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Abstract Otoliths of five Hygophum species were exam-
ined by means of light and scanning electron micros-
copy. In otoliths of four species (H. benoiti, H. macrochir,
H. reinhardtii and H. taaningi) a strong cyclic pattern of
the incremental structure was observed. In the fifth
species (H. hygomii) such a pattern did not exist. An
analysis of archival data on mesopelagic collections
suggested three types of Hygophum spp. migratory be-
havior in relation to the lunar cycle which corres-
ponded with the otolith microstructure. In H. hygomii
only limited influence of moon phase on the uppermost
range of night-vertical migration toward the surface
was observed. The abundant nighttime occurrence of
this species moved from the 0 to 50 m into the 50 to
100 m depth strata at full moon. In H. benoiti, a great
part of the population, mainly juveniles, showed a tend-
ency toward cessation of the vertical migrations during
the first and fourth quarters of the lunar cycle. H.
macrochir and H. taaningi had the strongest correlation
of behavior with the lunar cycle. Both species showed
arrested vertical migrations at the new moon phase,
staying at day depths during the night, i. e., below
400 m. Thus, sequences of clear growth increments in
otoliths represented a fast-growth period associated
with the night migration to the warm surface layers,
while bands without easily distinguishable incremental
structure were interpreted as a period of slow growth in
deep, cold waters due to limitation of the upward migra-
tion range occurring approximately at new moon.

Introduction

The lanternfish genus Hygophum (Bolin, 1939) includes
nine currently recognized species. Five of them, H. benoiti,
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H. hygomii, H. macrochir, H. reinhardtii and H. taaningi,
occur in the North Atlantic (Nafpaktitis et al. 1977).
Maximum sizes of these species generally do not exceed
60 mm SL, except for H. hygomii which may attain
68 mm (Hulley 1981). A characteristic feature of
myctophid behavior is the habit of diel vertical migra-
tions practiced by most species over a wide range of
depths. The range of Hygophum spp. migrations covers
almost the entire uppermost 1000 m part of the water
column, although there are geographic, seasonal,
inter-specific and ontogenetic variations (Badcock and
Merrett 1976; Nafpaktitis et al. 1977, Karnella 1987;
Brooks and Saenger 1991). The maximum abundance
of Atlantic Hygophum species was found in the upper-
most 100 m layer during the night and below 500 m
during the day (Nafpaktitis et al. 1977; Karnella 1987).

Fish otoliths contain significant biological, life his-
tory and environmental information coded in their
microstructure (Radtke 1987). Since daily growth in-
crements were first recorded by Pannella (1971) these
structures have found wide application in age and
growth studies of larvae, juvenile and fast-growing
fishes (Campana and Neilson 1985; Jones 1986). Sub-
stantial differences in vertical distribution and vertical
migratory behavior of myctophids, especially in the
larvae and early juveniles of most species (Clarke 1973;
Badcock and Merrett 1976; Loeb 1979; Karnella 1987),
are manifested in the unique microstructure of their
otoliths (Gjosaeter 1987; Gartner 1991; Linkowski
1991). Recently, Gartner (1991) verified the daily nature
of growth increments in otoliths of three myctophid
species.

During the examination of sagittal otoliths of several
Hygophum species (Linkowski 1991) the occurrence of
a cyclic growth pattern was observed in some of them.
The apparent regularity of these incremental patterns
suggested a rhythmic character of the phenomenon.
The aim of this paper is to verify the nature of the
rhythm as well as explain the mechanism of growth
disturbances, e. g. which environmental factors and/or
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behavioral habits might be responsible for such specific
otolith growth.

Materials and methods

Otolith preparation

Many of the otoliths (sagittae) utilized in the present study were
those examined earlier (Linkowski 1991: Table 1). Additional mater-
ial was also used for studying otolith growth patterns and marginal
growth increments deposited after the most recent band in relation
to the date of capture in the lunar cycle. These otoliths were ob-
tained from the same collections as those used by Linkowski (1991),
i e, those deposited at Woods Hole Oceanographic Institution
(WHOI), Museum of Comparative Zoology, Harvard University
(MCZ) and Sea Fisheries Institute in Gdynia (SFI). Otoliths exam-
ined came from fishes collected over a wide area of the North and
Central Atlantic. Additional information on the otolith material is
given in Table 1.

The methods of otolith preparation for scanning electron micros-
copy (SEM) and light microscopy (LM) were given by Linkowski
(1991). The research was mainly carried out by LM, while SEM was
used to verify LM images and for the final presentation of illustra-
tions. Only sagittal sections were used in this study. The terminology
of otolith microstructure was according to the standards adopted by
Campana and Neilson (1985). The microincrements that form the
incremental growth sequences (IGS) are assumed to be deposited on
a daily basis, as these increments are analogous to increments verified
as daily by Gartner (1991) in myctophid species from the Gulf of
Mexico. Widths of growth increments, IGS and bands were meas-
ured by means of compound microscope connected to a PC image
analysis system. The measurements were taken along the radius
from the central primordium to the antero—dorsal otolith margin in
H. benoiti and to the antero—ventral otolith margin in H. macrochir.

