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ABSTRACT: Size-specific vertical distributions of larvae of the myctophid species Benthosema ptero-
tum, Bolinichthys longipes, Diaphus arabicus, Diogenichthys panurgus, Hygophum proximum, and
Myctophum aurolaternatum, and of the photichthyid species Vinciguerria nimbaria were analyzed
from 3 hydrographically and ecologically different regions of the northern Arabian Sea {Indian Ocean)
during the intermonsoon period (March-June) 1987, using a MOCNESS-1 net system to 150 m depth
under comparable circumstances. Regional data on the vertical centres of mass were compared by
species and length class. Concurrent measurements of physical stratification and of prey abundance
and distribution in the water column were related to larval distribution. Results indicate that larvae of
mesopelagic species are found at relatively deep depth. They move downward during early develop-
ment, adapting to their later life in the mesopelagic zone. Species- and size-specific depth selection was
responsible for much of the interregional differences in vertical distribution of fish larvae in general,
since the species composition was different between regions. Most of the myctophid and photichthyid
species avoided the upper mixed layer, which contained the highest concentrations of potential prey
organisms, and their distribution was also not directly related to pycnocline depth (except for B. ptero-
tum). Below the mixed surface layer the abundance and vertical distribution of potential prey was more
important in determining the vertical distribution of the larvae than the gradient of physical stratifica-
tion. The low abundance of prey on the shelf off Pakistan was probably responsible for the strong
concentration of larvae just below the mixed layer and for their poor nutritional condition in that area.
Larvae of identical species and length class occurred on average about 20 m deeper in the central
oceanic region compared to the coastal areas off Oman and Pakistan. This was probably due to a
deeper and broader distribution of prey organisms.
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INTRODUCTION

The understanding of recruitment processes and
nutritional relationships in young fish requires knowl-
edge of their small-scale, probably even microscale,
distribution in relation to abiotic and biotic parameters
(Rothschild & Osborn 1988, Sundby & Fossum 1990,
Mackenzie & Leggett 1991). The vertical dimension of
the ocean usually has much higher and more consis-
tent gradients of physical, chemical and biological
parameters than the horizontal one. The structure of
the planktonic system is also more complex on the
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vertical than on the horizontal plane. This is partly
because of active vertical movements of planktonic
animals which are related to those gradients.

Fish larvae are known for their complex behaviour.
Their vertical distribution and migration patterns are
species specific (Ahlstrom 1959, Loeb 1979, 1980,
Kendall & Naplin 1981, Sogard et al. 1987, Ropke 1989)
and also depend on larval size and stage (Nellen &
Hempel 1970, Loeb 1979, Coombs et al. 1983, Fortier &
Leggett 1983, 1984, Heath et al. 1988, Fortier & Harris
1989, Frank & Carscadden 1989). Light intensity (day/
night rhythm) is the major factor triggering these
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behaviours in the laboratory (Woodhead & Woodhead
1955, Blaxter 1973), and seems to be responsible for
much of the observed variability in distribution and
migration patterns. Thermoclines have been shown to
influence these patterns in fish larvae (Ahlstrom 1959,
Southward & Bary 1980, Kendall & Naplin 1981,
Sameoto 1982, Southward & Barrett 1983, Ropke et
al. 1993). However, it is not clear to what extent the
temperature change or the larval prey distribution
(Lasker 1975) at the thermocline is responsible for this
behaviour.

Studies made during the last decade indicate that
larvae of epipelagic fish species can adjust their distri-
bution to forage on peak abundances of prey at a small
spatial scale of several meters (Fortier & Leggett 1983,
1984, De Lafontaine & Gascon 1989, Fortier & Harris
1989). However, such behavioural responses to prey
are considered unlikely in the case of mesopelagic fish
larvae. The highest concentrations of potential prey
organisms occur in the upper mixed layer of the open
ocean, but developing larvae of these species must
move progressively to much greater depths {(Loeb
1979, 1980) where only low concentrations of potential
prey exist. This suggests that mesopelagic fish larvae
may not require high concentrations of prey for sur-
vival and growth and hence may be less dependent on
production processes in the surface layer.

One objective of the interdisciplinary project
'BIOSTAR'" (BIOlogical STructures And Recruitment;
Nellen et al. 1988) was to determine whether fish larvae
of mesopelagic species adapt their vertical distribution
to the variable physical and biological structures of the
water column as do larvae of epipelagic species, or
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whether they are relatively inflexible in their vertical
distribution behaviour. To answer this question a quasi-
synoptical study comparing 3 ecologically different
areas containing identical species was conducted dur-
ing the 1987 'Meteor' expedition in the Arabian Sea.

The Arabian Sea is one of the most productive
oceanic areas in the world (Ryther et al. 1966). It has
wide and variable ranges of physical and chemical
conditions for biological production on relatively small
temporal and spatial scales. This is because it is located
at the northern border of the western Indian Ocean
and is thus subject to the monsoon seasons, causing
unique and highly variable circulation systems (Diiing
1970, Wyrtki 1973, Qasim 1982, Shetye et al. 1991).
The present project was carried out during an inter-
monsoon period, when high regional differences in
physical and chemical stratification can be observed
over the northern Arabian Sea. These were respon-
sible for different prey environments for fish larvae as
desired for this study.

