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Fish Population and Behavior
Revealed by Instantaneous
Continental Shelf-Scale Imaging

Nicholas C. Makris,™* Purnima Ratilal,> Deanelle T. Symonds," Srinivasan Jagannathan,*
Sunwoong Lee,* Redwood W. Nero®

Until now, continental shelf environments have been monitored with highly localized line-transect
methods from slow-moving research vessels. These methods significantly undersample fish
populations in time and space, leaving an incomplete and ambiguous record of abundance and
behavior. We show that fish populations in continental shelf environments can be instantaneously
imaged over thousands of square kilometers and continuously monitored by a remote sensing
technique in which the ocean acts as an acoustic waveguide. The technique has revealed the
instantaneous horizontal structural characteristics and volatile short-term behavior of very large
fish shoals, containing tens of millions of fish and stretching for many kilometers.

going survey methods (3-7) it is difficult to
accurately enumerate fish populations (6, 8, 9)
and nearly impossible to study the behavioral

here is substantial evidence that fish
I populations are rapidly declining world-

wide (I, 2), yet with conventional sea-

dynamics of very large social groups or shoals
of fish (/0), including the impacts of popula-
tion decline (11, 12). This is because con-
ventional methods rely on highly localized
measurements made from slow-moving research
vessels, which typically survey along widely
spaced line transects to cover the vast areas that
fish inhabit, and so greatly undersample the
environment in time and space, leaving highly
ambiguous records. We assessed fish pop-
ulations with a remote sensing technology
involving ocean acoustic waveguide propaga-
tion that surveys at an areal rate that is roughly
one million times greater than that of conven-
tional fish-finding methods. The waveguide
technology makes it possible to continuously
monitor fish population dynamics, behavior,
and .abundance, with minute-to-minute updates
over thousands of square kilometers, producing
records without aliasing (13, /4) in time and
space.

With the waveguide remote-sensing tech-
nology, we observed (i) instantaneous hori-
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Fig. 1. Two instanta-
neous areal density im-
ages of fish shoals near
the continental shelf edge
obtained by ocean acous-
tic waveguide remote
sensing (OAWRS) at (A)
09:32 EDT, 14 May
2003, and (B) 08:38
EDT, 15 May 2003, each
acquired within 40 s. v,
is shown in color. The
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10°
Spatial frequency (1/m)

> moored source (the white
star) is the coordinate
origin in all figures at
39.0563°N, 73.0365°W.

The towed horizontal receiving array (the white diamond) has 2.6° azimuthal resolution at array
broadside. The range resolution is 30 m after averaging (14). The forward propagation of sound
masks imaging inside the gray ellipse surrounding the source and receiver. The positive vertical
axis points north. Depth contours are indicated by dashed lines. In (A) and (B), the continental
shelf edge begins at roughly the 200-m contour. (C) Spatial frequency spectra, based on scores
of instantaneous OAWRS images of v,,, for cases where a large shoal is present and only small
scattered fish groups are present. A consistent spectral power law of spatial frequency to the
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zontal structural characteristics, (i) temporal
evolution, and (iii) the propagation of infor-
mation in very large fish shoals, containing
tens of millions of fish and extending for
many kilometers. All of these observations
were made from distances that were typical-
ly greater than 10 km from the shoal bound-
aries and with sound that was at least three
orders of magnitude less intense than con-
ventional fish-finding sonar. This is possible
because underwater acoustic remote sensing
in the ocean (/4-19) relies on the capacity
of the continental shelf environment to be-
have as an acoustic waveguide, in which
sound propagates over long ranges via trapped
modes that suffer only cylindrical spread-
ing loss rather than the spherical loss suffered
in conventional fish-finding sonar technol-
ogies (7). The conventional approach em-
ploys only waterborne propagation paths that
are restricted to much shorter ranges, on the
order of the local water depth, and much
higher frequencies, where attenuation is much
greater (14).