Vertical migrations

The vertical distribution and migrations of Hygophum species could
not be defined on the basis of the 1984 and 1987 “Professor Sied-
lecki” samples as they were collected with a large pelagic krill trawl
(Linkowski 1987, 1991). Rather, vertical distribution data were
based on the WHOI mesopelagic fish collections (Backus and Crad-
dock 1977; Craddock et al. 1987; J. E. Craddock personal commu-
nication). The “Data Report for Atlantic Pelagic Zoogeography”
(Backus and Craddock 1977} included the station data for 1022
Isaacs—Kidd Midwater Traw!l (IKMT) collections made in the At-
lantic Ocean between 1961 and 1974. The fishing strategy applied
during this sampling program (Backus and Craddock 1977), de-
scribed by Backus et al. (1977), was to maximize catch; thus, during
the night the uppermost 200 or 500 m layers were most frequently
sampled. It was assumed that in relation to the time of the lunar
cycle, the sampling was carried out at random. The phase of the new
moon was set as the first day of the lunar cycle.

With respect to Hygophum spp. occurrence only positive horizon-
tal collections made in narrow depth strata in the uppermost 200 m
layer during the night were considered (Table 2). The abundance of
Hygophum species, expressed by the number of specimens per hour
of trawling was calculated for particular days of the lunar cycle in
arbitrarily selected 50 m depth strata, i.e. 0 to 50 m, 51 to 100 m, 101
to 150 m and 151 to 200 m. The collections were assigned to one of
the four mentioned strata on the basis of the mean sampling depth.
Oblique hauls or nets fishing deeper than 200 m were not analyzed.
The IKMT collections which did not yield specimens of Hygophum
spp. were also excluded from the analysis, as they might indicate
either a lack of these species in the uppermost 200 m layer at night or

their total absence at the sampling site. Thus, the calculated abun-
dance indices obtained on the basis of positive IKMT collections are
overestimated and have a relative value only. The geographic loca-
tion of the IKMT stations analyzed to investigate Hygophum spp.
nighttime, vertical distribution was very similar to that presented by
Nafpaktitis et al. (1977: Figs. 9, 11, 13, 15 and 17) for the North
Atlantic distribution of this group of species.

Additional information on vertical distribution of Hygophum spe-
cies came from the data report on midwater fishes collected during
the multidisciplinary Warm-Core Rings Program in 1981 and 1982
(Craddock et al. 1987, 1992) which included a total of 312 collections
made with the MOCNESS-20 midwater trawl at 64 stations. For
every station, one 0 to 1000 m or 0 to 1250 m oblique collection and
three to five collections from different depth strata were sampled
(Craddock et al. 1987). To analyze the influence of the lunar cycle on
Hygophum spp. vertical distribution, only night, stratified collections
were considered. Using such a limitation, the presence of H. benoiti
was recorded in 30 collections made at 20 stations, H. taaningi in 25
and 15, and H. hygomii in 22 and 14, respectively. The abundance
was expressed by number of fish captured per 10* m® of filtered
water. Again, the stations were arranged in relation to the lunar
cycle.

Species identification

Hygophum species collected by R.V. “Professor Siedlecki” were iden-
tified by the author. Materials from WHOI and MCZ collections
had already been identified, and the original identifications were
accepted to study vertical distribution. However, due to difficulties
in field identification of two closely related species, H. macrochir and
H. taaningi , collections of the later species may include some H.
macrochir (J. E. Craddock personal communication). Only speci-
mens used for otolith extraction were reexamined by the author.
This was done on the basis of otolith size and shape as H. macrochir
was characterized by much larger otoliths than H. taaningi (Lin-
kowski unpublished data).

Results
Otolith microstructure

Strong cyclic patterns of otolith growth were observed
in three Hygophum species. Regular sequences of dis-
tinct growth increments, believed to represent an area
of fast growth, which I refer to as incremental growth
sequence (1GS), were separated by bands without easily
distinguishable incremental structure, representing an
abrupt slowdown of growth, in most of the post-larval
growth portions of the sagitta of the three species (H.
macrochir, H. reinhardtii and H. taaningi) over the size
ranges examined. This apparent microstructure was
visible using both LM (Fig. 1) and SEM images
(Fig. 2A—C). However, defining of the incremental
structure of bands, which were more deeply etched than
IGS, was not possible by means of SEM. Faint and
narrow growth increments within the bands were only
hardly visible in few specimens under LM (Fig. 3A and
B). Cyclic growth patterns were also present in otoliths
of juveniles of H. benoiti, up to approximately 30 mm
SL (Fig. 2D). In larger individuals of this species, the
cyclic otolith pattern was limited to a few (3 to 4, rarely 5)



