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The concentrating of organisms at fronts: A cold-water fish
and a warm-core Gulf Stream ring

by Donald B. Olson' and Richard H. Backus’

ABSTRACT

Net hauls made in and around a warm-core Gulf Stream ring in April and June 1982 suggest
a concentrating of the mesopelagic fish Benthosema glaciale (family Myctophidae) in the
frontal zone at the east edge of the ring. In April, Benthosema was found in very small numbers
in the two-month old ring, as was to be expected from the subpolar-temperate distribution of this
fish and the warm-water origin and age of the ring. By June, age-0 fish had been recruited to the
population susceptible to capture by the midwater trawl. These young fish were about five times
as abundant at the frontal zone of the ring and about twice as abundant in the ring center as in
the adjacent Slope Water. It is proposed that the increased abundance at the ring front results
from a concentrating of the original Siope Water population by convergence. The increase of B.
glaciale in the center of the ring may be associated with the inwardly spiralling streamers
observed in satellite images.

A simple advection/diffusion model for both the fish and a passive tracer of the fluid is used to
consider a mechanism that might have concentrated the fish at the ring edge. It is assumed that
the fish can counter the vertical flow in order to maintain their preferred depth. Swimming in the
horizontal is assumed to be random. The result of this behavior is that the fish and the passive
tracer are affected differently in flow fields such as those in rings. Solutions to the model
equations lead to the conclusion that the abundance of fish at the ring front can be accounted for
by convergence. The model and the divergence pattern in the ring, calculated from hydrographic
data, show the time necessary to effect the hundred-fold increase in abundance that was
observed in the ring front between April and June to be on the order of two weeks to a month. We
suggest that the concentrating mechanism described is widely applicable to a variety of frontal
phenomena and to a variety of planktonic plants and animals.

1. Introduction

A general observation for the world’s oceans is that plants and animals have high
abundances near fronts. This observation is rationalized in several ways. Fronts are
zones of increased mixing both laterally and vertically, the result of which often is
increased primary and secondary production. Enlarged standing stocks of phytoplank-
ton in the vicinity of fronts are reported by Bainbridge (1957), Dufour and Stretta
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(1973), Pingree et al. (1975), Savidge (1976), and Fournier et al. (1979). The
increased primary production can be explained tentatively by an intensified flux of
nutrients. If the frontal region is sufficiently long-lived, populations of herbivorous
zooplankters will increase. (Dufour and Stretta, 1973, noted increases in zooplankton
at the Cape Lopez front in the Gulf of Guinea.) Finally, species that can detect the
front or its anomalous biotic condition may congregate there in order to take advantage
of the increase in their prey. This appears to be the case in birds (Ainley and Jacobs,
1981; Kinder et al., 1983) and in tunas (Dufour and Stretta, 1973; Laurs and Lynn,
1977; Sund et al., 1981). Why large migratory fishes prefer fronts is discussed by
Magnuson et al. (1980). Magnuson et al. (1981) found that certain benthic and
near-bottom fishes and decapod crustaceans were more abundant at collection sites
near Cape Hatteras when a Gulf Stream/shelf water front was present than when the
front was absent. Tranter et al. (1983) noted increases in chlorophyll a, zooplankton
biomass, and the density of certain copepod species where a cool-water “‘crescent”
bordered a warm-core ring shed by the East Australian Current.

Another way in which animals can be concentrated at fronts stems from the flow
that accompanies these features (Dufour and Stretta, 1973; Okubo, 1978). Active
fronts are associated with horizontal convergence. For a tracer following parcels of
water, the concentration of the tracer in any parcel is not changed directly by the
convergence, but for constituents, such as certain living things, that are capable of
eliminating one component of the flow field, the concentration can be increased along
the front directly by the flow. The vertical motions at fronts are small enough to be
overcome by most animals (and probably by certain plants in some cases). This
coupled with the ability of many species either to maintain an approximately constant
level in the water column or to migrate dielly between certain more or less fixed levels
provides a means for concentration in frontal zones without any regular horizontally-
directed movement on the part of the organism.

Here, we present a set of observations that suggests the concentrating of a Slope
Water fish, Benthosema glaciale (family Myctophidae, the lanternfishes), at the
frontal boundary between warm-core ring 82-B and cold shelf and Slope Water
entrained by the ring. The mechanism responsible for the presumed concentrating is
explored by the use of an analytical model that includes both advection and diffusion in
a flow field like that found in the ring and its surroundings. We also suggest that
advection of ring-front fluid into the ring core by *“streamers” led to an increase in fish
inside the ring.