MATERIALS AND METHODS

Three areas, named ‘Bioboxes' (Bb), were sampled
in the northern Arabian Sea (Indian Ocean) during
cruise 5/leg 3 of the RV 'Meteor’ (March 18 to June 9,
1987; Fig. 1). Each Bb consisted of a 5 x 5 station grid
with side lengths of 100 x 50 nautical miles. Each grid
was sampled twice in order to assess temporal as well
as spatial variability. Bb 1 represents a potential
upwelling area off the coast of Oman (centred at
21° 20" N, 59° 50" E), featuring a well-mixed water col-
umn, and was sampled between March 31 and April 2

(Grid 1) and between April 7 and 10
(Grid 2). Bb 2 (central oceanic area, cen-
tred at 18°45' N, 65° 05’ E) was sampled
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between April 30 and May 3 (Grid 3), as
well as between May 8 and 10 (Grid 4),
and had a stable and stratified water
column with a sharp pycnocline. Bb 3
(shelf off Pakistan, centred at 23° 20" N,
66° 35" E) was sampled between May 23
and 26 (Grid 5) and June 2 and 4 (Grid 6).
This area was characterized by an altered
L oceanic type of water mass which had
J 200 been advected onto the shelf. All 3 areas
were sampled under constant sunny and
calm premonsoon weather conditions.
Fig. 2 gives the global radiation measured
onboard the RV 'Meteor’ in relation to
local time for the first grid in each area.
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Fig. 1. Positions of the 3 sampling areas (bioboxes) in the northern Arabian
Sea during RV ‘Meteor’ cruise 5/leg 3 (March 18 to June 9, 1987)

different areas was low. This is a major
prerequisite for a comparative study on
the vertical distribution of fish larvae.




Ropke: Vertical distribution of fish larvae in the Arabian Sea 225

Plankton samples were obtained with 1200

a modified MOCNESS-1 net system

(Wiebe et al. 1985, Nellen et al. 1988) 1000 4
which has a box-shaped frame and is &
supplied with a stabilizer. These modifi- §
cations improved the stability of the gear E 8007
during the sampling process. The nets 5

had a length of 6 m and a mesh aperture s 8007
size of 335 pm. Towing speed was 1 m g

s~!. The volume of water filtered was de- > 4004
termined from flow counts recorded by 3

an electric flowmeter mounted in the (To) 200 4
frame opening, corrected for simultane-

ous net angle data. We sampled 8 dis-

crete depth strata during oblique hauls 0

from 150 m to the surface. At water
depths less than 150 m, sampling began

5 m above the sea bed. The strata sam- Fi
pled were 150-100, 100-75, 75-60,
60-50, 50-40, 40-30, 30-20(15), and
20(15)-0 m. Since sampling of these
intervals could not be performed accurately in each
case, the mean sampling depth per interval was used
for further analysis. Table 1 shows the number of
analyzed hauls (N = 132) and samples (N = 94%)
classified by mean depth interval, time of day,
and grid. The total volume of water filtered was
332107 m®.

Samples were stored in a buffered 4 %-formalde-
hyde/fresh water solution at 15°C for 1 to 2 yr before
analysis. The fish larvae (N = 85389) were removed
from the total plankton displacement volume of
24500 cm?® identified and counted. The standard

—

O Bb 1 (Oman)

—¥— Bb 2 (central)
-5~ Bb 3 (Pakistan)

9.00 12.00 15.00 0.00

l.ocal time
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g. 2. Global radiation in relation to time of day during sampling of the 3

bioboxes in the northern Arabian Sea

length (SL) of undamaged larvae (N = 54 614) of the
most abundant mesopelagic species Benthosema
pterotum (Bb 1, 3), Bolinichthys longipes (Bb 2}, Dia-
phus arabicus (Bb 1, 2, 3), Diogenichthys panurgus (Bb
2), Hygophum proximum (Bb 1, 2, 3), and Vinciguerria
nimbaria (Bb 1, 2, 3) was measured with the help of a
planimeter to the nearest 0.1 mm.

Variation in the vertical distribution of larvae was
evaluated by the depth of the centre of mass (Zcp),

<8

Zen = 21 (P,Z))
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Table 1. Number of analyzed hauls and samples during 6 grid sampling sequences in the 3 bioboxes, classified by day/night
sampling and mean depth, made during RV '‘Meteor' cruise 5/leg 3 (March—-June, 1987)

Biobox 1 Biobox 2 Biobox 3 Total
Grid 1 Grid 2 Grid 3 Grid 4 Grid 5 Grid 6

N N N N N N N
Hauls analyzed 25 23 21 24 22 17 132
Day/night 14/11 8/15 9/12 13/11 14/8 7/10 65/67
Samples analyzed 175 158 156 179 162 117 947
Day/night 95/80 61/97 67/89 88/91 101/61 54/63 466/481
Mean depth (m)

0-10 11/10 6/13 7/9 8/9 12/5 6/11 50/57
11-20 12/11 7/13 3/9 11/11 8/6 7/6 48/56
21-30 13/11 7/15 7/11 12/9 14/6 7/8 60/60
31-40 12/11 8/13 8/8 13/11 13/7 8/10 62/60
41-50 13/10 8/12 9/11 12/11 13/7 6/9 61/60
51-60 0/0 1/0 7/5 6/8 12/8 5/4 31/25
61-80 12/9 8/11 9/14 9/9 13/8 7/8 58/59
81-100 11/9 8/10 9/10 4/11 8/9 472 44/51