Table 1 Hygophum spp. Otolith
materials utilized in present
study. The number of otoliths
showing cyclic (c) vs non-cyclic
(n—c) growth patterns. All
collections on the “Oceanus”
taken by MOCNESS-10 trawls
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Species Cruise  Station Date Fish size No. of otoliths

Vessel (SL, mm)
C n-<

H. benoiti
Oceanus 49 118,2 13.08.78 18.0 1
Oceanus 49 121,2 14-15.08.78 13.3-194 2
Oceanus 55 128,0 11.02.79 27.8 1
Prof. Siedlecki 84 19,10 29.07.84 42-46 1 3
Prof. Siedlecki 84 31,15 01.08.84 46 1
Prof. Siedlecki 84 56/25 07.08.84 48 1
Prof. Siedlecki 84 103/45 18.08.84 24-38 5 3
Prof. Siedlecki 84 134/58 25.08.84 16.0-27.5 20
Prof. Siedlecki 84 183/79 13.08.84 19-31 6
Prof. Siedlecki 84 186/81 14.09.84 18-30 6
Prof. Siedlecki 84 190/83 15.09.84 24 1
Prof. Siedlecki 84 208/90 19.09.84 21-32 8
Prof. Siedlecki 84 229/99 24.09.84 28-37 2

H. hygomii
Oceanus 49 119,2 14.08.78 35-50 2
Oceanus 49 123,0 15.08.78 38.5 1
Oceanus 49 123,2 15.08.78 13.7-18.0 5
Oceanus 49 124,5 15.08.78 38.5 1
Oceanus 55 125,0 10.08.78 154 1
Oceanus 55 1272 11.02.79 12.2-50.5 10
Oceanus 55 143,1 17.02.79 16.3-19.0 5
Oceanus 55 1432 17.02.79 14.7-19.6 6
Prof. Siedlecki 84 19/10 29.07.84 35-55 12
Prof. Siedlecki 84 56/25 07.08.84 41-61 17
Prof. Siedlecki 84 60/27 08.08.84 38 1
Prof. Siedlecki 34 139/61 04.08.84 38-39 4

H. macrochir
Atlantis 1T 59 RHB 2059 14.11.70 13.3-27.5 5
Atlantis 11 59 RHB 2068 20.11.70 15.5-18.3 5
Atlantis IT 59 RHB 2063 15.11.70 14.5-15.6 3
Atlantis I 59 RHB 2071 22.11.70 9.7-25.8 11 5
Atlantis 11 59 RHB 2075 24.11.70 30.5-38.6 6
Atlantis II 60 RHB 2282 4-5.06.73 27.2-41.4 4
Atlantis 1T 78 RHB 2924 15-16.08.73 35.0-48.5 2
Atlantis 1T 79 RHB 3054 10.12.73 38.2-42.8 4
Oceanus?® 49 107,2 09.08.78 11.2-16.7 5 2
Oceanus® 49 111,1 11.08.78 - 2
Oceanus® 49 111,2 11.08.78 10.9-35.0 5 1
Oceanus® 49 112,0 12.08.78 24.2-24.4 2
Oceanus® 55 147,2-5 19.02.79 11.2-41.8 34 3
Prof. Siedlecki 87 001 27.11.87 42-57 15
Prof. Siedlecki 87 003 30.11.87 52-59 4

H. reinhardtii
Oceanus 55 126 10-11.02.79 18.5 1
Oceanus 55 127 11.02.79 28.5-34.4 3
Oceanus 55 128 11.02.79 30.0 1
Oceanus 55 136,1 14.02.79 23.0 1
Oceanus 55 136,5 14.02.79 254 1
Oceanus 55 1372 14.02.79 425 1
Oceanus 55 138,3 15.02.79 16.9-19.0 4
Prof. Siedlecki 84 60/27 08.08.84 45-53 2
Prof. Siedlecki 84 95/42 16.08.84 32-38 3
Prof. Siedlecki 84 132/57 25.08.84 3943 3
Prof. Siedlecki 84 134/58 25.08.84 28 1

H. taaningi
Prof. Siedlecki 84 135/59 02.09.84 34-41 3

#Identified previously as H. taaningi
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Fig. 1 Hygophum macrochir.
Photomicrograph of a sagittal
section of otolith (SL 43.5 mm)
showing cyclic growth pattern
consisting of six incremental
growth sequences (IGS),
separated by bands (B). Scale
bar; 100 pm

Table 2 Hygophum spp. Night-time Isaacs—Kidd Midwater Trawl
collections in the uppermost 200 m. Data from Backus and Crad-
dock (1977) and Craddock (personal communication)

Species No. of No. of Total time
specimens collections of trawling (h)