Gulf Stream rings are formed downstream from Cape Hatteras where the Stream
meanders widely. Extreme meanders are pinched off from the Stream to north and
south, forming eddies that extend from sea surface to sea bottom and are a hundred or
more kilometers in diameter. Eddies shed to the south have cores of cold Slope Water;
those shed to the north, cores of warm Gulf Stream or Sargasso Sea water. Both have
encircling remnants of Gulf Stream, whence the name “ring,” and both are strong
anomalies in their new surroundings.
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In 1976 and 1977 cold-core rings were the subject of a multidisciplinary investiga-
tion supported by the Office of Naval Research and the National Science Foundation
(The Ring Group, 1981). An even more intensive and extensive study of the physics,
chemistry, and biology of warm-core rings was conducted by 25 NSF-supported
investigators between September 1981 and October 1982 (Joyce and Wiebe, 1983). At
times, four ships were simultaneously engaged along with aircraft (NASA) and
real-time satellite coverage. One ring, 82-B, was visited during three-week periods in
April, June, and August 1982.

Before the comprehensive warm-core rings investigation began, it was supposed that
at their genesis these eddies were relatively simple bodies with cores of Sargasso Sea
and surrounding rings of Gulf Stream that would be gradually mixed away until they
were more or less indistinguishable from the foreign environment into which they had
been cast—the North American Slope Water. Within a few days of the start of the
first field study in September 1981, however, ring 81-D, then about two months old,
was observed to interact strongly with the Gulf Stream resulting in substantial physical
and biological changes to the ring center (Joyce et al., 1984). Interactions between
warm-core rings and water on the continental shelf have also been observed (Ramp et
al., 1983; Bisagni, 1983), and interactions of both classes now are thought to be
common.

Because water generally is not moved without its plants and animals, and because
there are considerable biotic differences between Slope Water, Gulf Stream, and
Northern Sargasso Sea (especially between the first and last), it is often possible in the
Gulf Stream region to identify the source of a parcel of water by its fauna and flora.
This can be true even in the situation where the water itself is indistinguishable in
temperature/salinity properties as in the case of water cooler than about 10°C along
the Slope Water/Gulf Stream margin. By such faunistic and floristic means, it should
be possible to make deductions about the mechanics of the Gulf Stream rings.
Principal limitations to the method are uncertainties about the geographic distribution
of organisms and the fact that the generation time for many is too short for
distinguishing in situ proliferation from an exchange of waters through advection. The
small mesopelagic fishes of the family Myctophidae (lanternfishes) are exempt from
both of these objections. Their distribution in the North Atlantic is quite well known
(Backus et al., 1977; Nafpaktitis et al., 1977), and although a few species have
life-cycles as short as a year, most, including B. glaciale, take longer to grow from egg
to sexual maturity (Nafpaktitis et al., 1977; Karnella, 1983).

2. Data

Expendable bathythermograph (XBT) observations were taken from the several
ships surveying ring 82-B in April and June 1982. These have been composited in a
coordinate system that is based on the ring center as it moves through the Slope Water
and have been averaged to provide the mean radial thermal structure for April and
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June. (The coordinate system was derived from a combination of satellite, XBT, and
drifter data relating to the position of the ring center (Hooker and Olson, 1985).)
Additional physical information on the evolution of the near-surface structure of the
ring and the entrainment around it have been derived from data collected by the
NOAA polar orbiter as part of the experiment by the RSMAS/MPO Remote Sensing
Center in Miami. Brown et al. (1983) described the way in which the satellite data are
corrected and processed.

Data on the abundance and biomass of Benthosema glaciale come from midwater
trawls made with the MOCNESS-20 (MOC-20), a scaled-up version of the MOC-
NESS-1 (Wiebe et al., 1976) in which the area of the projected net mouth is about
20 m’ when the apparatus is in a common fishing attitude. The MOC-20 consists of a
set of 3-mm mesh nets that can be opened and closed by command from the surface via
a signal-conducting towing warp. Apparatus attached to the net frame measures and
transmits depth, temperature, salinity, flow, and net-frame angle to the towing ship’s
laboratory. Flow and net-frame angle allow computation of the water volume filtered.
On the April/May and June cruises discussed (Oceanus 118 and 121) a set of five or
six nets was used. One net was fished to 1000 m, then closed and a second net opened.
The second and successive nets were closed and opened at intervals as the apparatus
was brought back to the surface. A surface-to-surface cycle with the gear is referred to
as a “station,” the contents of a single net as a “collection.” In addition to being
described by latitude and longitude, stations are located in the same radial coordinate
system used to composite the physical data (Table 1). Abundance (i), fish specimens
per unit volume of water, is the integrated value for the 1000-m water column having
an area of one square meter at the sea surface; it is expressed as specimens per m* (of
sea surface). Biomass (m), fish volume (ml) per unit volume of water, is derived and
expressed in the same way.