101-150 11/9 8/10 8/12 13/12 8/5 4/5 52/53
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where P; is the proportion of larvae in the ith depth
stratum; Z, is the mean sampling depth of the jth depth
stratum; C;is the concentration of larvae in the ith depth
stratum; and H;is the width of the ith depth stratum.
Data of both grids in each Bb were combined for
analysis of the vertical distribution of fish larvae in
relation to the physical characteristics of the environ-
ment - the major point of interest in this paper. This
procedure was possible because both grids had a simi-

Mar. Ecol. Prog. Ser. 223-235, 1993

lar physical water column structure. Day and night
samples were analyzed separately since the different
day/night sampling effort between areas could have
caused biased results in the case of pooled samples.
Hydrographical data were obtained with a CTD sys-
tem (Multisonde, ME, Kiel, Germany) to a depth of
150 m. The resulting profiles were compiled by Ribbe
(1988, unpubl. data report). Arithmetric mean and
standard deviation values of temperature and density
were computed for selected depths in each grid. The
resulting mean profiles and the T/S diagrams are illus-
trated for the first grid of each Bb only, since this was
characteristic of both grids. Data on the
width of the mixed layer and the pycno-

Biobox 1 Biobox 2 Biobox 3 cline (depth range with highest density
(Oman) (central) (Pakistan) decline), as well as the temperature gradi-
Y Tn-19-25 0 13528 ent to 150 m, were taken from the original
20 1 20 { profiles. Mean values for these physical
40 | 40 i stratification parameters were computed
E 60 | 60 for both grids of each Bb combined.
% 80 80 -
a
100 100 RESULTS
120 120
140 | 1404 Hydrography
18 20 22 24 26 28 30 18 20 22 24 26 28 30 1La 20 22 24 26 28 30
Temperature (°C) Temperature (°C) Temperature (°C) Mean values of characteristic physical
parameters in the water column are
01 24l °71 0 n15-251 given in Table 2. Along the coast of Oman
204 20 20 | ‘ (Bb 1) surface temperature and salinity
__ 404 40 40 | were relatively low (25.6°C, 36.56 ppt).
E o 60 60 There was an almost linear decline of
ﬁ 80 J 80 80 temperature (6.2°C) down to 150 m depth
8 } ' (19.4°C). The mixed layer width varied
100] 100 - 100 + mainly between 13 and 35 m (mean =
120 1201 1204 23.9 m). There was only a weak signal of
140 | 140 140 | a pycnocline between 20 and 50 m depth

23 24 25 26 23 24 25 26 23 24 25 26
Density (sigma-t)

Density (sigma-t) Density (sigma-t)

(Fig. 3).
In contrast to the almost mixed water
column in Bb 1, the stratification in Bb 2

Fig. 3. Mean vertical temperature and density profiles during the first grid
sampling in each of the 3 bioboxes in the northern Arabian Sea. Horizontal
lines indicate standard deviations around the means

Table 2. Mean (X) and standard deviation (SD) of physical parameters in the
water column of the 3 bioboxes in the northern Arabian Sea

Physical parameter Biobox 1 Biobox 2 Biobox 3
in the water column X (SD) X (SD) X (SD)
Surface temperature (°C) 256 (0.25) 28.7 (0.21) 29.2 (0.20)
Surface salinity (ppt) 36.56 (0.05)  36.83 (0.09) 37.05(0.11)
Mixed-layer width (m) 239 (10.7) 228 (6.7) 23.5 (4.3)
Pycnocline width (m) - 26.3 (5.9) 27.6 (9.0
Temperature gradient

0-150 m (°C) 6.2 (0.5) 9.6 (0.5) 9.0 [O.G)J

{central oceanic area) was much more
pronounced (Fig. 3). A significant and
very consistent pycnocline, about 20 to
32 m in width (mean = 26.3 m), was mea-
sured. The surface temperature averaged
around 28.7 °C, which is about 3 °C higher
than in Bb 1. The salinity (36.83 ppt) was
also higher than in Bb 1. The mixed layer
depth varied mainly between 16 and 30 m
(mean = 22.8 m).

The data for Bb 3 (shelf off Pakistan) do
not confirm any fresh water influence
from the Indus River as presumed prior to
sampling. The SW monsoon was very late
in 1987 and, as a result, oceanic water was
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still lying on the shelf off Pakistan at the 30
beginning of June, with a higher temper-
ature and salinity (29.2°C, 37.05 ppt) than 28 -
the water in Bb 2. The physical stratifica- Biobox 3
tion was also stronger in Bb 3 (Fig. 3). The 6 (Pakistan)
mixed layer depth varied between 20 and o 267
28 m (mean = 23.5 m) and was relatively o
consistent. In contrast, the width of the 2 24 .
pycnocline was highly variable (19 to o Biobox 2
37 m, mean = 27.6 m). 3 - (central)
The main hydrographical result was g
that water temperature and salinity, as =
well as stratification, increased from west 207 +
(Bb 1) to east (Bb 3) in the northern Ara-
bian Sea during this premonsoon season. 18 ,(Oma") T ; . . . .
This is also visible in the T/S diagrams for 359 36.1 36.3 36.5 36.7 36.9 374 37.3

the 3 regions (Fig. 4). Yet, regional differ-
ences were less spectacular than antici-
pated: water masses were of a more or
less oceanic kind.