Typical realizations of the instantaneous
horizontal structure of very large fish shoals,
comprising perhaps the largest massing of
animals ever instantaneously imaged in na-
ture, are shown in Fig. 1, A and B. The im-
ages are from data acquired during our May
2003 experiment (/4) near the edge of the
continental shelf 200 km south of Long
Island, New York, USA. We found popula-
tion centers of various size, interconnected
by a network of “fish bridges” at various
scales. These made the shoal shown in Fig.
1A a contiguous entity that stretched for over
10 km. A similar situation is seen in the very
large southern and smaller northern shoal of
Fig. 1B. All shoals exhibit large internal
vacuoles and hourglass patterns previously
observed only in fish groups that were many
orders of magnitude smaller in area (9, 10).
The shoals are often very sharply bounded
on the seaward side by a specific bathy-
metric contour of the continental shelf edge,
as in Fig. 1A. This geophysical boundary
apparently organizes the shoal horizontally
as a social entity and may also be a nav-
igational landmark for distant migrations
(20, 21). Although we found all large shoals
between roughly the 80- to 100-m bathy-
metric contour, fish assemblages changed
dramatically over time in any given region,
as shown in Fig. 1 from one morning (Fig.
1A) to the next (Fig. 1B). The overall back-
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ground population, for example, increases
significantly from Fig. 1A to 1B, with a dense
distribution of very small groups of fish ap-
pearing between the very large southern
shoal and the smaller northern one. Under
some circumstances, these may provide the
building blocks for the fish bridges that
bind a shoal together. Annual trawl surveys
conducted earlier in the season and histor-
ically (14, 22), as well as our visual and
behavioral observations at sea, indicate that
Atlantic herring, scup, hake, and black sea
bass are likely species candidates in the large
shoals.

The instantaneous horizontal spatial dis-
tribution of fish over wide areas follows a
fractal or power-law spectral process, as
quantitatively shown in Fig. 1C. Instanta-
neous structural similarity then exists at all
scales observed, from tens of meters to tens
of kilometers, and suggests that similar un-
derlying behavioral mechanisms may be re-
sponsible for structures at all scales. This
supports the qualitative argument for a fractal
process in (9) but not the disjoint clustering
of population centers that is perhaps implied
there. The power law is invariant to the size
of the largest fish group present, and so re-
mains constant if an area contains a very
large shoal or only much smaller scattered
groups of fish, as shown in Fig. 1C. Our
observations that very large shoals are struc-
turally similar to much smaller fish groups

REPORTS I

must be a consequence of the power law.
Knowledge of this power law now enables
more accurate statistical predictions of the
instantaneous spatial distribution of fish pop-
ulations over wide areas.

Simultaneous measurements from both
the conventional and the waveguide remote-
sensing systems show excellent agreement
in fish population density at identical time-
space points along the conventional line
transect (light blue line in Fig. 2, A to D),
but only the waveguide technology senses
two-dimensional (2D) horizontal structure
and temporal change. Both systems reveal
dense populations of fish at time-space points
a, B, and v, and neither system registers fish
at § beyond the shoal’s seaward edge. The
sharp and extensive 2D horizontal boundary
of the shoal seen with the waveguide tech-
nology along the shelf edge in Figs. 1A and
2, A to D, is too transitory to be inferred
from or practically measured with conven-
tional line-transect methods, even from a
series of transects. Nor can the conventional
system detect or recognize the network of
interconnecting bridges between population
centers that waveguide technology has shown
to be part of the fundamental structure of
shoals. For example, the large but transitory
bridge connecting the northern and southern
wings of the shoal in Fig. 2, A to D, gives it
a classic hourglass pattern, never previously
observed over such a large scale. This is

Distance (km)

Fig. 2. A comparison
of OAWRS with conven-
tional fish-finding sonar
(CFFS). (A to D) A
sequence of instanta-
neous OAWRS areal
density (fish/m?) im-
ages taken roughly 10
min apart, starting at
11:59:05 EDT on 14
May 2003, is shown.
The color bar is the
same as in Fig. 1. The
corresponding CFFS
transect is overlain in
light blue, with the
CFFS position for the
given OAWRS image

indicated by a circle.
The white dashed line

Depth (m)

5 6
Range (km)

is the 100-m depth con-
tour. (E) Range-depth
profile of fish volumetric
density (fish/m3) mea-
sured by CFFS along
the transect shown in
(A) to (D). White bars
(in the lower black re-
gion below the sea
floor) correspond to typ-

ical time-space points o, B, and vy, where both systems co-register dense fish groups [(A) to (Q)]; the gray bar
corresponds to point & in (D), where neither system registers dense fish groups.
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missed by the conventional line-transect
method (Fig. 2E), which provides no evi-
dence that fish in the y group are actually
well connected to those previously imaged
in the B group or occasionally in the o group
as well.