3. Biology and distribution of Benthosema glaciale

The biological data given here pertain to Benthosema glaciale, a ‘‘subpolar-
temperate” species in the scheme of zoogeographic classification for Atlantic mycto-
phids given by Backus er al. (1977). The southern limit of its range is at the boundary
between temperate and subtropical North Atlantic—in the west, at the Gulf Stream’s
north edge (Fig. 1). A few fish are carried across the Slope Water/Gulf Stream
boundary by the Western Boundary Undercurrent (unpublished data of the second
author) and by Gulf Stream cold-core rings (Backus and Craddock, 1982). Eighteen
measurements of the 1000-m water-column abundance, i, of B. glaciale in the Slope
Water made by the second author and colleagues during warm-core ring cruises varied
from 0.36 to 4.41 specimens/m’ and have a mean of 1.24 specimens/m? (Fig. 2).
Water-column biomass for B. glaciale at the same stations ranged from 0.13 to
1.38 ml/m” and have a mean of 0.64.



1985] Olson & Backus: Organism concentration at fronts 117

B. glaciale was found in cold-core rings as long as depths to 15°C were less than
about 515 m (Backus and Craddock, 1982). Ring-center stations with depths to 15°C
of about 200 m or less had abundances like Slope Water ones. Abundance decreased as
depth to 15°C increased between about 200 and 515 m, and the fish became confined to
increasingly deeper layers in the ring. Eleven ring-fringe and Sargasso Sea stations
with depths to 15°C of 515 m or more caught no B. glaciale.

Like many mesopelagic fishes, B. glaciale is thought to make a diel vertical
migration, coming close to the sea surface at night and going deep by day. Halliday
(1970) suggested that the center of abundance in the Slope Water south of Nova
Scotia moves from deeper than about 450 m by day to about 50-90 m by night, but the
data upon which this was based were far from ideal for the purpose. More certain is the
report by Goodyear et al. (1972), who found the western Mediterranean population to
move from around 500 m by'day to 50-70 m by night. Unpublished data of the second
author and colleagues from 16 Slope Water stations made during warm-core rings
cruises show no evidence for a vertical migration of fish of age I+ or older, although
there is clear evidence for such a migration by fish of age 0. Among the latter, the
situation is very complicated with some fish at a station migrating, others not. As in
other small and relatively weak macroplanktonic {or micronektonic) fishes, swimming
in the horizontal by B. glaciale is thought to be limited to short, more or less random
excursions in response to food, predators, and each other.

B. glaciale is about 25 mm long at one year and reaches sexual maturity at age two,
by which time their modal length is between 40 and 50 mm (Halliday, 1970). The
longest fish in Halliday’s records were less than 70 mm at an age (based on otolith
rings) of four years. According to Halliday, spawning takes place in early spring.

4. The early history of ring 82-B

Warm-core ring 82-B was formed from a Gulf Stream meander in late February
1982. It was cursorily surveyed by R/V Oceanus in mid-March (P. H. Wiebe, pers.
comm.). Following this, the Sargasso-Sea core of the ring was modified by atmospheric
cooling and the entrainment of surrounding water (Schmitt and Olson, 1985). The first
cruises whose main purpose was to examine 82-B took place from mid-April to early
May, during which time the ring was isolated both from the strong influence of the
Gulf Stream and from gross irregularities of the bottom such as the New England
seamounts. In mid-May, parts of an extensive streamer-field, consisting of shelf water
entrained and drawn off-shelf and entrained Slope Water, appeared to spiral into the
ring center (Fig. 3). That these streamers were actually near-surface (0 — ca. 100 m)
water being added to the ring from outside is evident from a decrease in ring-surface
salinity. These bands of entrained water eventually diffused to cover the surface of the
ring. By late June the entrainment of shelf and Slope Water into the ring core was at an
end, and the ring was entering a period of interaction with the Gulf Stream.
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Figure 1. Distribution of Benthosema glaciale, a subpolar-temperate lanternfish (family
Myctophidae) from Nafpaktitis et a/., 1977. The radii of the balls are proportional to catch
rate. X’s mark the stations at which B. glaciale was not caught although the net was towed at
the right depth for doing so (based on the positive catch data).

5. Benthosema glaciale in warm-core ring 82-B

MOC-20 stations were first occupied in and around ring 82-B on Oceanus cruise 118
in April/May 1982. Two stations were made in the Slope Water where the abundance
(/) and biomass (m) of B. glaciale were 0.36 and 1.22/m’ and 0.18 and 1.31/m’
respectively. All of the fish taken at the Slope Water station on 21 April were more
than a year old (Table 1), but at the Slope Water station occupied 10 days later (and
70 km nearer the ring) about two-thirds of the fish were of age 0. There were very few
B. glaciale in the ring (Table 1 and Fig. 4). At ring-center stations 10, 11, and 17 (at
radii from the ring center of 12 to 22 km), i was 0.02, 0.01, and 0.04/m? and m 0.2,
0.3, and 0.6/m?. Catch rates at three stations in the high-velocity region (hvr) of the
ring were somewhat higher than the ring-center stations, but still low—i was 0.04,
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Figure 2. Water-column abundance, i (dots), and biomass, m (crosses), of Benthosema glaciale
at MOC-20 stations occupied in the Slope Water during the warm-core rings program.