Taxonomic composition

Of the fish larvae sampled (N = 85389}, 95.5% were
identified at least to family level. A total of 55 families
were encountered. The 3 most abundant families,
making up 74.36 % of all larvae, were Myctophidae
(N = 47254; 55.34%), Photichthyidae (N 13 546;
15.86 %), and Bregmacerotidae (N = 2701; 3.16 %).
The adults of most species within these groups are
mesopelagic. Bb 1 (Oman) and Bb 3 (Pakistan) are
coastal areas and show a much higher diversity of fam-
ilies (N = 48 to 50) than Bb 2 (central, N = 17), where
Myctophidae and Photichthyidae together made up
90.47 % of all fish larvae captured (N = 10585). These

Table 3. Total number caught and percentage occurrence

Salinity (ppt)

Fig. 4. T/S diagram of temperature vs salinity data for the 3 bioboxes in
the northern Arabian Sea. (4+) Bb 1; () Bb 2; (O) Bb 3. Lines around the

3 clusters are hand-drawn

2 families were also responsible for 70.66% of all
larvae in Bb 3 (N = 44 750) and 65.21 % of all larvae in
Bb 1 (N =30054).

Table 3 lists the species composition of the Mycto-
phidae and Photichthyidae. Seven out of 8 groups of
captured myctophid larvae were identified to species
level. There was only 1 photichthyid species, Vinci-
guerria nimbaria, which was the second most abun-
dant species of all, responsible for 15.86 % of all cap-
tured larval fishes. The most abundant species was the
myctophid Benthosema pterotum with 36.21%. The
third most abundant species was Hygophum proxi-
mum with 12.62 %, followed by Diaphus arabicus with
4.46%.

of species within the mesopelagic families Myctophidae and

Photichthyidae, present in the plankton samples from the 3 bioboxes in the northern Arabian Sea

Family Biobox 1 Biobox 2 Biobox 3 Total
Species N % N Y% N % N Y%

Myctophidae
Benthosema pterotum 11056 36.79 36 0.34 19824 44.30 30916 36.21
Hygophum proximum 2861 9.52 6752 63.79 1162 2.60 10775 12.62
Diaphus arabicus 989 3.29 471 4.45 2347 5.24 3807 4.46
Diogenichthys panurgus 103 0.34 646 6.10 20 0.04 769 0.90
Myctophum aurolaternatum 13 0.04 421 3.98 24 0.05 458 0.54
Bolinichthys longipes 22 0.07 374 3.53 48 0.11 444 0.52
Symbolophorus evermanni 3 0.01 14 0.13 53 0.12 70 0.08
Lampanyctus sp. 2 0.01 0 0.00 0 0.00 2 0.00
Myctophidae unidentified 6 0.02 3 0.03 4 0.01 13 0.02

Photichthyidae
Vinciguerria nimbaria 4544 15.12 860 8.12 8142 18.19 13546 15.86
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The 3 Bbs varied strongly in their species composi-
tions within the families Myctophidae and Photichthyi-
dae. A very dominant taxon in Bb 2 was Hygophum
proximum (63.79%). In Bbs 1 & 3 Benthosema ptero-
tum was the dominant species (36.79% and 44.30%).
However, this species was rarely caught in Bb 2. As in
Bb 2 Vinciguerria nimbaria was the second most abun-
dant species in Bbs 1 & 3. [ts relative importance there
was higher than in Bb 2. Much lower values than in
Bb 2 were registered for H. proximum in Bbs 1 & 3.
The species Diogenichthys panurgus, Myctophum au-
rolaternatum and Bolinichthys longipes, which were
relatively important in Bb 2, had very low counts in
Bbs 1 & 3.

Species-specific vertical distribution

Vertical distribution patterns for larvae of the 6 most
abundant species of midwater fishes in Bb 2 (central)
are shown in Fig. 5. Day and night concentrations were
drawn separately. Nighttime abundances of all 6
species were much higher than were daytime abun-
dances. This may be due to a generally lower daytime

Bolinichthys longipes

Diaphus arabicus
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catchability of large fish larvae in Bb 2. For example,
large larvae of the near-surface species Bolinichthys
longipes were totally missed on most stations during
daylight sampling in Bb 2. This was probably due to
their extremely strong net-avoidance behaviour in the
comparatively bright surface water.

However, different species were confined to differ-
ent vertical niches. Larvae of Bolinichthys longipes
stayed more or less in the upper 40 to 60 m of the water
column, where the mixed layer and the upper part of
the pycnocline occurred. The larvae of Vinciguerria
nimbaria were confined mainly to a depth range
between 30 and 80 m, mostly within the pycnocline.
Diaphus arabicus and Myctophum aurolaternatum
were distributed relatively evenly between 30 and
100 m depth (below the mixed layer), whereas Hygo-
phum proximum larvae had their highest abundances
below 50 m depth. High densities of this taxon were
found between 100 and 150 m depth. It preferred a
depth range strictly below the pycnocline. A very strik-
ing behaviour was shown by the larvae of Diogen-
ichthys panurgus, whose range of occurrence started
at 80 m depth and may have gone deeper than 150 m
(the lower limit of sampling during this study).