We noticed a daily pattern in shoal be-
havior that involved considerable horizon-
tal migration and thus differed substantially
from the day-to-night vertical migrations
previously observed with downward-directed
sonar in line transects (23, 24). The pattern,
observed consistently in the 3 days during
which we could monitor large shoals over all
daylight hours, began with the horizontal
consolidation of shoals in the morning,
typically organized by a sharp seaward edge
extending for kilometers along a bathymetric
contour of the continental shelf edge. Rapid
fragmentation and dispersal followed by
mid-afternoon, well before sunset when
vertical migration began, as shown in Fig.
3, A to D, between 14:20 and 15:00 eastern
daylight time (EDT). Fragmentation pre-
dictably began with faulting at the bridges
between population centers. The bridges were
apparently not sufficiently strong to withstand
the internal or external pressures to diverge

Fig. 3. Evolution of a
fish shoal from morn-
ing to evening from
OAWRS imagery and
a time series on 14
May 2003. (A to D)
Four instantaneous
OAWRS images or
snapshots illustrating
morning consolidation
and afternoon frag- 0% 3 6
mentation of the shoal. 30

Distance (km)

that acted on the shoal’s internal population
centers.

To describe this behavior quantitatively,
time series of changing fish population (Fig.
3E) were computed at very high sample
rates (50-s intervals) from imagery acquired
with the waveguide technology over the
hundreds of square kilometers immediately
encompassing the shoal. We find that total
fish population (gray curve of Fig. 3E)
decomposes into the sum of a temporally
stable (brown curve of Fig. 3E) and a
temporally unstable (blue curve of Fig. 3E)
time series. The same areal fish density (v,)
threshold (0.2 fish/m?) that separates the
temporally stable from the unstable popula-
tion is also extremely effective in spatially
segmenting large shoals from smaller back-
ground groups in our instantaneous wide-
area images (Figs. 1; 2, A to D; and 3, A to
D). The stable component comprises the
widely scattered fish groups that would form
the observable background scene in the ab-
sence of a large shoal. The temporally un-
stable component effectively characterizes
the dramatically dynamic spatial-temporal
fluctuations of the large shoal. We believe
that fluctuations in total population are pri-

9 12

marily due to convergences and divergences
in v, values above and below another thresh-
old [minimum detectable fish density (v,) =
0.01 fish/m?] where seafloor scattering mech-
anisms begin to become important and mask
fish imaging (/5-19). They may also arise
from fish groups entering and leaving the
survey box.

Time series enable us to introduce the
concept of an autocorrelation (25) time scale
to quantitatively characterize major tempo-
ral fluctuations in shoal population. We find
that the autocorrelation time scale ranges
between 5 and 10 min (fig. S1A) for the very
large shoal of Figs. 1A, 2, and 3, which
extends for tens of square kilometers (Fig.
3F). Shoal population (blue curve in Fig.
3E) can fluctuate dramatically in these short
time scales, by 20% or a few million fish.
Although dramatic, the fluctuations are con-
sistent with the roughly 1 m/s speed at which
fish in a shoal typically swim (26-28), as
seen from the corresponding areal changes in
Fig. 3F. The frequency spectrum of shoal
population (fig. S1B) shows no remarkable
periodicity, but like the spatial spectrum fol-
lows a consistent power-law process that now
enables quantitative statistical predictions of

The color bar is the 25}

same as in Fig. 1. Ver-
tical arrows indicate
snapshot times. (E) A

Population
(millions)

....

time series of popula-
tion within the area
shown in (A) to (D) for
v, within each of the
thresholds specified.
Gaps in the time se-
ries are due to towed-
array turns. (F) Area
occupied by a con-
solidated shoal or its
two largest fragments
for vy > vy = 0.2
fish/m?. (G) The inter-
nal coherence area is
the area within 1/e of

the 2D autocorrelation —30 19 15 13 14 15 R T
peak of instantaneous Eastern daylight time (hours)

OAWRS fish density

within the shoal or fragment. The centroids of two particular population centers within the shoal are indicated by the circle and the triangle in (A) to (D). (H)
Relative speeds between the centroids of the two population centers shown in (A) to (D), with mean (blue circle) and standard deviation (bars) shown for
each track.
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temporal behavior over wide areas and short
time scales.

Shoal fragmentation and dispersal also oc-
cur very rapidly, as shown in Fig. 3E, where
total population plummets in a 30-min period
beginning at 14:20 EDT. More than 10 mil-
lion fish disperse to below the v, threshold or
leave the survey box. The remaining shoal
fragments contain less than half the orig-
inal shoal population. This and other re-
motely observed depopulation events were
episodic, with peak dispersal rates reaching
up to 0.5 million fish/min. Indeed, very large
fish shoals were often lost from the view of
our conventional line-transect survey system
but not from the simultaneous view of our
remote-sensing system based on waveguide
technology.