0.16, and 0.18/m” and m 0.04, 0.20, and 0.16/m? at stations 12, 14, and 15 with radii
from 58 to 86 km. Fish of age I+ or older predominated at all six ring stations,
although a few age 0 fish occurred at three of the six (Table 1). Two-sided
Mann-Whitney U-tests (nonparametric) show that the Slope Water sets for i and m
differ from the ring sets (combined center and hvr) at the 0.1 and 0.2 significance
levels respectively and that the hvr and ring center sets differ from one another at the
0.2 level. (In this and in the U-tests subsequently reported it makes no difference to the
result whether abundances of age-0 fish or fish of all ages are used.) Thus, the
abundance of B. glaciale in April appears to have diminished from the Slope Water to
the high-velocity region of the ring to the ring center.

In June during Oceanus cruise 121 the abundance of B. glaciale in and near the ring
had increased markedly (Table 1, Fig. 4) due to the appearance in the catch of age-0
fish from the early spring spawning. These small fish were predominant at all stations,
making up 78-96% of the B. glaciale caught in the Slope Water and 97-100% of those
caught in and at the edge of the ring. (Note the difference in scale in Figs. 4a and b in
order to accommodate the much greater numbers.) Slope Water biomasses in June
(m = 0.13, 0.34, 0.46, and 0.59/m?) were at the low end of the range for all Slope
Water observations. Slope Water abundances at this time (/ = 1.14, 1.67, 1.70, and
4.41/m?) were ordinary except for that at station 33 (i = 4.41/m?), where it was more
than twice that of the Slope Water station having the next highest abundance whatever
the season (station 35 in August 1982) (Fig. 2). All four Slope Water stations were
northeast of the ring center—the same direction in which lay the source of the cold
water being entrained by the ring. Unlike the other three Slope Water stations
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Noaa-7 136'/184109—82 19:29 Streamer

Figure 3. Satellite thermal image showing warm-core ring 82-B (centered near 38.5N, 72W)
when it was entraining shelf and Slope Water into its core. The gray scale is such that darker
areas are colder. The image is a composite of several images centered on May 16, 1982. The
ring front is the banded region with large contrasts in temperature. Along the eastern side of
the ring, cool water is being drawn off the continental shelf, The Gulf Stream is apparent at
the lower right. The plankton tows made on Knorr cruise 94 on May 19 and 21 (see text) were
in the streamer of fluid spiralling into the ring core. The image was processed by R. Evans, O.
Brown, and J. Brown at the University of Miami RSMAS/MPO Remote Sensing Labora-
tory.

occupied during the June cruise, which were 265-347 km distant from the ring center,
station 33 was only about 130 km distant from ring center—thus much nearer to the
entrainment feature. Mann-Whitney U tests indicate that the April and June Slope
Water sets for both i and m did not differ.

After making two MOC-20 stations in the Slope Water, the June cruise of Oceanus
occupied three ring-center stations—21, 23, and 24, east-southeast of the ring center at
radii of 2—-17 km—where many small B. glaciale were found, but virtually no large
ones (three fish older than age 0 at Sta. 23 only). Abundances in the ring center (i =
2.65, 2.12, and 3.84/m?) were 100 times the April ring-center ones, although biomass
(m = 0.08, 0.11, and 0.09/m?) had only increased about 2.5 times. U tests show that
these first June sets in the ring center differ from the April ones in both abundance and
biomass at a significance level of 0.1. Compared to the Slope Water in June, these first
ring-center stations had higher abundances if one disregards the anomalous Slope
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Figure 4. Abundance of Benthosema glaciale at certain MOCNESS-20 stations in and around
Gulf Stream warm-core ring 82-B in (a) April and (b) June, 1982. Note the change in scale
between (a) and (b). The ticks on the ordinate represent depths at which nets were closed and
opened. Stations 9, 11, 12, 15, 20, 24, 26-28, 30 and 31 were made by day, Stations 10, 14, 17,
19, 21, 23, 33, and 34 by night.
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Water station 33, but lower biomasses in keeping with the fact already noted that a
larger percentage of the ring-center B. glaciale were age-0 fish. (Mann-Whitney U
tests show that the abundance sets differ at the 0.1 level if station 33 is omitted from
the analysis, but not otherwise, and that the biomass sets differ at the 0.1 level.)