H. benoiti 1716 107 245

H. hygomii 994 137 320

H. macrochir 985 64 163

H. reinhardtii 240 93 204

H. taaningi 491 78 206

IGS, separated by bands outside the otolith center,
followed toward the margin by an area of irregular and
differentiated but non-cyclic otolith growth. The fifth
examined species, H. hygomii, did not show any rhyth-
mic changes in otolith growth (Fig. 4A). Among the
Hygophum species characterized by cyclic otolith
growth, examples of non-cyclic growth also occurred
(Fig. 4B). The number of examined individuals showing
cyclic or non-cyclic growth patterns is given in Table 1.
The youngest specimens which did not deposit a band
outside of their first, most internal IGS, were desig-
nated “non-cyclic” as the character of their growth
could not be determined.

The width of IGS, bands and growth increments
varied among the species and also in relation to their
position on the otolith radius. In H. macrochir a declin-
ing tendency of IGS, band and growth increment width
was observed toward the otolith margin (Fig. 5). In H.

benoiti only band width was decreasing, while the op-
posite trend with regard to IGS width was obvious
(Fig. 6). Also a slight but statistically significant
(F = 38.97,df = 4,756; P < 0.00001) increase in growth
increment width among the investigated range of IGS
was observed in H. benoiti otoliths (Fig. 6).

Nature of the cyclic pattern in otolith microstructure

Due to the limited number of samples available for
determination of the nature of the observed cycles in
otolith microstructure, statistical analyses of the cyclic
pattern were possible only for two species: juvenile H.
benoiti and H. macrochir. A number of growth in-
crements in IGS, ie. between the two subsequent
bands, in the four most internal IGS in H. benoiti
otoliths showed significant variations (F = 18.22;
df =3, 100; P < 0.00001) and an increasing tendency
(Table 3). In H. macrochir the number of growth in-
crements in IGS did not differ throughout the exam-
ined range of sequences, i.e. IGS; to IGS;, (F = 0.741;
df =8, 174, P = 0.6711) and averaged 18.6 (Table 4).
The number of growth increments in the most external

Fig. 2 Hygophum spp. SEM micrographs of sagittal sections of
otoliths. Examples of cyclic growth patterns. A H. macrochir
(SL 420mm). B H. reinhardtii (SL 53.0mm). C H. taaningi
(SL 34.0 mm). D H. benoiti (SL 30.1 mm). Scale bars: 100 ym
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Fig. 3 Hygophum spp. Photomicrographs of sagittal sections of
otoliths showing very faint growth increments within the bands
(between arrows) and clear increments in the incremental growth
sequences (outside arrows). A H. benoiti; B H. macrochir. Scale bars:
10 um

IGS of the largest fish, i.e. IGS;; and those deposited
later, was not studied due to problems with precision of
enumeration, as bands deposited outside such external
IGS in H. macrochir otoliths were reduced to a form of
a check, not much wider than a single growth
increment of the adjacent IGS (see Fig. 5).

The number of growth increments, which were pre-
sumed to be daily, between the most recent band and
otolith margin, representing the date of capture, in H.
benoiti and H. macrochir was used to back-calculate the
date of the formation of the first increments after the
bands (Fig. 7). Moreover, the date of capture in relation
to a lunar phase of individuals which had bands depos-
ited at the otolith margin is also indicated on Fig. 7. In
otoliths of these two species first increments of a new
IGS most often formed between the fourth and the
ninth day of the lunar cycle, while the bands at the

otolith margin were observed at the end of the first and
beginning of the second quarter of the moon, then at
the end of the third and in the fourth quarter.

Vertical distribution

To determine if there was any influence of the lunar
phase on the uppermost range of Hygophum spp. verti-
cal migration during the night, the night-occurrence of
these species in the 0 to 200 m layer in relation to the
lunar cycle was investigated by plotting night-catches
per hour of IKMT trawling by 50 m depth strata in
relation to the lunar cycle (Fig. 8). The occurrence of
the four most abundant Hygophum species present in
the IKMT collections (Backus and Craddock 1977;
J.E. Craddock personal communication) was studied
only, while the less numerous H. reinhardtii was ex-
cluded from analyses. These data showed also the
abundance of the investigated species in the discrete
strata of the uppermost 200 m layer.

