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Concurrent net and acoustic data were collected across a front off Southern
California to assess its influence on the abundance, biomass and community composition of the micronekton. Higher abundance and biomass of vertically migratory mesopelagic fish (VMF) and euphausiids were found on the cooler
mesotrophic (north) side of the front, whereas larval fish abundance was higher on
the warmer oligotrophic (south) side. The biomass and community composition of
non-VMF did not differ between the two sides of the front. The north was dominated by the euphausiid Euphausia pacifica and the myctophid Diaphus theta, whereas
the south was dominated by E. gibboides, E. recurva and a combination of VMF
species with warm water affinities. The larval fish assemblage in the north was
dominated by the nearshore species Engraulis mordax and Citharichthys spp., whereas
mesopelagic fish larvae dominated the south. Acoustic data revealed differences in
the distribution of fish, euphausiids and the deep-scattering layer across the front.
In particular, epipelagic fish were aggregated directly at the frontal interface in the
area of enhanced plankton concentrations and may have contributed to higher
plankton mortality and turnover rates at the front. In addition to being an area of
high biological abundance, the front may be acting as a distributional boundary
for several migratory species, as well as a locus of enhanced prey forage and the
activity of epipelagic species.
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I N T RO D U C T I O N
Mesoscale variability of physical processes in the marine
environment influences the distribution and community
structure of pelagic organisms, as well as the temporal
and spatial patterns of biological production and food
web development (Haury, 1984; Garcon et al., 2001;
Lima et al., 2002; Bost et al., 2009; Eden et al., 2009).
Fronts are features where two water masses meet,
forming strong horizontal gradients in water properties
(Franks, 1992; Belkin et al., 2009). They can be
persistent or short-lived and are often associated with

biological aggregations. Local primary production may
be enhanced, and fronts may serve as spawning,
nursery and feeding grounds for a variety of organisms
at all trophic levels (Haury, 1984; Falkowski et al., 1991;
McGillicuddy et al., 1998; Landry et al., 2008; Belkin
et al., 2009). Often, changes in community composition
and abundance of micronekton across fronts are abrupt
and affect not only the surface waters but can also have
an effect deeper in the water column through the
export of organic matter (Backus et al., 1969; Allison
and Wishner, 1986; Angel, 1989; Baussant et al., 1993;
Pakhomov et al., 1994). Persistent frontal regions have
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also been shown to act as biogeographic boundaries,
exhibiting substantial differences in community composition between adjacent water masses (Allison and
Wishner, 1986; Anderson and Gardner, 1986; Angel,
1989; Sabates and Maso, 1990; Pakhomov et al., 1994;
Lima et al., 2002; Belkin and Cornillon, 2007).
The central and southern regions of the California
Current System are divided into two principal biogeographic provinces, based on topography, circulation patterns and floral and faunal distributions: the Oregonian
and Californian Provinces (McGowan, 1971; Horn and
Allen, 1978; Hickey, 1998; Horn et al., 2006). The
boundary between these provinces has variously been
ascribed to Point Conception and to the region south
from Los Angeles to San Diego at 32 – 338N
(McGowan, 1971; Briggs, 1974; Newman, 1976; Horn
and Allen, 1978; Doyle, 1985; Dawson, 2001; Dawson
et al., 2006; Horn et al., 2006). The interaction between
topography and remotely forced currents in the
Southern California Bight south of Point Conception
make the circulation complex, such that mesoscale features like fronts and eddies are common (Hickey, 1998;
Hickey et al., 2003; Caldeira et al., 2005; Dong et al.,
2009). In this area, at 328N, there is often a frontal
feature that extends east to west known as the Ensenada
Front, where cold, chlorophyll-rich waters disappear
abruptly (Pelaez and McGowan, 1986; Thomas and
Strub, 1990; Haury et al., 1993; Chereskin and Niiler,
1994). This frontal region has been noted to serve as a
boundary for zooplankton and larval fish and marks the
southern boundary of the biomass peak developed from
the coastal upwelling off northern and central California
(Thomas and Strub, 1990; Haury et al., 1993; Moser and
Smith, 1993; Chereskin and Niiler, 1994). In this study,
we examine the potential role of a front with sharp

temperature and chlorophyll gradients (the “A-Front”)
that occurred in the vicinity of the Ensenada Front, as a
distributional boundary for micronekton and a site of
heightened ecological activity. This front extended in the
east – west direction with warmer, less productive waters
south of the front and cooler, more productive waters to
the north (Landry, Ohman et al., 2012). Current direction
was also east to west with eastward flows higher in the
front relative to the regions immediately to the south and
north (Li et al., 2012).

METHOD
Data collection
This study was undertaken as part of the California
Current Ecosystem – Long-Term Ecological Research
(CCE-LTER) Process Cruise (P0810), carried out
during October 2008. The study site was located
between 32– 338N and 120– 1218W, 230 km offshore
(Fig. 1). The A-Front was identified using a combination
of satellite imagery, a Moving Vessel Profiler (Ohman
et al., 2012) and an Advanced Laser Fluorescence
System (Chekalyuk et al., 2012). Process studies were
carried out as Lagrangian-based experiments following
satellite-tracked drifters in the water masses that interact
at the A-Front. These studies included primary production experiments, carbon export and dissolve iron
concentration estimates among others (Stukel, 2011;
Ohman et al., 2012). See Landry, Ohman et al. (Landry,
Ohman et al., 2012) for a full description of the study
region and sampling design. During these process
studies, concurrent multifrequency acoustic measurements and net sampling were carried out from 20 to 24
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Fig. 1. Satellite image of sea surface temperatures showing the acoustic underway sampling at the A-Front (black line) and locations where the
concurrent net and acoustic sampling took place in the water masses adjacent to the front (white and green circles).
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mesopelagic depths during the day and migrate to the
surface at night. It includes species for which only a
portion of the population migrates vertically on a given
night. Category (b) comprised species that do not
migrate to the surface on a diel cycle. Zooplankton
samples were subsampled with a Folsom splitter or a
Stempel pipette, sorted to taxonomic groups and enumerated, with only euphausiids identified to species.
Lengths and widths of 30 organisms from each taxonomic group of zooplankton were measured with an
ocular micrometer under a dissecting microscope. Total
abundance of organisms (ind. m22) was obtained by
dividing the number of individuals by the volume filtered and multiplying by the maximum sampling depth.