Diogenichthys panurgus

day  N=374 night day N=471  night day N =646  night
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Fig. 5. Day and night vertical distribution profiles for the larval concentrations ot 6 mesopelagic fish species in Biobox 2 (central

oceanic). Bars represent median concentrations; points indicate interquartile ranges around the medijans
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Table 4. Measured number and mean standard length (SL; ¥ £ SD) of 6 larval mesopelagic species from the 3 bioboxes in the
northern Arabian Sea

Species Biobox 1

N SL {mm)

X (SD)

Benthosema pterotum 10381 3.6 (1.2)
Vinciguerria nimbaria 4310 6.2 (2.8)
Hygophum proximum 2631 3.9(1.3)
Diaphus arabicus 909 5.7 (2.1)
Diogenichthys panurgus 0
Bolinichthys longipes 0
Total 18231

Biobox 2 Biobox 3 Total

N SL {mm) N SL {mm) N

% (SD) % (SD)

0 17333 3.7(1.0) 27714
801 9.5(3.5) 7788 6.0 (2.0) 12899
5842 4.6 (1.1) 1116 4.1 (1.0) 9589
379 58(2.1) 2218 4.1 (0.9) 3506
579 4.9(1.6) 0 579
327 5.0(1.4) 0 327
7928 28455 54614

Size-specific vertical distribution

In order to analyze the influence of size on the verti-
cal distribution of mesopelagic fish larvae, the stan-
dard length (SL) of all undamaged specimens of the
most abundant myctophid species and of Vinciguerria
nimbaria was measured. The numbers measured for
each species and biobox are listed in Table 4 along
with the arithmetic means and standard deviations
(normal distribution is given).

The majority of larvae caught were relatively small.
The myctophid species ranged from 3.6 (+ 1.2) mm
(Benthosema pterotum) to 5.8 (£ 2.1) mm (Diaphus ara-
bicus). The larvae of Vinciguerria nimbaria were much
larger (6.2 + 2.8 to 9.5 * 3.5 mm). The largest speci-
mens of comparable species were captured in Bb 2
(central), where larval V. nimbaria were more than
3 mm longer on average than in Bbs 1 & 3. Larvae of
Hygophum proximum and D. arabicus were also larger
in Bb 2.

Bolinichthys longipes

Diogenichthys panurgus

The illustration (Fig. 6) of the centre of mass at each
station for different length classes of larval myctophids
in Bb 2 (central) shows that differences in depth selec-
tion of species were due to species-specific rather than
to size-specific behaviour. Larvae of different species
(Bolinichthys longipes/Diogenichthys panurgus) but
identical length classes were confined to different ver-
tical niches. For a given species, larger myctophid lar-
vae occurred deeper in the water column than smaller
ones (Table 5). This observation was especially evident
during the night, when larger larvae either actively
swam or passively sank greater distances downward,
away from their daytime depth, than smaller larvae.
The higher net avoidance, especially near the surface,
during daylight compared to nighttime hours (Fig. 5)
cannot be responsible for the observed downward
movement of the larvae. Avoidance would have pro-
duced the opposite result, i.e. of apparently descend-
ing larvae in the day, not at night, especially in the
case of larger larvae.

Hygophum proximum

0 0 — 0 -
0 <6.0mm| 93Y night day night
* z5.0mm
20 201 20 \\_\ |
v * \/\/\/\/\—v,—\/\ ‘0 ‘ \/\/\%\W
13
= * * o 0%
s % £ 801 * 601 O« * D ) )
Y a P o
@ P * ;‘5‘ a *® e a
a 801 « 9 804 R a 801 * o B R g;fg b
E E
* UD * * * = . o
i F o
1004 1001 « « 9 Joxo, ¥ o 1004 . * “
#* oK D% * o e
o ¥ o P o¥* [0 <35 mm
120 1209 . p o © X e e o 120 LS>:'4|‘P]U o %
x* 2
o |
Stations Stations

Fig. 6. Centre of mass of 2 size classes of larval Bolinichthys longipes, Diogenichthys panurgus and Hygophum proximum on all
analyzed stations of Biobox 2 (central oceanic), separated for day and night sampling. Upper solid line: lower border of the mixed
layer (criterion for station order); lower line: bottom of pycnocline
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Similar results were obtained for larval Benthosema
pterotum in Bb 1 (Fig. 7). Larvae <2.5 mm SL occurred
just below the mixed layer in the upper pycnocline
during both day and night. The subsequent size
classes descended gradually, showing increased depth
vartability which was highest during nighttime. The
centre of mass occurred within the mixed layer in only
a very few cases. Distribution of larval B. pterotum
seems to be directly related to the upper limit of the
pycnocline (Fig. 8). Linear regressions (r? = 0.3, n = 20
or 21) between the centre of mass of the larval distrib-
ution and the depth of the pycnocline (= mixed layer
width) were relatively good in the case of this highly
abundant species in Bb 1. The slopes were statistically
significant (t-test, p<0.05) for larvae <2.5 mm and 2.5
to 4.4 mm SL during the day and for larvae <2.5 mm SL
during the night. Larvae 2.5 to 3.4 mm SL showed the
same downward trend during nighttime as the larger
sizes. The higher variance of larger larvae cannot be
explained by the depth of the pycnocline alone. The 3
linear regressions, which have statistically significant
slopes, are almost parallel, making these results rela-

tively reliable. The slopes are in the range 0.56 to 0.69,
meaning that a 10 m descent of the pycnocline results
in a 5.6 to 6.9 m deeper distribution of the small larvae
of B. pterotum. However, this relationship seems to be
relevant for small larvae only and mainly during day-
light.

Larval Vinciguerria nimbaria had a somewhat dif-
ferent behaviour to the myctophids (Fig. 7). The
smallest stage (<4.0 mm) was heterogenously distrib-
uted below the mixed layer. Larger length classes (4.0
to 6.9 and 7.0 to 9.9 mm) were distributed higher in
the water column and were also found in the lower
region of the mixed layer. Late larvae (>9.9 mm)
descended back into deeper waters. During the night,
only a few centres of mass remained in the mixed
layer, accounting for the same downward movement
as in larval myctophids. As for the myctophids the
variability was higher during the night than during
the day, but there was no direct relationship ({-test,
p>0.05) between the vertical distribution of larvae
and the depth of the pycnocline.