Following this first visit to the ring center, Oceanus withdrew 60-70 km to the east
of the ring center into the boundary region between the ring and the principal
entrainment of cold water, where two MOC-20 stations, 26 and 27, were made. The
abundances of B. glaciale at these entrainment stations (i = 8.84 and 21.07/m?) were
much in excess (5-10 times) of Slope Water abundances, but because the fish were
almost all small ones, biomass here (m = 0.31 and 0.71/m?) and in the Slope Water
were much the same. (U tests show that the entrainment and Slope Water abundance
sets differ at the 0.1 level, but that the biomass sets cannot be distinguished.) The
second entrainment station, 27, had the least depth to 10°C observed on the June cruise
and surface water colder than 15°C—the only such station occupied on that cruise.
Salinity decreased rapidly from about 35 per mille to about 33 per mille in the upper
50 m at station 26 and in the upper 150 m at 27. Very cold water in the surface layers
at stations 26 and 27 originated on the continental shelf where B. glaciale is not found,
showing that the cold water itself is not the source of the fish.

After sampling the entrainment, Oceanus returned to the ring center and occupied
station 28 at a radius of 4 to 15 km north-northeast of the ring center. This station
came about 20 km from and four days after the last of the earlier ring-center stations.
Water-column biomass, 0.44, and abundance, 13.46, were comparable to values seen in
the entrainment and about five times those seen at the ring-center stations made a few
days before (Table 1). As at the earlier ring-center stations, almost all fish were small
(two large fish out of about 1500). A final pair of ring stations were made in the
high-velocity region (stations 30 and 31, northeast of ring center at radii of 29 to
45 km). Abundances here (i = 5.28 and 2.68 /m?) were substantially higher than Slope
Water ones, lying in the lower half of the range of abundances from entrainment to
ring center. U-tests show that a set consisting of all the June abundances for ring center
and high-velocity region differs both from the entrainment set and the Slope Water set
for June at the 0.2 level, aithough the second comparison is significant at the 0.01 level
if the anomalous station 33 is omitted from the Slope Water set. No difference is
indicated if the high-velocity region stations are pooled with the entrainment ones and
these abundances compared with those of the ring center. However, abundance at
entrainment plus high-velocity region stations differs from that in the Slope Water at a
significance level of 0.1. Taken together, the observations from all of the ring stations
probably indicate great patchiness in the ring, although temporal changes over the
nine-day observation period cannot be wholly excluded. In summary, intercomparison
of June observations suggests that the abundance of B. glaciale is lowest in the Slope
Water, highest at the ring edge, and intermediate in the ring center.

Certain other statistical analyses of the abundance data were made in addition to the
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Mann-Whitney U-tests already recounted. The data were pooled according to
season—April/May and June—and water mass—Slope Water, ring edge (high-
velocity region or high-velocity region plus entrainment) and ring center (ring core).
For parametric tests the data were log-transformed. A two-way parametric analysis of
variance (Anova) showed that abundances by season, by water mass, and by the
interaction of the two all differed at levels of 0.06 or higher. A Friedman test, a
two-way nonparametric Anova, showed abundance differing by water mass and by
season at a significance level of 0.001 with rank in the order given. A one-way
parametric Anova for the effects of water mass in April showed that Slope Water
abundance differed from abundance in the high-velocity region and in the ring center
(at the 0.05 significance level), but the abundance in the two parts of the ring did not
differ. In June, the only difference in abundance lay between the Slope Water and the
ring edge (probability = 0.05). Student’s ¢-tests showed with a probability of 0.01 that
both the ring edge and the ring center change between April and June.

Thus, though the samples are few, they support that hypothesis that there was a
concentrating in the frontal region at the east edge of the ring of Benthosema glaciale
of Slope Water origin and that they were advected by some mechanism into the ring
center prior to the June observations. Although some of the few fish found in the ring in
April were large enough to be sexually mature, it is virtually certain that these mature
fish, had they spawned in the ring, were not numerous enough to explain the large
numbers of 0+ fish seen in the ring in June.

6. A mechanism for concentrating depth-keeping species

Most mesopelagic animals, such as the one discussed here, Benthosema glaciale, live
within restricted (sometimes quite narrow) strata in the water column. Many such
animals (age-0 Benthosema included) are diel vertical migrators, living within one
layer by day, another (or others) by night. Whether vertical migrator or not,
mesopelagic animals appear to keep depth by swimming up or down in the water
column so as to stay within some range of intensities of ambient light that is
appropriate to the time of day (although not so narrow a one as generally has been
supposed according to Roe (1983)). When such a depth-keeping species is subjected to
a converging (diverging) horizontal flow at the level at which it is swimming, it is
concentrated (thinned). This is illustrated by the flow in the entrainment field of a
warm-core ring (Fig. 5), although the mechanism is applicable to fronts in general.
Fluid is swept in along the edge of the continental shelf, then deformed to produce a
sharp front that curves around the ring. Parcels of fluid are horizontally compressed.
Since the flow is three-dimensionally nondivergent, this horizontal reduction of a
parcel is compensated by a stretching of the parcel in the vertical. Depth-keeping
species can easily compensate for the vertical velocities involved, which typically are
less than 0.0005 m s~'. The animals, therefore, only are subject to a horizontal
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Figure 5. Schematic of the frontal zone on the northeast quadrant of a warm-core ring. Fluid
moving around the ring in the foreground meets water swept into the edge of the ring.
Convergence in the front compresses fluid columns horizontally as shown in the lower right.
This compression is compensated for by vertical stretching of the columns.

reduction of the volume that they are occupying, and, in the absence of any organized
horizontal motion by the animals, their concentration will increase. Similarly, the same
species will be thinned if the convergent flow is replaced by a divergent one.