Data analyses
A variety of sound-scattering models were applied to
estimate frequency-dependent target strengths (TSs) of
the fish and invertebrates collected (Table I). For each
organism type, acoustic backscattering cross-sections
(sbs) were determined, based on the geometric shape,
size, orientation and material properties of the organisms, and the acoustic frequency. Organisms were subsequently classified according to the shape of their
TS-frequency spectra into three acoustic groups: (i) with
gas inclusion, (ii) large without gas inclusion and (iii)
small without gas inclusion. The group classification
corresponds to the size of the organism relative to the
wavelength (l ) of sound. Group 1 organisms scatter in
the geometric region (ka . 1), group 2 scatter in the
region between Rayleigh and geometric characteristics
(ka ¼ 1 indicates the transition between regions) and
group 3 scatter in only the Rayleigh region (ka , 1).
The wave number is represented by k and relates to l
by k ¼ 2p/l, and a is the equivalent spherical radius of
the organism. Abundance of organisms was estimated
from multifrequency backscatter (sv) and the mean TS
of the frequency spectra from each acoustic group using
non-negative least-squares inversion (Holliday, 1977;
Greenlaw, 1979). The loss of the high-frequency data
(120 and 200 kHz) due to sound absorption makes this
method unsuitable for estimating abundances below
150 m of depth. A combination of relative frequency
response, r(f ) ¼ sv(f )/sv38, and the difference in mean
volume backscatter (DMVBS) between frequencies
(Madureira et al., 1993; Miyashita et al., 1997; Kang
et al., 2002; Korneliussen and Ona, 2002) was used to
estimate the acoustic abundance of NVMF at depths
below 200 m using Echovieww. Because only two
frequencies (38 and 70 kHz) can be used to estimate
abundance at depths below 200 m, it is difficult to
discriminate organisms with an air inclusion from those
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October 2008 in the cool productive waters (north) and
from 26 to 27 October 2008 in the warm oligotrophic
waters (south) to compare the micronekton community
composition and ecological conditions in the water
masses adjacent to the front. Net sampling in these
water masses took place 25– 50 km away from the
frontal feature itself (Fig. 1).
There were also four daytime crossings of the
A-Front on October 24, during which acoustic data
were recorded. However, the first two crossings were
carried out at 20 km h21, too fast for good-quality
acoustic data to be obtained, and vertical migration was
underway during the fourth crossing. We therefore
present data from the third crossing, which was carried
out at 10 km h21 in a north-to-south direction.
Nevertheless, the distribution of backscattering was
qualitatively similar during all crossings. Concurrent net
sampling was not possible during this transect due to
time constraints. Acoustic data were collected with a
pole-mounted split-beam scientific echosounder
(SIMRAD EK-60) equipped with four frequencies (38,
70, 120 and 200 kHz). The system was calibrated using
the standard sphere method (Foote et al., 1987), and it
was mounted on the port aft side of the vessel 3.4 m
below the surface. Data were collected to a depth of
750 m with a ping rate of 0.5 ping s21 and pulse length
of 0.512 ms. Beam angles for the 70, 120 and 200 kHz
transducers were 68, and 128 for the 38 kHz. Acoustic
data corresponding to trawls were processed and
cleaned using Echovieww at a resolution of 1 ping and
1-m depth increments to the maximum depth of the
trawl.
A total of seven shallow and eight deep oblique tows
were taken during the Lagrangian-based experiments
within the water masses adjacent to the A-Front with a
Matsuda-Oozeki-Hu trawl (MOHT) with 5-m2 mouth
opening and 1.7-mm mesh Nitex netting (Oozeki et al.,
2004). The towing speed was 1.25 – 1.5 m s21. Six of
the eight deep tows were conducted in daylight, with all
tows sampling to a mean depth of 774 m. Five of the
seven shallow tows were conducted at night, with all
tows sampling to a mean depth of 199 m. Total water
volume filtered during each tow (m3) was estimated
using a TSK flowmeter attached to the frame at the
mouth of the net. Trawl depth was recorded with a
Wildlife Computers Mk9 archival tag. Samples were
fixed on board in 5% buffered formalin – seawater solution, with fish sorted and preserved separately. Ashore,
fish were identified to species, weighed, measured to the
nearest millimeter and classified according to Davison
(Davison, 2011) into three different groups: (a) vertically
migratory fish (VMF), (b) non-VMF (NVMF), and
(c) larvae. Category (a) comprised fish that remain at
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Table I: Scattering models, material properties and orientation used to estimate acoustic backscattering
cross-sections for invertebrates and fish based on MOHT catches
Taxa

Model

g

Tilt
angle

h

1.037

Copepods

Prolate spheroid
(DWBA)
Spherical elastic shell
Bent cylinder (DWBA)
Bent cylinder (DWBA)
Gas sphere

1.00

1.012

0

30

Mikami et al. (2000)a and De Robertis et al.
(2003)b
Matsukura et al. (2009)

1.732
1.043a
1.041a
0.0012

1.732
1.064a
1.078a
0.22

—
20b
20b
—

—
20b
20b
—

Lawson et al. (2004)
Chu et al. (2000)a and Chu et al. (1993)b
Chu and Wiebe (2005)a and Chu et al. (1993)b
Warren et al. (2001)

1.058
1.014a
1.03
1.03
1.002
1.058

1.058
1.03b
1.03
1.03
1.001
1.058
1.020b
—

0
0
0
0
0
0
0
—

30
30
30
30
30
30
0
—

Lawson et al. (2004)
Smith et al. (2010)a and Lawson et al. (2004)b
Lawson et al. (2004)
Lawson et al. (2004)
Wiebe et al. (2009)
Lawson et al. (2004)
Davison, (2011)a and Yasuma et al. (2006)b

Bent cylinder (DWBA)
Bent cylinder (DWBA)
Bent cylinder (DWBA)
Bent cylinder (DWBA)
Bent cylinder (DWBA)
Bent cylinder (DWBA)
Fluid-filled cylinder
Gas sphere

a

—

1.9

b

42.3

b

Invertebrate models for fluid-like organisms are as per Stanton et al. (Stanton et al., 1998), Stanton and Chu (Stanton and Chu, 2000) and Anderson
(Anderson, 1950). A hybrid model was used for the pneumatophore of physonect siphonophores following Lavery et al. (Lavery et al., 2007). Fish
bodies were modeled as a fluid-filled cylinder per Stanton (Stanton, 1988). The fish with swimbladder was modeled as a gas sphere per Anderson
(Anderson, 1950) and Medwin and Clay (Medwin and Clay, 1997) with the assumptions that gas volume was 80% of that required for neutral
buoyancy and that the gas was at the temperature and pressure of the seawater at 50 m of depth. Material property values used for invertebrates
were based on literature values with references included in the table. Corresponding references are indicated by the alphabet “a”. g, density contrast
between surrounding water and the organism; h, sound-speed contrast between surrounding water and the organism; SD, standard deviation; DWBA,
distorted-wave born approximation.