Structural similarity can be reexamined
in a time-space context by comparing time
series of a shoal’s outer area (Fig. 3F) to its
characteristic internal area of coherence
(Fig. 3G), which is the area within which
population density is relatively constant.
The ratio of these gives an estimate of the
number of “degrees of freedom”: the inde-
pendent coherence cells (25) or primary
population centers within the shoal or within
its largest fragment. The fact that this ratio
remains relatively constant over time even
after the shoal undergoes severe fragmenta-
tion and dispersal is further evidence of
structural similarity at all spatial scales,
even during such dramatic events, which is
consistent with fish assembly and re-
assembly models (29). Fluctuations in the
shoal’s outer area tend to span only a small
percentage of the total area. This is true for
the inner area only during periods when the
shoal is not undergoing fragmentation, as
can be seen in Fig. 3, F and G. Otherwise,
the inner area fluctuates rapidly, reflecting
an internal turbulence that probably frag-
ments shoals.

It is remarkable that both the total population
and the internal coherence area attain maxima
just before the final fragmentation and dispersal
of the shoal. This coincides with the shoal’s
transformation into a classic hourglass pattern
(Fig. 3C). In hourglass patterns, migration from
one wing to the other has often been observed
when the depopulating wing is under attack by
predators (7). Although we have no evidence of
such an attack on the shoal in Figs. 2 and 3, and
other explanations such as feeding are possible,
we do see a massing of population in the north-
ern wing of the hourglass, with a decline of
population in the southern wing. This is evi-
dent in Fig. 3C and in the subsequent time
series of Fig. 3F, where the largest fragment is
the northern one and the second largest is the
southern one.

The waveguide technology has also re-
vealed the internal motion and migration
patterns within very large fish shoals, during

www.sciencemag.org SCIENCE VOL 311

time spans ranging from less than 1 min to
days, as shown in the imagery sequence of
Fig. 2, A to D. Fundamental questions that
depend on knowing “the degree of coordina-
tion in the movements” between fish popula-
tions that were previously “nearly impossible
to detect” (6) can now be addressed. We
show that even when very large shoals are
highly consolidated, densely packed, and
structurally similar to small groups of fish,
they do not exhibit synchronized motion over
short time scales, as much smaller groups of-
ten do (/0). The many interconnected popu-
lation centers within a very large shoal have
centroids that undergo local positional oscil-
lations in the horizontal, over time scales on
the order of minutes, which have no correla-
tion with each other. This is illustrated by the
image sequence of Fig. 2, A to D, where
velocity vectors for two centroids within the
very large shoal are effectively uncorrelated
in time and space.

Part of this uncorrelated internal motion
arises from fish density waves occurring
regularly, every few minutes, as seen by the
peak events in Fig. 3H. We identify these as
waves because they exceed, by an order of
magnitude, the typical speed at which fish
swim (26-28). Such waves travel with the
apparent speed of an organized sequence of
locally interconnected compaction events, like
the waves that people propagate in sports
stadiums by standing up and sitting down in
phase, rather than at the speed at which any
individual moves. The waves cause relative
displacements of local population centers that
are bounded by the roughly 1- to 3-km
internal coherence area of Fig. 3G, as can be
seen by integrating the separation rate of Fig.
3H over time. Waves have been previously
seen in fish shoals spanning scales up to only
tens of meters, where they have been hypoth-
esized to provide a rapid means of commu-
nication in response to predation or other
pressures (10, 30, 31). The most frequent rel-
ative motions between the local population
centroids, however, occur at the much lower
speeds at which individual fish can swim
(fig. S1C).

Fish density waves may be used to maintain
organizational coherence in very large shoals.
The speed, duration, inter-arrival times, and
displacements associated with the peak events
in Fig. 3H suggest that waves are continuously
reflecting from the boundaries of the local pop-
ulation center where they are confined. The
waves may then provide a means for individual
fish to sense the spatial extent and maintain
the coherence of this local subgroup. So far,
however, no evidence has appeared of com-
munication over greater distances at a rate
faster than fish can swim. Instead, we have
observed substantial interaction within shoals
spanning tens of kilometers by both bumping
and merging of population centers, as well as by

REPORTS

population flow across bridges. The relative
slowness of this means of communication may
be responsible for the inability of shoals to stay
together under intense external or internal
stresses.
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