The concentration rate in the absence of diffusion can be calculated from a
Lagrangian version of the divergence in the horizontal plane. In this frame, i.e., a
frame following the parcels of fluid, the divergence, D, is given by

D=1/AdA/dt, (1)

where A is the area of the fluid parcel in the horizontal. Here the variable divergence is
chosen, consistent with common physical usage—convergence is negative divergence.
The concentration of animals, C, is then related to the divergence by

D =1/AdA/dt = —1/CdC/dL. @)

The concentration of animals decreases (increases) exponentially in time for a constant
divergence (convergence). The divergence and the net concentration rate for a
population in the flow field in Figure 5 can be computed by comparing the cross-
sectional area of a fluid column as a function of time.

In the ocean the tendency for a property to be concentrated by a flow field typically
is opposed by an outward diffusion of the property due to turbulence. In the case of an
animal swimming randomly in the horizontal, turbulent diffusion, which is a property
of the fluid flow, is enhanced by the behavior of the animal. Therefore, the effective
diffusivity for such an animal should be larger than that for a passive tracer in the
fluid.

The relative role of convergence and diffusion in determining the concentration, S,
can be obtained by scaling the conservation equation,

S,+V.(uS)=KVS, 3)
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where the term S, denotes the partial derivative of § with respect to time, u is the full
three-dimensional velocity vector, and K the diffusivity for S. This equation can be
expanded to

S, +u-VS+SV.u=KVS. “4)

The ocean is approximately incompressible, V . u = 0; thus, the equation for §
simplifies to

S, +u-vS=KVS. (%)

In the case of the animals, however, the vertical components are cancelled by the
swimming behavior. The concentration of fish, C, is then governed by the equation

C+u-V,C+CVy-u=KV}C, (6)

where the subscript, H, denotes the horizontal component of the operator or vector.

For the scaling of Eqgs. (5) and (6), it is assumed that the velocity field has
magnitude, U, and length scale, L, associated with a horizontally divergent flow such
that

D~ U/L.

Itis also assumed that the divergence term in Eq. (6) is the same order of magnitude as
the advective terms in Eqgs. (5) and (6). If the scale of the property concentrations is
also L, then the equations can be scaled to give a nondimensional measure of the
importance of the diffusion term. This scaling parameter is

K/(UL) ~ K/(DL?.
For divergent patterns of scale
L> (K/D)'7,

divergence is more important than diffusion, while at shorter scales the diffusion of
properties dominates advection. For the situation in which the length scales of the
divergence field and the concentration of properties do not match initially, the
concentration will vary in time in a manner such that the length scale approaches
(K/D)'. In general, for the problems of interest, the scaling given above is the correct
scaling for the case in which the divergence initially dominates, as will become obvious
below. Estimates of this length scale for values of K and D, which are representative of
the range found in the ocean, are given in Table 2. Both K and D vary considerably in
the ocean depending on the scale of motion considered with larger scales having lower
D but higher K. The time scale for an e-fold increase in the concentration of C as
computed from the solution to Eq. (2),

C = Coexp [—Dr],
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Table 2. Critical length, L., and time scales, 7, for different combinations of convergence and
diffusivity. For discussion of calculations see text.

Km?s™!
Vy - V57! 10 50 100 7 days
10°¢ L.,=3km 7 10 12
1077 10 22 32 116
10°¢ 32 71 100 1160

is shown in the last column of the table. These time scales assume that the length scales
in the problem are such that the diffusion is unimportant.

7. A model of the process in a simplified flow-field

The equations for the concentration of fish and some conservative tracer of the fluid
can be solved to give an appreciation of the mechanism. Here Eqgs. (5) and (6) are
solved for the case where the imposed flow field is two dimensional with ¥ = Dx and a
vertical velocity of w = —Dz with horizontal diffusion. Similar solutions for the
evolution of a tracer under the influence of both strain and diffusion are given by
Chatwin (1974) and Young et al. (1982). Chatwin considers an initial delta-function
distribution, while Young et al. consider sinusoidal initial fields. For initial Gaussian
distributions of S and C, the solutions to (5) and (6) are

S = S(1) exp [—ax? —v77
and 0]
C = C(t) exp [—ax® —vZY],
where « and v are the inverse squared length scales associated with the width of the
distribution in x and z. Substitution of these back into the equation above yields the

following expressions for S(r) and C(z) in terms of the time-dependent parameters o
and v. These are

S(8)/S(t) + 2 Ka — [a, — 4Ko® + 2Da) x* + [2Dy — 7] 22 =0 8)
and
C()/C(t) + [2Ka + D] — [a, — 4Ka® + 2Da) x* — v,2* = 0. 9

Now if C(¢), S(r), and the coefficients are to be a function of time alone, as assumed
initially, it is necessary that the terms in brackets modifying the x* and z* vanish. This
solvability condition leads to three equations to be solved simultaneously. The set for S
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S,(1) + 2KaS(2) = 0,
a, + 2Da + 4Ko? = 0, (10)

and
¥, + 2Dy = 0.