Regional vertical distribution

Depth (m)

Table 5§ summarizes the mean centres of
mass for 4 comparable mesopelagic fish
species in a size- and site-specific way,
including a day/night comparison. The
data are illustrated in Fig. 9. The observed
day/night differences are statistically sig-
nificant (t-test, p<0.05) only for length
classes of Diaphus arabicus in Bb 2
{(oceanic) and for Hygophum proximum in
all regions. Nevertheless, a slight down-
ward shift during the night was obvious in
most species and length classes, with the

Depth (m)

exception of Benthosema pterotum which
was shown to be linked more closely to
the depth of the pycnocline than other
species.

The size-specific differences between
the centres of mass were statistically
significant (t-test, p<0.05) mainly in Bb 1
(4 species, 13 cases) and to a lesser extent
in Bb 3 (2 species, 5 cases). In Bb 2 only
Hygophum proximum showed size-

100+ 100+ cre o . . . .
specific differences in vertical distribution
120 [ & 2544 me 1204 ;aqurr;mJ for 2 length classes. The Vertlca} spregd
Pt | e e | e between length classes was maximum in
Stations Stations Bb 1.

Fig. 7. Centre of mass of 2 small {top) and 2 large (bottom] size classes of

larval Benthosema pterotum (left} and Vinciguerria nimbana (right) on all

analyzed stations of Biobox 1, separated for day and night sampling. Line
indicates lower border of mixed layer (criterion for station order)

Comparing the 3 regions by species,
size class and time of day leads to the fol-
lowing general conclusion (Fig. 9): meso-
pelagic fish larvae had their uppermost
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the mixed layer), separated for day (top} and night (bottom)
sampling in Biobox 1. Linear regressions are computed and
drawn for 3 statistically significant (t-test, p<0.05) slopes

position in the water column of Bb 1 (coast of Oman),
followed by Bb 3 (shelf off Pakistan), where the larvae
occurred a little deeper on the average. Larvae in Bb 3
were concentrated in the range of the pycnocline,
whereas those in Bb 1 were more evenly distributed
throughout a wide depth range below the mixed layer.
On average, fish larvae of mesopelagic species
occurred 10 to 20 m deeper in Bb 2 (central oceanic)
than in the other 2 regions.

DISCUSSION

Literature on the analysis of the vertical distribution
of larval mesopelagic fishes in the open ocean is rare.
Ahlstrom (1959) describes the vertical distribution of
midwater fish larvae in relation to the thermocline in
the Pacific Ocean along the coast of California and
Baja California. In contrast to the present study, he
found most species in a wide surface mixed layer and

at the top of the thermocline. However, the hydro-
graphical conditions in that study were very variable
and the thermocline was relatively deep and weak.
Additionally, sampling was limited to non-closing nets
at that time, and the genera and species were different
from those of this study. Therefore, the results of the
present study were not expected to be the same, not
even those from the coast of Oman, a region with a
similar mixed water column. Nevertheless, Ahlstrom'’s
general observation that species have specific vertical
distribution ranges in the epipelagic zone was sup-
ported later by Loeb (1979, 1980) in the North Pacific
Central Gyre region and by this study in the northern
Arabian Sea. The different species composition is the
main reason for the previously reported (Ropke et al.
1993) regional variability of the vertical distribution of
fish larvae in the Arabian Sea.

Loeb (1979, 1980) and Boehlert et al. (1992) showed
that larvae of many mesopelagic fish species live rela-
tively deep as compared to epipelagic species (e.g.
Ropke 1989), adjusting themselves ontogenetically to
their later life as adults in the mesopelagic zone. More
or less consistent interspecific differences in depth
selection of the genera Diaphus and Diogenichthys
and the species Vinciguerria nimbaria, Bolinichthys
longipes, and Hygophum proximum were found in
these studies in different regions of the world which
have different production regimes. This indicates an
underlying species-specific depth selection behaviour
which is independent of actual environmental condi-
tions such as physical stratification and prey distribu-
tion. This behaviour is likely to be triggered by light
intensity.

However, species in the present study (Bb 2, central)
were generally not as concentrated at the bottom of the
mixed layer and at the top of the pycnocline as
described by Loeb (1979, 1980), in spite of living in a
similar physically stratified environment. Rather, they
were distributed more evenly over the whole sampling
range down to 150 m. In addition, the mixed layer was
avoided by all species, with the exception of Boli-
nichthys longipes during daylight hours. Benthosema
pterotum, the most abundant of all species sampled,
was the only one closely associated with the upper part
of the pycnocline, especially during daylight hours. B.
pterotum was responsible for the good linear relation-
ship between the depth of the pycnocline and the cen-
tres of mass of all fish larvae in Bb 1 (Oman), shown by
Ropke et al. (1993). Data for Vinciguerria nimbaria
were too variable to show a similar relationship. Other
larval fish species seem to be relatively independent of
the direct influence of the physical stratification since
they live in deeper regions of the water column. How-
ever, due to net avoidance, large size groups of some
species might have been distributed closer to the
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Fig. 9. Interregional comparison of the mean centres of mass of 4 highly abundant mesopelagic larval fish species in the northern
Arabian Sea, classified for different size classes and for day and night sampling

which had a similar gradient of physical stratification.
The extraordinarily low concentration of <11-! for water
deeper than 30 m in Bb 3 (shelf off Pakistan} might be
responsible for the higher concentration of species and
size classes just below the mixed layer in this area com-
pared to the more spread-out pattern in Bb 1 (coast of
Oman). Thus, prey density and distribution seems to be
more critical for the vertical distribution of most species
of fish larvae than the gradient of physical stratification.