without. Both methods were therefore used for
comparison. Values of DMVBS of ,5 dB between 70
and 38 kHz and an sv70/sv38 , 1 were deemed to be
organisms with an air inclusion. Similarly, a combination of r(f ) and DMVBS was used to estimate the
acoustic abundance of fish and euphausiids during the
underway transect measurements across the A-Front.
Because only acoustic data were collected during these
transects, the identity of the epipelagic schooling fish
observed within the front itself (where the isopycnals
shoaled and the hydrographic gradients were largest)
could not be identified. Abundance estimates during the
underway acoustic sampling are therefore expressed as
relative acoustic backscatter (NASC, m2 nmi22).
Acoustic data collected concurrently with night-time
tows in the water masses adjacent to the front were
used to estimate the abundance of VMF and NVMF
species. Larval fish abundances could not be estimated
acoustically since they could not be distinguished from
other fish or invertebrates with the frequency range in
our study. Euphausiids were identified using DMVBS,
and their abundance was estimated by dividing the
resulting sv by their mean sbs.
and
biomass
Net
abundances
(ind. m22)
22
(g WW m ) for larval fish, VMF and NVMF were estimated for all tows except those conducted during
daytime in the upper 200 m, when avoidance led to

extremely
low
catches.
Euphausiid
biomass
(g WW m22) was estimated using the following relationship for length (L) versus carbon content (C): log C
(mg) ¼ 20.473 þ 3.174 log L (Lavaniegos and Ohman,
2007), with C subsequently converted into wet weight
(WW) as log WW (g) ¼ 21.537 þ 0.852 log C (mg)
(Wiebe, 1988).
One-way ANOVAs (SPSSw) were used to compare
abundances and wet weight biomass (WW) in the two
sampling areas north and south of the front. Data that
did not pass parametric test assumptions (Levene statistics) were log-transformed before analysis. Cluster
analyses were performed to assess differences in
community composition on the two sides of the front
using PRIMERw statistical software. The analyses were
based on the Bray– Curtis similarity matrix among tows
based on euphausiid, VMF, NVMF and larval fish
abundances (ind. m22). A SIMPER (similarity percentages) routine was applied to determine which species
contributed most to the dissimilarities between clusters.

R E S U LT S
Overall, the number of species of euphausiids, fish and
particularly larval fish was higher in the water mass
south of the front (Tables II and III). However, the
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Bent cylinder (DWBA)

1.011

a

Reference

Euphausiids

Pteropods (limacina)
Decapods (,25 mm)
Decapods (25 mm)
Siphonophore
(pneumatophore)
Amphipods
Chaetognath
Ostracods
Polychaete
Salp
Zoea
Fish body
Fish swimbladder

a

Tilt angle
(SD)

Table II: Families and species of fish caught with nets in the water masses north and south of the front in Southern California during October
2008, their respective abundance (ind. m22), biomass (g WW m22) size range and life history
Abundance

Biomass

North

0.02 + 0.02 ,0.01 + , 0.01

Adult

Larvae

0.01 + 0.01

0.01 + 0.02

0.01 + 0.01
0.08 + 0.06
0.04 + 0.03
0.01 + 0.01

Adult

South
Larvae

Adult

Larvae

,0.01 + , 0.01 ,0.01 + , 0.01

0.17 + 0.29
0.01 + 0.02

0.15 + 0.13
0.01 + 0.02
,0.01 + 0.01

0.07 + 0.08
0.01 + 0.01

North
(mm)

South
(mm)

Life
history

18 –50

36 – 37

M,B

98

0.03 + 0.02
,0.01 + , 0.01
0.05 + 0.04
,0.01 + , 0.01 19 –65
0.01 + , 0.01
,0.01 + , 0.01
25 –34
0.01 + 0.02
,0.01 + 0.01
,0.01 + , 0.01 52

