Fig. 6a). Additionally, older juveniles were
detected in areas with signiﬁcantly higher densities of
euphausiids. That is, mix23 and age-3 groups were in areas of
higher euphausiid densities than were age-1 groups in 2009;
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Table 2. Total effects (direct þ indirect) of environmental factors on juvenile walleye pollock vertical position in the water column within each
age class. No effects are in gray, small effects are in black, medium effects are bolded, and large effects are higlighted.

Age 1

Physical

Age 2

Mix 23

Age 3

Biophysical

Group

Above

Group

Above

Group

Above

Group

Above

Group

Above

Factor

Depth

Btm

Depth

Btm

Depth

Btm

Depth

Btm

Depth

Btm

1.35

0.62

0.91

0.79

-0.34

0.68

-0.51

1.28

0.39

1.47

Bottom depth
Surface temp

Ecological

Mix 12

0.11

-0.15

-0.31

0.33

0.04

0.03

-0.59

0.60

-0.10

0.15

Group temp

-0.37

0.50

0.07

-0.07

-0.04

0.03

-0.32

0.33

-0.36

0.52

Bottom temp

0.48

-0.65

0.31

-0.34

-0.29

0.24

0.23

-0.23

0.58

-0.85

-0.12

0.16

0.08

-0.09

0.00

0.00

-0.00

0.00

-0.08

0.12

-0.06

0.08

0.05

-0.06

0.20

-0.17

-0.08

0.08

-0.07

0.10

Adult pollock
Euphausiids

Fig. 6. Results of a single-factor ANOVA showing effects of juvenile pollock age on group metrics (A, length; B, height; C, roundness; D,
roughness; E, volumetric density; F, density based on body length; G, horizontal internal heterogeneity; and H, vertical internal heterogeneity).
The error bars represent 95% conﬁdence intervals about the mean and are sometimes obscured by the symbol. Black circles represent means
from 2009, and the gray circles represent means from 2010. Mix 12 results (e.g., groups with 1 and 2 year olds) are plotted between age 1 and age
2, and mix 23 results (e.g., groups with 2 and 3 year olds) are plotted between age 2 and age 3. Lines above the symbols indicate no statistically
signiﬁcant differences were detected between those age groups based on Tukey’s multiple comparison tests.
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Fig. 7. (A) Direct effects of environmental factors on group density of age-1 pollock. This result is intended as an illustrative example of how
direct effects culminate into total effects. Similar results for the other 34 path analyses are not shown. Larger effects are indicated by more bold
arrows. Solid arrows represent positive effects and dashed arrows represent negative effects. (B) Total effects (direct þ indirect) of
environmental factors on size, shape, and internal structure of age-1, mix12, age-2, mix23, and age-3 groups of juvenile walleye pollock. No
effects (0–0.20) are indicated by white ﬁll, small effects (0.20–0.35) are indicated by light gray ﬁll, medium effects (0.35–0.50) are indicated by
dark gray ﬁll, and large effects (>0.50) are indicated by black ﬁll. Positive effects are indicated by a solid ﬁll, and negative effects are indicated
by an open circle “” within the ﬁll.
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and age-2 groups were in areas with higher densities of
euphausiids than were mix12 groups in 2010 (Fig. 6e).
3.6 Local effects of the ecological environment
on group position and structure

Although the presence of adult pollock and euphausiids
may have inﬂuenced regional responses of juvenile pollock,
they did not seem to inﬂuence local responses of juvenile
pollock. That is, for a given age category, there was little
association between the ecological environment and both the
vertical position of juvenile pollock groups in the water
column and their group structure (Fig. 7b, Tab. 2). The path
analysis results show that ecological factors only had an effect
on a group vertical position in one instance (i.e., euphausiid
density of age-2 group depth; Tab. 2), and only had an effect on
a group metric in two instances (i.e., adult pollock density on
mix23 height and euphausiid density on mix23 group density;
Fig. 7b). In both cases the effect was small.