Summarizing the results of this study, it appears that
larvae of most mesopelagic fish species have 2 major
boundaries for their vertical occurrence. They prefer to

Fig. 10. Interregional comparison of mean vertical distribution

profiles for the concentrations of potential fish larval prey

organisms (nauplii and copepodites <0.4 mm) in the north-

ern Arabian Sea during March-June 1987 (modified after
Trinkaus 1992}
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stay below the mixed surface layer, even if there are
higher potential prey concentrations than elsewhere in
the water column, but they do not occur deeper than
depths with a minimum prey supply. If both bound-
aries are close together, as in Bb 3 (shelf off Pakistan),
this could hypothetically lead to higher levels of com-
petition, starvation, predation, and mortality within
that narrow depth range. The lower mean length of the
larvae observed in Bb 3 compared to Bb 2 might reflect
a higher mortality in Bb 3. Slightly lower values for the
nutritional condition of larval Vinciguerria sp. were
reported for Bb 3 compared to Bb 2 elsewhere (Sieg
1992).

Acknowledgements. The author is very grateful to Dr W.
Nellen, Institut fir Hydrobiologie und Fischereiwissenschaft,
University of Hamburg, for coordinating this project and for
supporting his ideas. Thanks also to Drs D. Schnack and B.
Zeitzschel from the Institut fiir Meereskunde in Kiel, for their
planning effort. Special thanks to Dr W. J. Richards, NOAA,
NMFS Southeast Fisheries Science Center, Miami, for the
excellent introduction to the taxonomy of tropical fish larvae.
My special thanks are also due to the technical and scientific
crew of RV ‘Meteor’ for help in collecting. This work would
have been impossible without 2!/, yr of precise and motivated
plankton sorting and length measurement by C. Freitas, K.
Kolln, R. Kéllner, B. Lichow, A. Rieckhoff, C. Schiro and A.
Sieg. The research was funded by the Deutsche Forschungs-
gemeinschaft DFG grant Ne 99/21-1 and Ne 99/22-1, 2 and 3
through the Universities of Hamburg and Kiel, Germany.

LITERATURE CITED

Ahlstrom, E. H. (1959). Vertical distribution of pelagic fish
eggs and larvae off California and Baja California. Fish.
Bull. U.S. 60(161): 107-146

Blaxter, J. H. S. (1973). Monitoring the vertical movements
and light responses of herring and plaice larvae. J. mar.
biol. Ass. U.K. 53: 635-647

Boehlert, G. W., Watson, W., Sun, L. C. (1992). Horizontal and
vertical distributions of larval fishes around an isolated
oceanic island in the tropical Pacific. Deep Sea Res.
39(3/4): 439-466

Coombs, S. H., Lindley, J. A, Fosh, C. A. (1983). Vertical dis-
tribution of larvae of mackerel (Scomber scombrus) and
microplankton, with some conclusions on feeding condi-
tions and survey methods. FAO Fish. Rep. 291: 939-954

De Lafontaine, Y., Gascon, D. (1989). Ontogenetic variation in
the vertical distribution of eggs and larvae of Atlantic
mackerel (Scomber scombrus). Rapp. P.-v. Réun. Cons. int.
Explor. Mer 191: 137-145

Diiing, W. (1970). The monsoon regime of the currents in
the Indian Ocean. Int. Indian Ocean Exped. Oceanogr.
Monogr. 1: 1-68

Fortier, L., Harris, R. P. (1989). Optimal foraging and density-
dependent competition in marine fish larvae. Mar. Ecol.
Prog. Ser. 51: 19-33

Fortier, L., Leggett, W. C. (1983). Vertical migrations and
transport of larval fish in a partially mixed estuary. Can. J.
Fish. Aquat. Sci. 40: 1543-1555

Fortier, L., Leggett, W. C. (1984). Small-scale covariability in
the abundance of fish larvae and their prey. Can. J. Fish.
Aquat. Sci. 41: 502-512

Frank, K. T., Carscadden, J. E. (1989). Factors affecting
recruitment variability of capelin (Mallotus villosus) in the
Northwest Atlantic. J. Cons. int. Explor. Mer 45: 146-164

Heath, M. R., Henderson, E. W, Baird, D. L. (1988). Vertical
distribution of herring larvae in relation to physical mixing
and illumination. Mar. Ecol. Prog. Ser. 47: 211-228

Kendall, A. W., Naplin, N. A. (1981). Diel-depth distribution of
summer ichthyoplankton in the middle Atlantic Bight.
Fish. Buil. U.S. 79: 705-726

Lasker, R. (1975). Field criteria for the survival of anchovy lar-
vae: the relation between inshore chlorophyll maximum
layers and successful first feeding. Fish. Bull. U.S. 73(3):
453-462

Loeb, V. J. (1979). Vertical distribution and development of
larval fishes in the North Pacific central gyre during sum-
mer. Fish, Bull. U.S. 77(4): 777-793

Loeb, V. J. (1980). Patterns of spatial and species abundance
within the larval fish assemblage of the North Pacific Gyre
during late summer. Mar. Biol. 60: 189-200