,0.01 + 0.01

B
18 – 72
24 – 28
22 – 57

,0.01 + , 0.01
,0.01 + 0.01

M
M
M
D

0.04 + 0.09

103

B

j

0.05 + 0.07

,0.01 + , 0.01

,0.01 + 0.01

,0.01 + , 0.01

0.04 + 0.05
0.01 + 0.02
0.03 + 0.04
0.08 + 0.02

,0.01 + 0.01
0.02 + 0.02
0.04 + 0.03
0.08 + 0.01

0.01 + 0.01

0.01 + 0.02

,0.01 + , 0.01

25 – 43

M,B
M,B
M,B
M,B

0.17 + 0.12
0.02 + 0.03

0.12 + 0.12
0.2 + 0.26

,0.01 + , 0.01 15 –36
23 –51

14 – 34
12 – 55

M,B
M,B

0.04 + 0.07
,0.01 + 0.01
0.01 + 0.01
,0.01 + , 0.01
0.22 + 0.2

,0.01 + 0.01
0.04 + 0.06
0.01 + 0.01
0.13 + 0.12

,0.01 + , 0.01 22 –48
29
18 –29
,0.01 + , 0.01 38 –80

32
17 – 60
19 – 38
10 – 83

M
M
M
M

35

B

25 – 53

M

0.03 + 0.04
,0.01 + , 0.01 13 –55
,0.01 + , 0.01 ,0.01 + , 0.01 15

12 – 60
18 – 26

M
M

,0.01 + , 0.01

19

M

46 – 56

M
M

0.01 + , 0.01

,0.01 + , 0.01

16

828 – 848

0.01 + 0.02

16 – 56
35 – 45

PAGES

3.59 + 0.54
1.03 + 1.29

0.06 + 0.03

17 –55
28 –45
45 –60
27 –43

j

0.69 + 0.59
,0.01 + 0.01

9

0.53 + 0.02
0.01 + 0.01
0.02 + 0.04
0.01 + 0.01

D

NUMBER

3.43 + 0.37
0.05 + 0.05

,0.01 + , 0.01

j

2.41 + 1.94
0.01 + 0.02

,0.01 + , 0.01

34

1.91 + 0.39
0.04 + 0.05
0.03 + 0.03
0.05 + 0.04

E

VOLUME

j

0.87 + 0.81
,0.01 + 0.01

0.16 + 0.11
0.02 + 0.02

0.05 + 0.05
0.07 + 0.08
0.02 + 0.03

,0.01 + , 0.01

0.18 + 0.14
,0.01 + , 0.01

,0.01 + , 0.01
,0.01 + 0.01

,0.01 + , 0.01
,0.01 + 0.01

2012

0.04 + 0.04
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Alepocephalidae
Alepocephalus
tenebrosus
Anoplogastridae
Anoplogaster cornuta
Bathylagidae
Bathylagoides wesethi a
Leuroglossus stilbius a
Lipolagus ochotensis a
Blenniidae
Hypsoblennius jenkinsi b
Chiasmodontidae
Chiasmodon niger
Engraulidae
Engraulis mordax b
Gobiidae
Rhinogobiops nicholsi b
Gonostomatidae
Cyclothone acclinidens
Cyclothone atraria
Cyclothone pallida
Cyclothone
pseudopallida
Cyclothone signata
Cyclothone sp.
Melamphaidae
Melamphaes lugubris
Melamphaes parvus
Poromitra crassiceps
Scopelogadus mizolepis
Microstomatidae
Microstoma microstoma
Myctophidae
Ceratoscopelus
townsendi a
Diaphus theta a
Diogenichthys
atlanticus a
Diogenichthys
laternatus a
Loweina rara b
Nannobrachium
hawaiiensis

Larvae

North

JOURNAL OF PLANKTON RESEARCH

Adult

South

Size range

,0.01 + 0.01
0.02 + 0.03
0.15 + 0.09
0.01 + 0.01
0.57 + 0.36
,0.01 + 0.01
,0.01 + , 0.01
,0.01 + , 0.01 ,0.01 + , 0.01
0.03 + 0.05
0.1 + 0.04

0.12 + 0.12

0.18 + 0.11

,0.01 + 0.01

0.04 + 0.04

0.03 + 0.02

,0.01 + 0.01

,0.01 + 0.01

0.39 + 0.27

0.03 + 0.03

0.01 + 0.02
59
0.3 + 0.24
,0.01 + , 0.01 22 –92
,0.01 + , 0.01
22
,0.01 + 0.01
,0.01 + , 0.01

0.08 + 0.08
,0.01 + , 0.01 ,0.01 + , 0.01
0.08 + 0.04
,0.01 + , 0.01 ,0.01 + , 0.01

,0.01 + , 0.01

,0.01 + 0.01

37 –85
,0.01 + , 0.01 15 –28

18 – 153
11 – 36

M
M

0.03 + 0.03

,0.01 + 0.01

20 –71

21 – 72

M

0.03 + 0.02

,0.01 + , 0.01 24 –37

25 – 53

M

23

M

14 – 69

M

562

M
M

41 – 49

M

49

D

0.22 + 0.21

,0.01 + , 0.01 15 –68

0.05 + 0.11
0.01 + 0.03

599

,0.01 + 0.01

,0.01 + , 0.01

,0.01 + , 0.01

,0.01 + , 0.01
0.01 + 0.01

62
,0.01 + , 0.01 26

B

0.01 + 0.01

,0.01 + , 0.01

,0.01 + , 0.01

M

,0.01 + 0.01
,0.01 + 0.01

,0.01 + , 0.01
,0.01 + , 0.01

,0.01 + , 0.01
,0.01 + , 0.01

D
D

0.09 + 0.06

0.08 + 0.03

,0.01 + , 0.01
,0.01 + , 0.01

18 –22
,0.01 + , 0.01 ,0.01 + , 0.01 20 –23

,0.01 + , 0.01 ,0.01 + , 0.01
0.01 + 0.01
0.06 + 0.11
0.16 + 0.27
,0.01 + , 0.01

0.02 + 0.02
,0.01 + 0.01
,0.01 + 0.01
,0.01 + 0.01

,0.01 + , 0.01

0.03 + 0.03

15 –23
95
16 –24

14 – 26
13 – 40
13 – 28

0.08 + 0.03

D

,0.01 + , 0.01
,0.01 + , 0.01

M
M

,0.01 + , 0.01

M

,0.01 + , 0.01
0.15 + 0.22

MB
D
MB

,0.01 + , 0.01

,0.01 + , 0.01
,0.01 + 0.01

M
M

0.15 + 0.12

10 –62

18

D
D

13 – 71

M

Continued
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0.08 + 0.05

,0.01 + , 0.01

j

,0.01 + 0.01

M
M
M
M

0.22 + 0.34
0.01 + 0.01

,0.01 + , 0.01 ,0.01 + , 0.01 ,0.01 + , 0.01 ,0.01 + , 0.01 20 –29
0.33 + 0.31

57
17 – 98
15 – 21
54
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Nannobrachium regale
0.01 + 0.02
0.33 + 0.21
Nannobrachium ritteri a
a
,0.01 + 0.01
Notolychnus valdiviae
Notoscopelus
resplendens a
Parvilux ingens
0.02 + 0.01
Protomyctophum
0.07 + 0.05
0.04 + 0.04
crockery
0.24 + 0.13
Stenobrachius
leucopsarus a
Symbolophorus
0.01 + 0.01
0.01 + 0.01
californiensis a
Tarletonbeania
0.03 + 0.02
0.01 + 0.01
crenularis a
a
Triphoturus mexicanus
0.49 + 0.32
0.02 + 0.02
Nemichthyidae
Avocettina infans
Nemichthys
,0.01 + 0.01
scolopaceus
Notosudidae
Scopelosaurus harryi
Ophidiidae
Chilara taylori
,0.01 + 0.01
Opisthoproctidae
Macropinna microstoma
0.01 + 0.02
Paralepididae
b
,0.01 + 0.01
Lestidiops ringens
Paralichthyidae
0.03 + 0.06
Citharichthys sordidus b
0.12 + 0.11
Citharichthys
b
stigmaeus
Phosichthyidae
Ichthyococcus irregularis
0.01 + 0.01
0.01 + 0.01
Vinciguerria lucetia a
Platytroctidae
Holtbyrnia latifrons
0.03 + 0.04 ,0.01 + 0.01
Mirorictus taningi
0.01 + 0.01
Sagamichthys abei
0.02 + 0.02
Pleuronectidae
Microstomus pacificus b
Scopelarchidae
0.01 + 0.01
Benthalbella dentata b
Rosenblattichthys
volucris b
Scopelarchus analis b
Sebastidae
0.01 + 0.01
Sebastes sp.b
Sebastolobus altivelis
Sternoptychidae
Argyropelecus affinis
0.13 + 0.14