The strongest correlation of occurrence and abun-
dance to the lunar cycle was exhibited by H. macrochir
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Fig. 4 Hygophum hygomii and H. reinhardtii. SEM micrographs of
sagittal sections of otoliths. A H. hygomii. Example of a very uni-
form otolith microstructure. B H. reinhardrii. Example of non-cyclic
otolith growth. Scale bars: 100 pm

and H. taaningi. They did not occur in the uppermost
200 m layer at the beginning of the first and at the end
of the fourth moon quarter, while only very few records
were noted at the end of the first and at the beginning of
the fourth quarter. The highest IKMT catch rates of H.
macrochir were distributed in 0 to 50 and 51 to 100 m
strata. The other species whose occurrence was strongly
influenced by a moon phase, H. taaningi, seemed to be
distributed in slightly deeper waters, i.e. at 101 to 150,
51 to 100 and 151 to 200 m depth strata. The night-
vertical distribution of H. benoiti showed a less con-
spicuous relation to the lunar cycle. All size groups of
postlarval H. benoiti were present in the investigated
depth strata at night with only several catches showing
very high abundance in the uppermost 50 m layer, and
high abundance in 51 to 100 m strata during a few days
of the second, third and the beginning of the fourth

quarter of the lunar cycle. When larger individuals over
30mm SL were excluded from the analysis, it was
apparent that few H. benoiti juveniles were collected in
the 200 m depth strata during the first and fourth
quarter of the moon. The occurrence of H. hygomii in
the uppermost 200 m layer did not seem to be related to
the Junar cycle in the same way as in the previous three
Hygophum species. The highest catches of this species
occurred in the uppermost depth strata, i.e. 0 to 50 m,
throughout the greater part of the lunar cycle except
the period in the middle of the cycle, close to the full
moon phase, when the peak of catches shifted toward
the next depth strata (51 to 100 m) and no catch was
recorded in the shallowest depths.

The data on Hygophum spp. vertical distribution
(Craddock et al. 1987), although containing a limited
number of collections of only three species (H. benoiti,
H. hygomii and H. taaningi) gave the possibility of
monitoring their occurrence down to the depth of
1000 m (Fig. 9). Unfortunately, H. hygomii specimens
were collected only at the beginning and at the end of
the lunar cycle, because of a chronological/geographic
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Fig. 5 Hygophum macrochir. Morphometrics of microstructural fea-
tures in otoliths. A Incremental growth sequence (IGS) widths (open
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gap in sampling of this species in the middle of a cycle,
i.e. H. hygomii did not occur in the area sampled at full
moon (Craddock et al. 1987). However, the available
data indicated that the new moon phase did not limit
the night-vertical migration of H. hygomii to the sur-
face, although a significant part of the population did
not perform such movements, staying at depths of
several hundred meters. Conversely, the vertical distri-
butions of H. benoiti and H. taaningi were highly corre-
lated with the lunar cycle. At the beginning and the end
of the lunar cycle these species did not migrate to the
surface layers, and almost the entire populations of
both species stayed at depths below 400 m, while in the
middle of the cycle, close to the full moon phase, a great
part of H. benoiti and H. taaningi populations occurred
in the uppermost layers, while only a small fraction
remained at greater depths.
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Fig. 6 Hygophum benoiti. Morphometrics of microstructural fea-
tures in otoliths. A Incremental growth sequence (IGS; _s) widths
(open rectangles) and band (Bi-,) widths (filled rectangles).
B Growth increment widths in the incremental growth sequences
(IGS-1GS;s)

Table 3 Hygophum benoiti. Number of growth increments in the
internal first four incremental growth sequences (IGS) in H. benoiti
otoliths. (N number of IGS examined)

1GS N Range Mean 95% Confidence
no. interv. for mean
1 46 6-16 11.85 11.19-12.51

2 34 10-19 14.38 13.61-15.15

3 18 12-18 15.11 14.05-16.17

4 6 17-18 17.17 15.34-19.00
Total 104

Discussion

Otolith microstructure

Groupings of increments in regularly repeated clusters
have often been found in otoliths of fishes that were



Table 4 Hygophum macrochir. Number of growth increments in
incremental growth sequences (IGS) in H. macrochir otoliths.
(N number of IGS examined)

1GS N Range Mean 95% Confidence
no. interv. for mean
1 33 12-25 18.58 17.75-19.40
2 26 14-24 19.31 18.37-20.24
3 23 15-24 18.39 17.40-19.30
4 21 15-23 18.00 16.97-19.03
5 18 15-24 18.72 17.61-19.83
6 17 13-23 17.82 16.67-18.97
7 16 17-22 19.13 17.94-20.31
8 14 15-21 18.57 17.31-19.83
9 10 15-22 18.90 17.40-20.40
10 6 15-22 19.00 17.07-20.93
Total 184 18.61 18.27-18.96
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Fig. 7 Hygophum benoiti and H. macrochir. Time (lunar day) of
capture of individuals with bands deposited at the otolith margin
(filled bars) and back-calculated time of formation of the first growth
increment in the most external incremental growth sequence (open
bars) in relation to Junar cycle