4 Discussion
The stability in a number of emergent patterns discernable
at the scale of the group did not change across age categories or
in the face of the measured ecological forcing. Juvenile pollock
in the eastern Bering Sea maintained a relatively constant sizedependent density (number of ﬁsh/mean BL3), group 2D
horizontal shape (i.e., roundness), and group 3D shape among
age classes and between years. Additionally, mixed age groups
were no more variable internally than their older pure-aged
cohorts, even though mix12 ﬁsh did form considerably longer
groups. Stability in group architecture is not unique to juvenile
pollock. Various ﬁsh species have been reported to maintain
consistent interﬁsh spacing based on body length (Pitcher and
Partridge, 1979; Viscido et al., 2004; Newlands and Porcelli,
2008) and a consistent group shape regardless of ﬁsh age or
size (Abrahams and Colgan, 1985; Coetzee, 2000; Muiño
et al., 2003). Other studies have shown that the internal
structure of ﬁsh groups can be highly consistent within a
species (Paramo et al., 2007), regardless of the aggregation
type (i.e., group or layer; Gerlotto et al., 2004).
Within an age category, there were no measured short-term
juvenile pollock grouping structures associated with the
general presence and proximity of potential predators (e.g.,
adult pollock) and prey (e.g., euphausiids). This suggests that if
there were any effects of predator and prey on local juvenile
pollock patterns, they were not discernable with the extent and
temporal grain of our data. Behavioral reactions of ﬁsh to
predators and prey depend on a variety of factors, including
distance to the predator or prey, predator and prey behavior and
group size, and physical features (e.g., turbidity and light
levels: Cerri, 1983; Godin and Morgan, 1985; Lima and Dill,
1990; Godin, 1997; Utne, 1997; Gadomski and Parsley, 2005).
For example, some species of ﬁsh do not react to a predator
until the predator is within a given range (Näslund et al., 2016).
Additionally, if ﬁsh do react to short-term environmental
disturbances, the reactions can occur rapidly (i.e., within
seconds) and the ﬁsh can recover relatively quickly (i.e., within
several minutes; Gerlotto et al., 2006; De Robertis and Wilson,
2010; Bruintjes et al., 2016, Handegard et al., 2016,

Rieucau et al., 2016). At the average group depth of juvenile
walleye pollock in this study – i.e., 100 m (depth mean 95 m,
median 98 m, and mode 113 m)  the along track resolution of
the acoustic data is 7 m (constrained by ship speed and ping
rate) and the athwart track resolution is approximately 5 m
under the ship and 10 m for beams steered at 40°. At this depth,
we cannot observe any behavioral-related changes in group
metrics at scales smaller than this. Assuming groups of
juvenile pollock were inﬂuenced by nearby predators or prey,
these disturbances were too brief or occurred at ﬁner scales
than could be detected with our approach.
There were, however, short-term interactions between
juvenile pollock and their physical environment that did persist
for long enough periods of time or occurred at coarse enough
scales to be detected with our approach. Juvenile pollock
grouping structures were associated with the depth of the
group, which in turn was associated with water temperature.
Groups tended to move away from the seaﬂoor (i.e., age 1,
mix12, mix23, and age 3) or ocean surface (i.e., mix12 and
mix23) when the bottom or surface waters, respectively,
became cooler. Groups became vertically shorter, denser, and
had more variation in horizontal internal density as group
depth increased (i.e., for age-1, mix12, age-2, and age-3 ﬁsh),
although the degree of this response varied by age category.
Demersal predators of juvenile walleye pollock in the Bering
Sea, such as adult pollock and arrowtooth ﬂounder, increase in
numbers with proximity to the seaﬂoor (Bailey, 1989; Aydin
and Mueter, 2007). Fish have been shown to increase
antipredator responses in microhabitats with higher predation
risk (Helfman and Winkelman, 1997; Brown et al., 2006).
Group compaction, an antipredator tactic (Pitcher and Parrish,
1993; Sogard and Olla, 1997), might be favored by juvenile
pollock when they are closer to the seaﬂoor, in a habitat with
greater numbers of demersal predators. Our study determined
that densities of adult pollock had no local effect on juvenile
pollock group structure, but we did not measure whether the
vertical proximity of adult pollock had such an effect. An
important facet for further investigation would be to determine
if the vertical proximity of predators and prey, rather than
absolute densities, inﬂuence the short-term response of
juvenile pollock group structure.
Our results do suggest that juvenile pollock may be
reacting to their ecological environment at larger (i.e.,
regional) temporal and spatial scales. First, group length
was correlated with predator density. Relative to the other age
classes, mix12 groups were found in areas of the Bering Sea
shelf that had the greatest densities of adult pollock, and they
formed the largest (i.e., longest and tallest) groups. Increasing
group size is a classic antipredator tactic (e.g., Hager and
Helfman, 1991; Pitcher and Parrish, 1993; Krause and Ruxton,
2002; Couzin and Krause, 2003; Hoare et al., 2004; Wong and
Rosenthal, 2005). Second, the age of the juvenile pollock was
correlated with prey density. Speciﬁcally, older juveniles were
found in areas of the Bering Sea shelf that had higher densities
of euphausiids. This trend was especially notable within a
season.
There were also regional patterns in the apparent
association between, or at least tolerance of, water temperature
on juvenile pollock distribution. Compared to the younger ﬁsh,
older juveniles (mix23 and age-3 ﬁsh in 2009, age-2 ﬁsh in
2010) were geographically distributed in areas of the Bering
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Sea shelf with relatively cooler water temperatures. Other
studies suggest that younger juveniles may have actively
avoided colder waters, while larger juveniles were more
tolerant of it. During years when the eastern Bering Sea cold
pool extended further southward, age-1 sized pollock shifted
their distribution southward to avoid the cold pool, but there
was no notable change in distribution of larger age-2 and age-3
sized juveniles (Barbeaux and Hollowed, 2018). Laboratory
studies have demonstrated that older juveniles swam into cold
water to feed and/or avoid predation, whereas younger ﬁsh did
not (Olla and Davis, 1990; Sogard and Olla, 1993). Avoidance
of colder water by age-1 juveniles is likely related to their
lower tolerance to thermal change as a function of body size
(Olla et al., 1985; Olla and Davis, 1990; Sogard and Olla,
1993). Ressler et al. (2014) found that euphausiid density was
higher in areas of the Bering Sea with cooler bottom
temperatures, which were corroborated by our study results.
In both years, the older juveniles were in areas with relatively
cooler bottom temperatures and also higher densities of
euphausiids. These older juveniles may have resided in areas
of the Bering Sea shelf with cooler water, and vertically
adjusted their position in the water column to help alleviate
thermal disadvantage (e.g., moved further off bottom when
bottom waters in that speciﬁc location became even cooler).