The equivalent equations for C are
C(t) + [2Ka + D] C(1) = 0,
o, + 2Da + 4Ka® = 0, (11)

and
v, =0.
Eqgs. (10) and (11) can be solved analytically by first integrating the common a
equation to give
- Fo (12)

2KC¥0 201 2Ka0
(l+ D )e -

where a, is the initial condition at ¢ = 0. Then substituting for « and the solution for ¥
into the S and C equations to yield the final solutions

eDl

2Kay\ ,p  2Koy
\/(l—f- D)e -

_ @ X2 — @ o0t 72
- €xp 2Koy 2Ka,
T
and
C=0GC, :
2Ka, 2K«
\/(1 +5 O)e“" — g
— %o X -0y 2?

- exp [(1 . 2Ka0) o _ 2Ka0] (13)
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Figure 6. The spatial fields of a passive tracer (left) and for an animal maintaining depth in the
face of vertical advection. Time in nondimensional units increases downward. The initial fields
are very flat Gaussians as is obvious from the almost straight concentration lines at ¢ = 0. The
initial half-width for the Gaussian is 282 km in a flow with a diffusion to divergence ratio of
0.0025.

These solutions have a limiting case in which the distribution of fish becomes
stationary in time and the tracer, S, obtains a steady-state form in the horizontal. It
occurs when

a=—~D/2K (convergent steady state)

such that «, = 0. In this situation, the solutions for S and C are

Dt
e D
Sy xp{_ L z}

J=2K/Dag ?|” 2K
and
! D ., 2
C=C0—2K7)_a—cxl) ——2—IEX —ag Z}. (14)
- 0

Therefore, when the scale of the property distributions reaches the critical scale-
length, Lc = (|2K/DI)'/2, the concentration of fish reaches a steady state. The tracer
continues to decrease under the influence of the constant dilution of the fluid by the
vertical velocity.

In the case where the distributions begin with larger scales, the solutions converge to
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Figure 7. (a) Evolution of fish and passive tracer distributions at the axis of the strain field
assumed in the model. Different curves correspond to alternate nondimensional ratios of
diffusion to divergence in the flow. (b) Change in the horizontal scale of the Gaussian
describing the distributions with time. The upper curve is for a nondimensional ratio of
diffusion to divergence of 0.0025. The other curves are for the same ratios as given in (a) in
ascending order.

the limiting cases in Eq. (12) for D < 0. The evolution of the distributions of fish and a
passive tracer, based on Egs. (13), are shown in Figures 6 and 7. The temporal behavior
of Cand S as a function of x and z is shown in Figure 6. The equations have been solved
in their nondimensional form, and the results presented in terms of the ratio of the
concentrations to the initial values at x = 0 and z = 0. The time-dependence of the
variables for different values of the ratio of the critical length-scale to the scale of the
distribution is given in Figure 7. The sections in Figure 6 are for the case in which
2 Ka0/D = —0.0025. As expected the fish and the tracer evolve very differently. The
time-dependence of « for both the fish and S is given in Figure 7b. The solutions reach
the asymptotic limits in Eq. (14) in one to two nondimensional time scales (¢D). The
distribution of S becomes more uniform with depth in the model due to the constant
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Figure 8. A representation of the areas used in the computation of divergence from the
distribution of the depth of the 10° isotherm as a function of radius in ring 82-B in April and
June. The divergence is computed from the relative change of the area of the cylinders
indicated by the shading. See text.

deformation of the tracer field. The addition of a vertical diffusivity would enhance this
trend.

8. The actual divergence field in the ring

The relationship in Eq. (1) can be used to estimate the actual divergence field in the
ring during the period leading up to the observations of high fish concentrations in late
June 1982. This is based on volumetric computations with hydrographic data for April
and June (Olson et al., 1985). The computations of interest here consist of the time rate
of change of the surface area of vertical cylinders bound by the azimuthally averaged
10°C isotherm and the sea surface as a function of radius from ring center (Fig. 8). The
normalized changes in these areas provide the two-dimensional divergence in the ring
as a function of radius (Fig. 9). In the core of the ring at temperatures greater than
10°C, the flow over the month and a half separating the two surveys of the ring is
divergent. Beyond a radius of 90 km there is a zone of convergence coincident with the
front separating the ring and the entrained shelf water.