known to synchronize their activities with tides (Pan-
nella 1980). Periodic patterns of 7, 14 or 28 to 30 growth
increments were reported in many fish species and
a priori referred to as lunar or tidal patterns (Pannella
1971, 1974, 1980; Brothers et al. 1976; Rosenberg 1982).
The first evidence of lunar patterns in the otoliths of
marine fish correlated with a tidal modulation of the
environment was given by Campana (1984). On the
basis of his studies on juvenile starry flounder, Cam-
pana (1984) concluded that the observed lunar patterns
in otolith growth were a consequence of the temper-
ature regime induced by a biweekly tidal cycle. Similar
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changes of environmental factors may be responsible
for the formation of biweekly growth patterns in
otoliths of many fish species of intertidal and sublit-
toral environments. The existence of such growth pat-
terns, including a monthly lunar rhythm recorded in
otoliths of deep-sea fishes, such as those found in Hy-
gophum species, cannot be explained by changes anal-
ogous to those introduced by tides in the sublittoral
environment. Most probably cyclic growth patterns in
otoliths of deep-sea fishes are introduced by behavioral
rhythms rather than environmental changes. However,
the direct influence of the moon, including illumination
during the night, gravitation, atmospheric pressure,
and magnetic field on the behavior of deep-sea fishes
cannot be excluded. The known examples of endogen-
ous control of lunar rhythms in terrestrial animals,
coastal and freshwater fishes (Boetius 1967 in Gibson
1978; Grau et al. 1981; Neumann 1981; Kavaliers 1982;
Farbridge and Leatherland 1987; Neilson and Perry
1990) suggest the existence of a similar endogenous
lunar rhythm also in some Hygophum species. Bands
similar to those separating IGS in Hygophum spp.
otoliths have not yet been reported in otoliths of any
other fish species showing lunar periodicity of growth.
Closer examination of bands in Hygophum spp. otoliths
confirmed the incremental structure of these features.
However, a poor definition of the growth increments
deposited within bands did not allow for their precise
enumeration and width measurements. If one assumes
that sagittal growth increments are deposited daily, the
prominent width of the bands, observed in juveniles
and/or subadults of Hygophum species suggests that the
deposition of a band may take place over several days.
Such a conclusion may be supported by the observed
occurrence of bands at otolith margins and the time of
formation of the first IGS growth increments in rela-
tion to the lunar phase. The otoliths terminated by
a band at their margins were recorded over an extended
period of time, i.e. at least between the end of the third
and the beginning of the second quarter of the moon,
while the back-calculated time of formation of the first
growth increments in IGS was restricted to a much
shorter fraction of the lunar cycle. Thus, it is expected
that bands represent a period of on average, 10 to 15d
which together with a time of deposition of adjacent
IGS may fit the duration of a lunar cycle.

Bands in Hygophum spp. otoliths were characterized
by poor transparency when compared to the neighbor-
ing IGS. Brothers (1985 in Volk et al. 1990) suggested
that optically dense otolith bands or zones which re-
sulted from greater deposition of organic matrix were
formed during periods of falling water temperatures.
Moreover, the positive relationship existed between the
width of optically dense zones in Oncorhynchus keta
alevin otoliths, and the number of temperature units
accumulated during exposure to cold water (Volk et al.
1990). Visual effects obtained by Volk et al. (1990) in
otoliths of embryonic and juvenile chum salmon, i.e.,
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Fig. 8 Hygophum spp. Night-distribution in the uppermost 200 m
layer on the basis of Isaacs—Kidd Midwater Trawl catches. Data
from Backus and Craddock (1977) and J.E. Craddock (personal
communication)

optically dense bands produced by sudden drops in
water temperature, closely resembled the microstruc-
ture of bands in Hygophum spp. otoliths. Also, the
temporary exposure of a juvenile walleye pollock to
a low water temperature produced a widely etched
broad groove in a SEM viewed sagittal section of the
otolith (Nishimura and Yamada 1984: Fig. 4), similar to
bands in SEM images of Hygophum spp. otoliths. The
bands separating IGS in Hygophum spp. otoliths ap-
peared concave when etched with 1% HCI, which sug-
gested increased organic matrix contents according to
observations of Pannella (1980) and Mugiya et al.
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(1981). On the basis of the above mentioned examples
there is little doubt that the main environmental factor
responsible for the bands’ formation is temperature, i.e.,
prolonged effect of a low, stable temperature vs abrupt
temperature changes in a diel cycle, enforcing forma-
tion of the clear incremental structure of IGS. More-
over, the bands observed in otoliths of some Hygophum
species resemble structures already reported in otoliths
of several myctophids and referred to as “bands”
by Gartner (1991) but deposited in the so-called
“perinuclear zone = middle zone = postlarval zone =
transitional zone” (Gjbsacter 1987; Ozawa and Penaf-
lor 1990; Gartner 1991; Linkowski et al. 1993). Recent
interpretations of this zone, i.e. as a record of habitat
shift in the form of downward migration of larval
myctophids from warmer surface waters to cold deep
water (Gartner 1991), enhanced by a temporarily
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Fig. 9 Hygophum spp. Night-time vertical distribution on the basis
of MOCNESS-20 collections in relation to lunar cycle. Data from
Craddock et al. (1987)

non-migratory behavior of early juveniles of some
species (Gartner 1991; Linkowski et al. 1993), do not
contradict the interpretation presented here of Hy-
gophum spp. otolith microstructure.