Table II: Continued
Abundance

Biomass

North

0.06 + 0.06

Adult

Larvae

0.23 + 0.06

0.01 + 0.01
0.21 + 0.08
0.05 + 0.04 ,0.01 + 0.01

,0.01 + 0.01
0.05 + 0.05
0.13 + 0.11
0.01 + 0.01
0.02 + 0.02
,0.01 + 0.01

0.01 + 0.01
0 + 0.01

,0.01 + 0.01

Adult

South
Larvae

,0.01 + , 0.01

0.01 + 0.03

North
(mm)

South
(mm)

Life
history

9– 14

9 –29

M

0.01 + 0.02
14 –24
0.03 + 0.03
9– 39
0.02 + 0.02
,0.01 + , 0.01 18 –27
,0.01 + , 0.01
0.01 + , 0.01
,0.01 + 0.01

36
9 –45
19 – 41
12 – 20
12 – 27
23

M
M
M
MB
MB
MB

,0.01 + 0.01

47
213

M
M
B

36 – 37
52 – 422
62 – 67
134
33 – 165

M
M
M
M
M

Adult

Larvae

0.02 + 0.01

,0.01 + , 0.01
0.06 + 0.05
,0.01 + , 0.01 ,0.01 + , 0.01

0.02 + 0.04
0.02 + 0.03

,0.01 + 0.01

77
89

0.25 + 0.55

j

0.02 + 0.02
0.13 + 0.06
0.02 + 0.03

0.03 + 0.02

0.02 + 0.02
0.18 + 0.07

,0.01 + , 0.01 ,0.01 + , 0.01 ,0.01 + , 0.01 ,0.01 + , 0.01
0.09 + 0.02
0.12 + 0.28
,0.01 + , 0.01
0.45 + 0.78
,0.01 + , 0.01
0.03 + 0.06
0.16 + 0.2
,0.01 + , 0.01
0.04 + 0.09

38 –43
61 –332
58 –301
33 –184

34

0.04 + 0.02 ,0.01 + 0.01

0.01 + 0.01
0.03 + 0.03
0.01 + 0.01
,0.01 + , 0.01
0.01 + 0.01

VOLUME

j

,0.01 + , 0.01
2.15

0.01 + 0.01
52.22

,0.01 + 0.01
6.65

15.90

0.08

19.44

,0.01 + , 0.01
0.18

9

j
PAGES

M, mesopelagic; B, bathypelagic; D, demersal; E, epipelagic.
VMF.
b
Larvae only.
a

NUMBER

32.97

828 – 848

j
2012
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Argyropelecus
hemigymnus
Argyropelecus lychnus
Argyropelecus sladeni
Danaphos oculatus
Sternoptyx diaphana
Sternoptyx obscura
Sternoptyx
pseudobscura
Stomiidae
Aristostomias scintillans
Bathophilus flemingi
Borostomias
panamensis
Chauliodus macouni
Idiacanthus antrostomus
Tactostoma macropus
Photonectes margarita
Stomias atriventer
Tetragonuridae
Tetragonurus cuvieri b
Total

Larvae

North
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Adult

South

Size range
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Table III: Species of euphausiids caught with nets in the water masses north and south of the front in
Southern California during October 2008, their respective abundance (ind. m22) and biomass
(g WW m22)
Abundance

Biomass

North
0.37 + 0.58

357.69 + 423.23
0.65 + 1.59
28.99 + 25.17

North

South

0.11 + 0.22
14.62 + 7.84
0.67 + 1.02
7.7 + 6.86
3.31 + 2.38
9.56 + 9.85
0.06 + 0.19
0.3 + 0.54
0.68 + 0.97

,0.01 + 0.01

0 + 0.01
0.27 + 0.15
0.01 + 0.03
0.17 + 0.14
0.08 + 0.05
0.17 + 0.18
,0.01 + 0.01
0.01 + 0.02
0.02 + 0.03

0.44 + 0.55
0.16 + 0.4
13.98 + 27.84

4.71 + 4.91
0.02 + 0.04
0.61 + 0.47

0.01 + 0.02
,0.01 + 0.01
0.05 + 0.09

3.37 + 1.89

0.08 + 0.04

Table IV: Results of one-way ANOVAs comparing estimated abundance and biomass of euphausiids,
larval fish, VMF and NVMF and three mesopelagic species between the north and south water masses
using acoustics and net data collected concurrently during the process experiments
Abundance
F-value
Net
Euphausiids
Larval fish
VMF
NVMF
Acoustic
Euphausiids
VMF
NVMF
N. ritteri
S. leucopsarus
T. mexicanus
B wesethi
S. californiensis
V. lucetia

Biomass
P-value

Mean north

Mean south

F-value

P-value

Mean north

Mean south

6.11
7.08
10.70
5.27

*
*
**
NS

1.69
0.35
2.51
6.57

0.13
0.78
1.40
8.08

9.45
3.12
9.46
0.17

**
NS
*
NS

2.96
0.02
1.46
2.73

0.34
0.03
0.82
2.49

35.58
41.18
2.99
12.16
3.63
1.16
1.71
3.95
10.81

***
***
NS
**
NS
NS
NS
NS
**

601.93
16.68
2.50
0.39
0.29
0.23
0.1
0.01
0.01

22.94
2.19
1.58
0.16
0.2
0.24
0.17
0.05
0.09

9.45
52.13
2.99

**
**
NS

26.25
11.22
0.90

1.00
1.73
0.57

NS, not significant.
*P , 0.05.
**P , 0.01.

abundance and biomass of most groups were higher in
the water mass north of the front. For most groups,
there were substantial differences in species composition
between water masses.