The convergences calculated in these outer parts of the ring (Fig. 9) are sufficient to
account for the observed increase in the Benthosema population. If the simple
time-scale appropriate for the situation in which convergence dominates diffusion is
used (Table 2), the concentration found in the net hauls to the east of the ring could
have developed in a month. If we assume that the actual convergence field is stronger
on the east side of the ring where the best-developed near-surface fronts are located,
the observed increase in fish density could have been accomplished in two weeks or
less.

9. Discussion and conclusions

We report an increase in the abundance of a midwater fish at the front of a
warm-core Gulf Stream ring and the fish’s rapid appearance in the core of the ring. A
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Figure 9. The distribution of divergence in waters warmer than 10°C in warm-core ring 82-B
between April and June. The calculation is explained in the text.

model based on the assumption that the fish swims only randomly in the horizontal but
moves vertically so as to maintain its preferred depth is used to test the ability of
horizontal flow to produce the presumed concentration. The results show that a
convergence field of the sort typically associated with fronts can account for the
concentrations seen during the June cruise to ring 82-B even in the presence of
reasonably large diffusion of the fish (K ~ 100 m?™").

We suggest that the concentrating mechanism described is widely applicable to a
variety of frontal phenomena in the world ocean and to a variety of planktonic plants
and animals so long as they are depth-keepers. (We use the term “depth-keeper”
loosely to mean any organism that stays or tends to stay within a certain depth range by
swimming or by changes in its buoyancy.) The group of pelagic animals that are diel
vertical migrators is very large. A. C. Hardy (1965) says of such migration, “It is a
habit that has been evolved quite independently in almost every major group of animals
in the plankton, some making shorter, others longer migrations: protozoons, coelenter-
ate medusae, siphonophores, ctenophores, arrow-worms, the polychaete worm Tomo-
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pteris, the pteropods, all the many different groups of crustaceans, salps, doliolids and
Oikopleura, and most young fish.”” The group of animals that are depth keepers though
not diel vertical migrators must also be very large, and, indeed, perhaps all planktonic
animals are depth keepers of one kind or another.

Depth-keeping in the phytoplankton is not so well studied, but appears to be more
restricted than in animals as might be supposed. Most of the known vertical migrants
are dinoflagellates (Sournia, 1974), although one of the first species noted was a
diatom—Coscinodiscus bouvet—individual cells of which moved up and down 50 m
(Hardy, 1935). Marshall (1968) describes changes with time of day in the vertical
distribution of the coccolithophorid Coccolithus huxleyi that were probably caused by
vertical migration and calls attention to the laboratory experiments of Mjaaland
(1956), who recorded phototactic movement in C. huxleyi and its concentrating at
certain light levels.

Because every divergence (convergence) would seem to be accompanied by its
convergence (divergence) and because depth-keeping organisms resist being carried
too far up by an upwelling flow as well as too far down by a down-welling one, the
concentrating of some assemblage of plants and animals at fronts and at the edges of
cells in any system of convergences and divergences (e.g., in Langmuir circulation)
would seem to be inevitable. Exactly what is concentrated will depend upon what
depth-keeping species are at hand, their vertical arrangement, and the depths and
velocities at which the converging and diverging flows are taking place.

In the case studied here, we suggest from observation that the fish Benthosema
glaciale was concentrated at the edge of ring 82-B and explain by means of a model
how it could have been concentrated there. However, neither the observations nor the
model can show how the fish got from the ring edge to the ring center. We further
suggest that the fish were carried into the ring center by streamers of cold water shown
in Figure 3. At this stage these features are not well understood and may be either a
manifestation of diffusion in the presence of shear (Holloway and Kristmannson, 1984;
Haidvogel and Keffer, 1984; and Dewar and Flierl, 1985) or near-surface convergence
in the ring core. By chance, two plankton tows made in ring 82-B during Knorr cruise
94 on May 19 and 21 1982 fell in such a streamer; B. glaciale was caught in both tows.
(No tows were made in the ring outside the streamer at that time.) It may be that
streamers are important in the rapid and extensive modification of warm-core rings.

For placing the results of this effort in their proper perspective, it is important to
point out that both the observational data—though on the “cutting edge” of technol-
ogy with the MOC-20 and satellite ring-mapping—and the analysis are quite
primitive. The extent of empirical and theoretical knowledge of divergence and
diffusion is limited. The need for refined biological sampling and more information on
the biology of most oceanic species is obvious. Refinements-—both physical and
biological—should result from further analysis of various components of the Warm-
core Rings data set. More sophisticated time/space sampling of both physical and
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biological parameters is needed in the future in.order to provide better insight into the
-paradigm of increased biotic activity at fronts. The results of such studies should also
provide new information on the phenomena of frontogenesis and macroscale diffusion
in the ocean.
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