The morphometrics of otolith microstructural fea-
tures suggested a declining tendency of IGS, band and
growth increment width in H. macrochir toward the
otolith margin. As the number of growth increments in
IGS in this species did not differ throughout the exam-
ined range of sequences, these findings are interpreted
as a result of a natural slowdown of the otolith and
somatic growth with age. An opposite tendency with
regard to IGS width observed in H. benoiti otoliths, in
which the cyclic pattern was not stable and the number
of growth increments in the subsequent TGS increased,
might be interpreted as a result of a gradual change of
behavior. A slight increase of growth increment width
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observed towards the otolith margin among the five IGS
studied in the H. benoiti otoliths could be explained by
a change of otolith growth in juvenile fish, ie. otolith
growth is more pronounced along the antero-dorsal
radius due to the formation of postrostrum.

Vertical migrations

Among four species of Hygophum, three types of migra-
tory behavior in relation to the lunar cycle were ob-
served. The first type, represented by H. hygomii,
showed no apparent change in the uppermost range of
night-migration during any moon phase. A sizable frac-
tion of the H. hygomii population always occurred in
the 0 to 200 m depth strata at night during the whole
lunar cycle. However, the uppermost limit of the abun-
dant nighttime occurrence of this species moved from
the 0 to 50 m surface layer to the 50 to 100 m depth
strata at full moon. The second type of behavior was
characterized by H. benoiti, in which a large part of the
H. benoiti population tended to cease vertical migra-
tions during the first and fourth quarters of the lunar
cycle, staying at depths of 400 m and more. This ten-
dency was more clear in juvenile fish than in adults. The
third type of Hygophum spp. vertical-migratory behav-
ior which had the strongest correlation with the lunar
cycle was represented by H. macrochir and H. taaningi.
These species disappeared almost totally from the sur-
face waters ( < 100 m) at the beginning and the end of
the lunar cycle, i.e. they arrested vertical migrations at
new moon phase and, at night, stayed below 400 m.
Clarke (1973), who first investigated changes in
night-vertical distribution of myctophids in relation to
moon phases, observed that most of lanternfishes oc-
curred 50 to 75 m deeper at full moon than at new
moon. Such behavior, particularly in near-surface
tropical myctophids, may result in the periodicity of
growth in accordance with the phases of the lunar
cycle, increasing with a new moon and decreasing with
full moon, e.g. as in Myctophum nitidulum (Giragosov
and Ovcharov 1992). Clarke (1973) noticed that the
behavior of the Hygophum species appeared to be dif-
ferent from that of the other myctophids. The two
Hygophum species studied by him (H. proximum and H.
reinhardtii) indicated a shallower nighttime distribution
during full moon. Moreover, adults of H. proximum and
H. reinhardtii at night during new moon occurred shal-
lower than the juveniles, which is opposite to the ten-
dency characteristic for the great majority of my-
ctophid species (Clarke 1973). Tt suggests a similar
ontogenetic change of vertical migration pattern in
these two species to that observed in H. benoiti, i.e.
a lunar rhythm of vertical migrations, rather clear in
early juveniles which gradually disappears with age.
A universal temperature profile for the whole geo-
graphical and vertical range of Hygophum spp. distribu-
tion does not exist. However, it is well known that in
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the Atlantic water masses inhabited by the examined
species, the temperature gradient between the near-
surface depths of Hygophum spp. night occurrence and
the average day distribution, i.e. below 500 m, may
range from approximately 5 to almost 20°C, e.g.
Brooks and Saenger (1991: Fig. 15), Badcock and Mer-
rett (1976: Fig. 2). Another example illustrating the
mentioned temperature gradient were temperatures re-
corded at MOCNESS-20 stations during the sampling
of materials used in the present paper (Craddock et al.
1987). The 0 and 500 m temperatures of the Slope
Water had a range of 12.5 to 26.0 and 5.1 to 5.5°C,
respectively (Craddock et al. 1987: Tables 12 and 13).
Such or similar temperature gradients influence the fish
during its diel vertical migrations enforcing deposition
of growth increments and making them very clear, as
observed in otoliths of many myctophid species (e.g.,
Gjosaeter 1987; Gartner 1991; Linkowski et al. 1993).
Any deviation from this diel rhythm of vertical migra-
tions must be imprinted in otoliths, e.g. the observed
temporarily non-migratory behavior in the lunar cycle
of Hygophum species is imprinted in the form of
the prominent bands without a distinct incremental
structure.