Euphausiids
Euphausiid abundance and biomass estimates from
MOHT samples were an order of magnitude higher in
the northern water mass (1.7 + 2.3 ind. m22, 3.0 +
2.9 g WW m22) than the south (0.1 + 0.1 ind. m22,
0.3 + 0.2 g WW m22). These differences were significant at P , 0.05. Likewise, acoustic estimates of abundance and biomass were significantly higher in the

north of the front (602 + 307 ind. m22, 26.3 +
13.4 g WW m22) than the south (22.9 + 23.7 ind. m22,
1 + 1 g WW m22) (Table IV, Fig. 2). However, acoustic
estimates of euphausiid abundance were 2 orders of
magnitude higher than MOHT-based estimates, and
biomass estimates based on acoustics were an order of
magnitude higher. Classification based on euphausiid
species composition clearly separated the assemblages
from the two water masses, with less than 50% similarity between them (Fig. 3a). Euphausia pacifica was the
dominant species in the northern water mass, accounting for 88% of the catch. Nematoscelis difficilis and
E. gibboides dominated the southern assemblage,
accounting for 56% of the catch (Fig. 3b). In addition,
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Bentheuphausia amblyops
Euphausia gibboides
Euphausia mutica
Euphausia pacifica
Euphausia recurva
Nematoscelis difficilis
Nematoscelis tenella
Stylocheiron longicorne
Stylocheiron maximum
Thysanoessa gregaria
Thysanoessa spinifera
Unidentified

South
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Larval fish
Fig. 2. (a) Acoustic and (b) net estimates of abundance of
euphausiids, VMF, NVMF and larval fish. Acoustic abundance in
log-scale.

there was a significant difference (ANOVA, P , 0.05) in
the size distribution of euphausiids with larger organisms in the northern samples, mean length 12.6 +
2.7 mm, compared with 11.3 + 3.1 mm in the south.

Vertically migratory fish
The abundance and the biomass of VMF estimated
from the MOHT samples were also significantly higher
in the northern water mass (2.5 + 0.8 ind. m22, 1.4 +
0.2 g WW m22) than the south (1.4 + 0.4 ind. m22,
0.8 + 0.4 g WW m22) (Table IV, Fig. 2). This pattern
was also observed in the acoustic data, although the
magnitude of the difference was greater, with both
abundance and biomass 10 times higher to the north
(16.7 + 4.6 ind. m22, 11.2 + 4.3 g WW m22) than to
the south (2.2 + S0.8 ind. m22, 1.7 + 0.4 g WW m22).
There was again an order of magnitude difference
between acoustic and net estimates of abundance and
biomass. A clear separation in the community

In contrast to euphausiids and VMF, larval fish were
significantly more abundant in net tows from the
southern water mass (0.8 + 0.3 ind. m22) than the
north (0.4 + 0.3 ind. m22), with no significant difference in biomass (Table IV, Fig. 2). There was less than
30% similarity in community composition of larval fish
between water masses north and south of the front.
Oceanic mesopelagic species dominated the larval fish
community in the southern water mass, whereas the
north was dominated by nearshore species, such as the
sand dabs, Citharichthys stigmaeus and C. sordidus, and
anchovy, Engraulis mordax, which together accounted for
58% of the larval fish in those samples. Larvae from
mesopelagic species such as Idiacanthus antrostomus, V.
lucetia and D. theta were absent in the northern water
mass, but accounted for 49% of the larval fish in the
southern samples. Larvae of E. mordax were absent to
the south but accounted for 13% of the larval fish from
northern samples (Fig. 6a and b).

Non-vertically migratory fish
NVMF species showed no significant difference in
abundance or biomass between the two water masses
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composition between both water masses was evident
with less than 60% similarity between them. Diaphus
theta dominated the assemblage in the north, where it
comprised 43% of the fish sampled, compared with
13% to the south. However, Stenobrachius leucopsarus,
Triphoturus mexicanus and Nannobrachium ritteri contributed
similar to the fish abundance in the two water masses
with 12, 27 and 13%, respectively. Despite this similarity in percent contributions, their abundances were
higher in the northern water mass, although the difference was only significant for N. ritteri (Table IV). The
percentage contributions to the assemblage of
Bathylagoides wesethi, Symbolophorus californiensis and
Vinciguerria lucetia were 3 times higher to the south
(Fig. 4a and b), but only V. lucetia was significantly more
abundant in those samples. Ceratoscopelus townsendi was
absent in the water mass north of the front yet contributed 3% to the assemblage in the water mass south of
the front. Several less abundant species exhibited
marked differences in abundance between water masses
adjacent to the front: Diogenichthys laternatus was absent in
the north, D. atlanticus was 10 times more abundant in
the south and Tarletonbeania crenularis was 10-fold more
abundant in the north. Trends in biomass reflected
those in abundance, with  70% similarity between the
two water masses (Fig. 5a and b).
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(Table IV, Fig. 2). Similarly, their community composition did not separate clearly the two water masses
across the front (Figs 7a and 8a). Two species of
Cyclothone, C. signata and C. acclinidens, together accounted
for over 80% of NVMF abundance in both water
masses. Biomass was more evenly distributed among
species with C. acclinidens, Parvilux ingens, Scopelogadus mizolepis, C. signata, Argyropelecus affinis and I. antrostomus
accounting for 50% of the biomass in the north and
70% in the south (Figs 7b and 8b).

Distributions at the A-front
A high-density patch of acoustically identified euphausiids (127 m2 nmi22) was found at the northern

interface of the A-Front during the daytime transects,
with almost none at the southern interface
(0.96 m2 nmi22) (Fig. 9a). Three features were apparent
for fish in relation to the A-Front in these four transects.
First, a conspicuous, dense aggregation was present in
the surface waters at the front itself, with a more dispersed distribution away from it (Fig. 9b). On the other
hand, fish from the deep-scattering layer (DSL) did not
concentrate at the front, but were distributed in a layer
across it. However, there was a discontinuity in the
vertical structure of the DSL at the front, which
appeared more compact and deeper (350 m) in the
southern interface, rising to 200 m at the front and
appearing more dispersed at the northern interface
(Fig. 9b). Third, a secondary, deeper (400– 500 m)
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Fig. 3. (a) Cluster analyses of euphausiid abundance composition and (b) abundance % contribution of euphausiid species in the north and
south water masses.
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sublayer within the DSL was observed to extend north
of the front.

DISCUSSION
Several studies have examined the influence of mesoscale features, such as fronts, on mid-trophic levels. In
some cases, these frontal features coincided with major
biogeographic boundaries (Backus et al., 1969; Angel,
1989; Baussant et al., 1993; Bertrand et al., 1999; Sassa
et al., 2002). Similarly, this study showed strong differences in community composition and abundance of
mesopelagic fish and euphausiids between the water
masses on either side of the A-Front.