Mackenzie, B. R., Leggett, W. C. (1991). Quantifying the con-
tribution of small-scale turbulence to the encounter rates
between larval fish and their zooplankton prey: effects of
wind and tide. Mar. Ecol. Prog. Ser. 73: 149-160

Nellen, W. (1973). Fischlarven des Indischen Ozeans. Ergeb-
nisse der Fischbrutuntersuchungen wéahrend der ersten
Expedition des Forschungsschiffes ‘Meteor' in den Indi-
schen Ozean und den Persischen Golf, Oktober 1964 bis
April 1965. ‘Meteor' Forsch.-Ergebnisse, Reihe D, 14: 1-66

Nellen, W., Hempel, G. (1970). Beobachtungen am Ichthyo-
neuston der Nordsee. Meeresforsch. 21: 311-348

Nellen, W., Schnack, D., Zeitzschel, B. (1988). Expeditions-
bericht Gber die METEOR-Reise 5, Abschnitt 3. Berichte
aus dem Zentrum fir Meeres- und Klimaforschung der
Universitat Hamburg 1

Qasim, S. Z. (1982). Oceanography of the northern Arabian
Sea. Deep Sea Res. 29: 1041-1068

Ribbe, J. (1988). Temperature, salinity and density depth pro-
files of the METEOR expedition 5/leg 3 (1987). Unpubl.
data report, University of Hamburg

Ropke, A. (1989). Small-scale vertical distribution of ichthyo-
plankton in the Celtic Sea in April 1986. Meeresforsch. 32:
192-203

Ropke, A. (1992). Eine vergleichende Studie zur Vertikal-
verteilung von Fischlarven in Relation zur physikalischen
Stratifikation der Wassersaule im nordlichen Arabischen
Meer. Berichte aus dem Zentrum fir Meeres- und Kli-
maforschung der Universitat Hamburg, Reihe E: Hydrobi-
ologie und Fischereiwissenschaft 1

Ropke, A., Nellen, W., Piatkowski, U. (1993). A comparative
study on the influence of the pycnocline on the vertical
distribution of fish larvae and cephalopod paralarvae in
three ecologically different areas of the Arabian Sea. Deep
Sea Res. 11 40(3): 801-819

Rothschild, B. J., Osborn, T R. (1988). Small-scale turbulence
and plankton contact rates. J. Plankton Res. 10: 465-474

Ryther, J. H., Hell, J. R., Pease, A. K., Bakun, A., Jones, M. M.
(1966). Primary production in relation to the chemistry and
hydrography of the western Indian Ocean. Limnol.
Oceanogr. 11: 371-380

Sameoto, D. (1982). Vertical distribution and abundance of
the Peruvian anchovy, Engraulis ringens, and sardine,
Sardinops sagax, larvae during November 1977. J. Fish.
Biol. 21: 171-185

Shetye, S. R., Shenoti, S. C., Sundar, D. (1991). Observed low-
frequency currents in the deep mid Arabian Sea. Deep
Sea Res. 38: 57-65

Sieg, A. (1992). A histological study on the nutritional condi-




Ropke: Vertical distribution of fish larvae in the Arabian Sea 235

tion of larval and metamorphosing fishes of the genus Vin-
ciguerria (Photichthyidae) sampled in two contrasting
environments. J. appl. Ichthyol. 8: 154-163

Sogard, S. M., Hoss, D. E., Govoni, J. J. (1987). Density and
depth distribution of larval Gulf menhaden, Brevoortia
patronus, Atlantic croaker, Micropogonias undulatus, and
spot, Leiostomus xanthurus, in the northern Gulf of Mex-
ico. Fish. Bull. U.S. 85(3): 601-609

Southward, A. J., Barrett, R. L. (1983). Observations on the
vertical distribution of zooplankton, including postlarval
teleosts, off Plymouth in the presence of a thermocline and
a chlorophyll-dense layer. J. Plankton Res. 5: 599-618

Southward, A. J., Bary, B. M. (1980). Observations on the ver-
tical distribution of eggs and larvae of mackerel and other
teleosts in the Celtic Sea and on the sampling perfor-
mance of different nets in relation to stock evaluation.
J. mar. biol. Ass. UK. 60: 295-311

Sundby, S., Fossum, P. (1990). Feeding conditions of Arcto-

This article was submitted to the editor

Norwegian cod larvae compared with the Rothschild-
Osborn theory on small-scale turbulence and plankton
contact rates. J. Plankton Res. 12:1153-1162

Trinkaus, S. (1992). Untersuchungen zur Haufigkeits-
verteilung und Zusammensetzung des kleinen Mesozoo-
planktons in drei Regionen des Arabischen Meeres.
Unpubl. data report, University of Hamburg

Wiebe, P. H., Morton, A. W, Bradley, A. M., Backus, R. H.,
Craddock, J. E., Barber, V., Cowles, T J., Flierl, G. R.
{1985). New developments in the MOCNESS, an appara-
tus for sampling zooplankton and micronekton. Mar. Biol.
87:313-323

Woodhead, P. M. J., Woodhead, A. D. (1955). Reactions of her-
ring larvae to light: a mechanism of vertical migration.
Nature 176(4477): 349-350

Wyrtki, K. (1973). Physical oceanography of the Indian
Ocean. In: Zeitzschel, B. {ed.) The biology of the Indian
Ocean. Springer-Verlag, Berlin, p. 18-36

Manuscript first received: January 19, 1993
Revised version accepted: August 17, 1993