Light was found to be the main environmental factor
responsible for the control of vertical migrations of
marine animals (Boden and Kampa 1967; Longhurst
1976). According to Brooks and Saenger (1991) night
and day distribution of a bladdered group of midwater
fish seemed to be determined by the night distribution
of zooplankton biomass and the day midwater light
field, respectively, while other environmental variables
showed little direct influence. On the basis of vertical
abundance distributions for a representative group of
species with swimbladder (including H. hygomii, H.
benoiti and H. taaningi), fish were found concentrated
in the 0 to 150 m euphotic zone at night and in the 400
to 1000 m zone during the day (Brooks and Saenger
1991). According to Roe and Badcock (1984) absolute
light levels could not closely control the distributions
and migrations of any mesopelagic fish populations
studied by them. Clarke (1973) also pointed out the
discrepancy between the shift in vertical distribution of
the majority of myctophid species, which appeared to
occur only 50 to 75 m deeper at full moon, while ac-
cording to Clarke {(1970) the depths of isolumes at full
moon are about 200 m greater than at new moon. The
lunar cycle influence on some Hygophum species’ verti-
cal migratory behavior, contrary to that seen in the
majority of migratory myctophids or, ¢. g. eels (Tesch
1989), is counterintuitive with regard to moon light
avoidance.

Depth niches of individual bladdered midwater fish
species are organized to reduce competition, although
the maximum day occurrence of this group in the 400
to 1000 m interval must be due primarily to non-
trophic factors (Brooks and Saenger 1991). According
to these authors: “During daytime hours, many species

apparently remain inactive in the relatively cold waters
of the 400 to 1000 m dimly lit twilight zone to avoid
attracting predators while at the same time conserving
energy for growth and reproduction” (Brooks and
Saenger 1991). The night occurrence at day depths of
many vertically migrating mesopelagic fish species has
often been recorded (Badcock 1970; Goodyear et al.
1972; Clatke 1973; Badcock and Merrett 1976; Nafpak-
titis et al. 1977; Gartner et al. 1987; Karnella 1987;
Brooks and Saenger 1991) and interpreted as the effect
of local environmental conditions, seasonal effects or
ontogenetic changes (Neilson and Perry 1990). Pearcy
et al. (1979) found that a nonmigratory part of the
Stenobrachius leucopsarus population, fish which
stayed at depths of 300 to 500 m at night, probably fed
in deep water. However, the adaptive significance of the
bimodal nocturnal distribution of this lanternfish was
unknown (Pearcy et al. 1979). Craddock et al. (1992)
reported that in warm-core Gulf Stream meander/ring
up to 80% of vertical migrators such as Ceratoscopelus
warmingii or Lampanyctus pusillus did not migrate into
the upper 200 m at night, remaining deeper than 600 m.
Possibly, the nonmigratory part of the population of
these species fed also in deep water, as their otoliths did
not show any strong cyclic microstructural pattern
similar to that in Hygophum spp. (Linkowski unpub-
lished). According to Hopkins and Gartner (1992)
trophic competition for myctophids is reduced through
resource-partitioning although with considerable over-
lap at niche boundaries. A temporary nonmigratory
behavior observed in several myctophid species might
be interpreted as an additional mechanism toward re-
duction of inter- and intraspecific competition for food
resources. However, an interpretation of the prolonged
time of nonmigratory behavior of several Hygophum
species, which is correlated with the lunar cycle, poses
a more complex question concerning the benefit of this
behavior. There is little doubt that the reported cyclic
bands in the otoliths represent a drastic slowdown of
somatic growth. Thus, even if the Hygophum species
feed in deep cold waters during the nonmigratory be-
havior, the obtained energy is not sufficient to support
somatic growth or is utilized in a different way. The
vertically migrating species are more similar to surface
dwellers in terms of respiratory rate than they are to
deeper living species (Torres et al. 1979). According to
Torres et al. (1979): “The energetic benefit (...) to the
vertical migrator is determined by the metabolic cost of
the migration itself and the probable increase in daily
ration due to the migration into more productive shal-
lower layers”. The significance of metabolic enzyme
activity and the relation between temperature and
available food for diel vertical migrations of me-
sopelagic species was also stressed by van der Spoel
and Schalk (1988). The temporary cessation of diel
vertical migrations by the migratory species, i.e., stay-
ing at depths of several hundred meters during
prolonged periods as observed in several Hygophum



species does not contradict energetic advantages of
vertical migrations. The apparent slowdown of Hy-
gophum spp. growth rate during the nonmigratory be-
havior vs faster growth during regular vertical migra-
tions in diel cycle supports the existence of the energetic
benefit to a vertical migrator. However, there might
also be advantages to nonmigratory behavior, as sug-
gested by Pearcy et al. (1979), e.g. the energy conserved
during such a period may be converted into lipids,
which play an important role as buoyancy regulators in
mesopelagic fishes.
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