Previous studies in this region have reported differences in primary productivity and the abundances of
larval fish and zooplankton across a front known as the
Ensenada Front, which is located at 328N where the
flow of the California Current turns shoreward, separating warm oligotrophic from cool, more productive
waters (Haury et al., 1993; Moser and Smith, 1993;
Venrick, 2000). It is a semi-persistent feature that has
been detected most of the year with a considerable loss
of pigment to the south but small temperature gradients
(Pelaez and McGowan, 1986; Haury et al., 1993). The
location, orientation and temperature and productivity
characteristics of the waters across the A-Front bear
some resemblance to the Ensenada Front. However,
previous studies of the Ensenada Front did not observe
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Fig. 4. (a) Cluster analyses of VMF abundance composition and (b) abundance % contribution of VMF species in the north and south water
masses.
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an accumulation of biomass at the front itself, despite
finding higher biomass north of the front and differences in species distributions (Haury et al., 1993; Moser
and Smith, 1993; Venrick, 2000), so we have not given
the A-Front the same designation.

Differences in community composition and
abundance in the adjacent water masses
Euphausiids
Euphausia pacifica is the dominant euphausiid in the
North Pacific, particularly in the Subarctic Gyres and
Transition Zone, i.e. the area where Subarctic water
meets Subtropical water, extending to the California
Current region in the eastern Pacific (Brinton, 1962;
Mauchline and Fisher, 1969; Shaw et al., 2010). Its

range extends from the Bering Sea to 30 or 258N off
the California coast and 368N off the Japan coast
(Brinton, 1962; Hong, 1969). Euphausia pacifica has cold
water affinities, and its distribution in the California
Current is linked to upwelled or Subarctic water
(Brinton, 1962; Iguchi and Ikeda, 1995). On the other
hand, E. gibboides and E. recurva have an affinity for
warmer waters, whereas N. difficilis is intermediate
(Brinton, 1962; Brinton and Townsend, 2003). The
distribution of E. pacifica, E. gibboides and E. recurva across
the A-Front reflected their temperature preferences,
with the abundance of E. pacifica decreasing dramatically south of the front, where E. recurva abundance
increased. Euphausia gibboides was present only south of
the front. Nematoscelis difficilis, on the other hand, did not
exhibit a clear difference across the front: its percentage
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Fig. 5. (a) Cluster analyses of VMF biomass composition and (b) biomass % contribution of VMF species in the north and south water masses.
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contribution to the community was greater south of the
front, but its abundance was higher north of it. This
species is widespread in the California Current and is
second in abundance after E. pacifica in the Transition
Zone (Brinton, 1962; Brinton and Townsend, 2003).

Fish
Cluster analyses indicated that most of the differences in
the abundance of fish across the front were due to the
VMF species, D. theta, C. townsendi, B. wesethi and V.
lucetia: cold water species such as D. theta were more
abundant to the north and those with warm water affinities, V. lucetia, B. wesethi and C. townsendi, were more
abundant or limited to the south (Gjosaeter and

Kawaguchi, 1980; Loeb et al., 1983; Moser and Smith,
1993). This pattern, which we observed for the adults
and juveniles of these species, was similar to that
reported across the Ensenada front for their larval
stages, with a decrease in larval D. theta abundance and
an increase in larval V. lucetia, C. townsendi and B. wesethi
south of the Ensenada Front (Moser and Smith, 1993).
Similarly, the distribution of the adults of less abundant
VMF species, T. crenularis, S. californiensis, D. atlanticus and
D. laternatus, followed trends consistent with the distributions described previously for the larvae off Central and
Southern California (Loeb et al., 1983; Moser and
Smith, 1993), with T. crenularis less abundant and the
latter three species more abundant in the south. The
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Fig. 6. (a) Cluster analyses of larval fish abundance composition and (b) abundance % contribution of larval fish species in the north and
south water masses.
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differences in north – south distributions for most of
these fish species suggest that the A-Front may be acting
as an important distributional boundary, separating
significantly different pelagic habitats.
However, in our study, the larvae of D. theta were
found only in the water mass south of the front, in
contrast to the findings of Moser and Smith (Moser and
Smith, 1993). This segregation of D. theta’s developmental stages across a frontal system has also been
reported in the Western North Pacific where a demographic shift between adults and juveniles of D. theta was
observed across the Oyashio Front (Sassa et al., 2002).
The difference in the distribution of D. theta larvae compared with the adults and juveniles in the water masses
adjacent to the A-Front could be related to differences

in the size spectrum of food particles across the front
(Li et al., 2012; Ohman et al., 2012; Taylor et al., 2012).
Thus, the high abundance of juveniles and adults of D.
theta was coincident with high abundances of relatively
large potential prey, E. pacifica and copepods to the
north, whereas the larval stage coincided with smaller
phytoplankton and zooplankton particles to the south
(Hopkins et al., 1996; Gartner et al., 1997; Moku et al.,
2000; Brodeur and Yamamura, 2005; Suntsov and
Brodeur, 2008).
No significant difference in distribution was found
across the front for S. leucopsarus. Although we categorized this species as a vertical migrator, it has been
observed to have substantial nocturnal peaks in abundance at depth as well as in near-surface waters,
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Fig. 7. (a) Cluster analyses of NVMF abundance composition and (b) abundance % contribution of NVMF species in the north and south
water masses.
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indicating that only part of the population vertically
migrates (Pearcy et al., 1977). Its distribution across the
front, in fact, seems to more closely resemble that of the
non-migratory fish.
The larval assemblage north of the A-Front represented species associated with the shelf region such as
E. mordax, C. stigmaeus and C. sordidus, all with more
northerly distributions and cold water affinities. Moser
and Smith (Moser and Smith, 1993) also found these
species in the more productive waters north of the
Ensenada Front. Although all these species are coastal,
their larvae are pelagic and can be transported offshore
in the Southern California circulation (Moser and
Smith, 1993). It is also likely that anchovies were
spawning within the frontal region (see below).