5 Conclusion
Our study was able to capture regional interactions
between juvenile pollock and their ecological and physical
environment more effectively than local interactions. This is
likely due to the fact that most local interactions caused
changes in ﬁsh behavior which were either too short-lived or
occurred at ﬁner scales that could be detected with the temporal
grain or extent of our data (e.g., Levin, 1992; Schneider, 1994;
Peterson and Parker, 1998). If so, to capture short-lived
interactions, the ME70 would need to be on a stationary
platform, allowing insoniﬁcation of a given juvenile pollock
group(s) over minutes to hours. This methodology has proven
effective with other species of ﬁsh. For example, Gerlotto et al.
(2006) used a multibeam echosounder on a stationary platform
(i.e., a ship held on station for hours) to collect data describing
short-term predation events (i.e., events less than half a
minute) by sea lions, Arctocephalus australis and Otaria
byronia, on anchovy, Engraulis ringens, schools. The third
dimension from these types of data captured changes in group
architecture  speciﬁcally changes in internal heterogeneity 
relative to ecological inﬂuences.
A few local interactions between walleye pollock and the
physical environment caused changes in ﬁsh behavior that
persisted long enough and at coarse enough scales to be
detected with the power of our methodology. It was often
metircs obtained with the third dimension (e.g., denser, more
variation in horizontal internal density) that captured how the
local environment (e.g., warmer bottom temperatures) caused
changes in ﬁsh behavior (e.g., move toward the seaﬂoor). This
suggests that studies which focus on the physical environment
may be useful in understanding ﬁsh grouping behavior,
especially when the data will be collected by a calibrated
multibeam echosounder (e.g., a ME70) positioned on a moving
platform. Additionally, the third dimension from “snapshots”

of ﬁsh groups obtained with the ME70 was used to describe
juvenile pollock grouping patterns that were the most stable
across age categories (i.e., average values for size-dependent
density and roundness were the same across age categories),
regardless of short-term ecological and physical forcing.
Assuming the values are species-speciﬁc, this result may prove
helpful to future efforts using acoustics to discriminate
juvenile pollock from co-occurring aggregated species, such
as capelin, Mallotus villosus, or rockﬁshes (Sebastes spp.;
Jones et al., 2017).
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