Cyclothone signata and C. acclinidens were the most abundant NVMF species. These species dominate mesopelagic and bathypelagic non-migratory fish assemblages
in the California Current, with C. signata occurring
predominantly at 250– 500 m and C. acclinidens at 500–
900 m (Dewitt, 1972; Bailey and Robison, 1986; Miya
and Nemoto, 1991). Although Moser and Smith (Moser
and Smith, 1993) reported that the larvae of Cyclothone
were predominantly in the warm waters south of the
Ensenada front, we found that the abundance of the
adults did not appear to be influenced by the A-Front.
However, Cyclothone larvae live in near-surface waters
(Miya and Nemoto, 1991), where the influence of
frontal features is stronger. In contrast, the center of
distribution for adult Cyclothone is 400 m or deeper
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Fig. 8. (a) Cluster analyses of NVMF biomass composition and (b) biomass % contribution of NVMF species in the north and south water
masses.
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(Willis and Pearcy, 1982), below the depth directly influenced by the frontal circulation. These species of
Cyclothone are found throughout the southern California
Current region (Moser, 1996). We note that Backus et al.
(Backus et al., 1969), examining the distribution of
meso- and bathypelagic fish across a front in the
Sargasso Sea, similarly found a significant difference in
species assemblages across the front, but only among
the vertical migrators.

The A-front
In regions of abrupt horizontal change separating water
masses with very different physical properties, it is
expected that biological communities will also differ
significantly (Lutjeharms et al., 1985; Ainley and
DeMaster, 1990; Pakhomov et al., 1994; Belkin et al.,
2009; Bost et al., 2009). In the present study, the
biological changes across the front were most evident
from the acoustical data, which showed dense
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Fig. 9. Underway N-S acoustic sampling of the A-Front showing the abundance distribution of (a) euphausiids and (b) fish measured by the
acoustics during the third crossing of the A-Front conducted at daytime at a speed of 10 km h21. Seawater temperature contour is overlaid to
show the frontal boundary, indicated between the red lines.
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aggregations of fish and krill at the precise location of the
front in the upper 100 m. Because the acoustic data were
collected during daylight, the aggregated fish at the front
were probably anchovies: anchovy larvae (E. mordax)
hatch 3 – 4 days after spawning (Zweifel and Lasker,
1976) and were among the more abundant fish larvae
north of the front, even though our cruise was outside
the winter– spring peak period of anchovy spawning.
Also, conditions at the front constituted prime anchovy
habitat, with its high values of Chl a near the surface
(Taylor et al., 2012), preponderance of larger particles
such as zooplankton and large diatoms, and high
geostrophic flow (Bakun and Broad, 2003; Rykaczewski
and Checkley, 2008; Weber and McClatchie, 2010; Li
et al., 2012). The concentrations of epipelagic fish at the
front suggest that plankton mortality and removal processes may be higher at the front, consistent with the
indications of elevated plankton productivity there: elevated phytoplankton photosynthetic efficiency (Wang
et al., 2012), bacterial secondary production (Samo et al.,
2012) and the ratio of copepod nauplii to adults (Ohman
et al., 2012).
Changes in DSL depth and distribution across fronts
have been previously reported to be apparently influenced by environmental factors (Conte et al., 1986;
Baussant et al., 1993). The DSL in our study varied in
depth, thickness and number of layers across the
A-Front. This appears consistent with differences in the

distributions of light and oxygen with depth across the
front. Light plays an important role in the vertical structure of the DSL, since organisms have been observed to
follow particular isolumes (Kampa, 1971; Clarke, 1973;
Smith and Laver, 1981; Drazen et al., 2011). Higher
phytoplankton concentrations in the northern water
mass led to an increase in light attenuation there relative
to the oligotrophic water column in the south (Li et al.,
2012), which could explain the shallower distribution of
the DSL at the northern interface of the front. However,
dissolved oxygen isopleths also shoaled north of the front
following a similar distribution pattern as that of the
DSL, with the upper edge of the DSL coinciding with
the 2 mL L21 isopleth (Fig. 10). A close relationship
between the depth of the DSL and oxygen levels in the
CalCOFI region in Southern California has been
reported previously (Koslow et al., 2011). Unfortunately,
oxygen data were collected only down to 300 m in our
study and no irradiance data were collected at the front
itself, so we cannot more definitively determine the
factors that influenced the depth distribution of the DSL
across the A-Front. Nevertheless, it is clear that there is a
relationship between environmental factors and
biological distributions across the A-Front.
The abundance of euphausiids, estimated acoustically
from our north – south underway transect, was higher
over the front and to the north of it, decreasing significantly to the south. This is consistent with the results of
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Fig. 10. Underway N-S acoustic sampling of the A-Front showing the abundance distribution of fish measured by the acoustics during the
third crossing of the A-Front conducted at daytime at a speed of 10 km h21. Oxygen concentration contour is overlaid and the frontal boundary
is indicated between the red lines.
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zooplankton vertical hauls, taken in the upper 100 m
with bongo nets, at nine stations immediately following
the acoustical survey (i.e. the same night of 24– 25
October 2008), which also showed higher euphausiid
abundance at the front and north of it (Ohman et al.,
2012). It is apparent that euphausiid abundance here
was associated with the cooler, more saline water mass
with higher primary productivity north of the front
(Landry, Ohman et al., 2012). However, the acoustic
distribution of euphausiids did not precisely overlap
with the area of highest phytoplankton concentration
located at the front itself (Taylor et al., 2012). This could
be either an artifact of the acoustics or due to predation
by the epipelagic fish located immediately over the
front. The high concentration of epipelagic fish with
air-filled swimbladders located immediately over the
front could have masked organisms in the area with
reduced acoustic reflectivity, such as euphausiids.
Alternatively, predation by the anchovies or other epipelagic fish concentrated at the front could have left a gap
in the euphausiid distribution (Genin et al., 1994).
In summary, there have been few studies on the influence of fronts in the distribution of the mesopelagic
micronekton globally (Backus et al., 1969; Angel, 1989;
Baussant et al., 1993; Koubbi, 1993; Beamish et al.,
1999), and none in the southern California Current.
There have been particularly few that have combined
the use of acoustics and trawl sampling, which enables
improved estimates of abundance and biomass,
compensating for the substantial biases resulting from
net avoidance and escapement. Acoustics also provides
high-resolution data on horizontal and vertical distributions. This enabled us to observe particularly high concentrations of fish directly at the front and sharp
discontinuities in fish and euphausiid distributions there.
Notably, only the vertically migratory or near surface
fish appeared to be strongly influenced by the frontal
boundary, consistent with previous observations across a
front in the Sargasso Sea (Backus et al., 1969). However,
although NVMF species did not show differences in
species composition across the front, changes in the
DSL indicate that the A-Front influenced deep-water
distributions. Quantitative study of the influence of
fronts on deep-water trophodynamics and biogeochemistry remains an important area for future investigation.
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