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ABSTRACT: Nehu spawning is concentrated in a 1
hour period shortly after sunset; the delay after
sunset is longer in the winter than in summer.
Incubation time for nehu eggs is 22-35 hours and is
inversely related to temperature. Development time
between hatching and first feeding shows relatively
greater seasonal differences, and total embryonic
development time during the coldest months is al­
most twice that of the warmest months. Nehu egg
size is inversely related to temperature. The sea­
sonal differences in egg size are probably the result
of a physiological response to temperature. The
potential adaptive value of the seasonal change in
egg size in this tropical species is more likely related
to size-specific differences in predation rates rather
than to seasonal changes in abundance or size of
food for larvae. The seasonal changes in total devel­
opment time result in marked differences in the time
of the diel cycle at which larvae reach first-feeding
status; these differences could have more influence
on survival of small larvae than effects related to
either predation or food availability.

Seasonal differences in egg size, incubation, and
posthatch embryonic development time have
been reported for many species of temperate or
higher latitude fishes. Some reports, e.g.,
Blaxter and Hempel (1963), involve differences
between stocks or populations with different
spawning seasons. Other examples, e.g., Ware
(1977), deal with differences occurring over the
spawning season of an apparent single stock.
Hypotheses presented about the potential mech­
anisms or adaptive significance of seasonal dif­
ferences are related to the rather marked
seasonal changes in temperature, productivity,
etc., that are typical of high latitude environ­
ments. Seasonal differences in egg size and early
development have not been investigated in
fishes from tropical latitudes where seasonal
environmental changes are less extreme than at
higher latitudes.
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The Hawaiian anchovy or nehu, Encrasiclw­
lina pu-rpurea, spawns throughout the year in
enclosed, semiestuarine areas of Hawaii (Tester,
1955; Clarke 1987). Preliminary studies indi­
cated that spawning occurs over a very short
period after dusk. Because of this, it was possi­
ble not only to obtain freshly spawned eggs
readily, but also to identify "day-classes" of eggs
and prefeeding larvae throughout the diel cycle
and thus to estimate incubation and development
times from field samples. This paper reports on
seasonal differences in spawning, egg size and
development and considers hypotheses based on
studies from higher latitudes in the context of
seasonal environmental changes in the tropics.

MATERIALS AND METHODS

All material was collected from Kaneohe Bay,
a semienclosed basin on the northeast side of the
island of Oahu, HI. Plankton samples were col­
lected with aim diameter, 5 m long conical
plankton net of 0.335 mm mesh. The net was
rigged with a three-point bridle to which a ca. 3
kg weight was attached. The net was simply
dropped mouth downward, allowed to fish to the
bottom (12--15 m), and retrieved by a tether at­
tached to a choke line about 1 m behind the
mouth. The sample was immediatly preserved ill
a ca. 4% formaldehyde/seawater solution. The
present study was conducted during the course
of a long-term survey of nehu egg abundance
that sampled stations throughout Kaneohe Bay
between the hours of 0600 and 1100 at appl'oxi­
mately weekly intervals. These samples pro­
vided eggs and larvae from the morning hours
and also indicated periods and locations of high
egg or larval abundance for sampling at other
times of the day.

Previous studies (Clarke 1987) on adult female
nehu indicated that spawning occurs during a
short period (a few hours) after sunset. In order
to determine spawning time more precisely,
plankton samples were taken at hourly intervals
between sunset and midnight at four different
times of the year. Based on data from the most
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recent regular egg survey, one to three stations
were sampled close to the solstices and equi­
noxes: 30 September 1984; 27 December 1984; 21
March 1985; and 26 June 1985. The hours sam­
pled also included expected hatching time for the
previous night's eggs for all dates except March,
in which case samples were also taken at 0300­
0430. The stations were also sampled in the
afternoon, 1-2 days after the sunset to midnight
series. Times of sunset and sunrise for the above
dates were taken from astronomical tables.
Water temperatures for each period were taken
from the data log at the Hawaii Institute of
Marine Biology laboratory at Coconut Island.
Hourly surface temperatures for a 2 wk period
bracketing the sampling were averaged.

Nehu eggs and larvae are easily identified.
Eggs were usually very numerous (100's per
sample) and were either all at very nearly the
same stage or, for celtain times of the day in
December and March, readily separated into two
age groups: eggs from the most recent spawning
and much more developed eggs from the pre­
vious night's spawning. There were many fewer
larvae in the samples (typically lO's per sample);
in several cases larvae from 2 to 4 different sam­
ples taken within an hour of each other were
combined in order to assess development at a
given time of day. Larvae less than 4 mm noto­
chord length could be separated into either two
or three age groups based primarily upon pres­
ence or absence of yolk, pectoral fins and rays,
and eye pigmentation. Between appearance of
the pectoral fin buds and development of pec­
toral rays, age groups could be further discrim­
inated using the diameter of the roughly semicir­
cular pectoral fin bases relative to that of the
pupil or the orbit (neither of which appeared to
increase significantly after the pectoral buds ap­
pear). Other characters such as the development
of the mouth or the gut were correlated with the
principal characters used, but were not as useful
for qualitative separation. For any given time of
day, the least developed larvae were considered
"0" group larvae (0-24 h past hatching); the next
most developed, "I" group (24-48 h past hatch­
ing); and the third, if present, "2" group (48--72 h
past hatching).

Except for the late afternoon samples from
June, there was no difficulty in separating small
larvae into age/development groups, i.e., larvae
in each of the two or three groups present were
similar to each other and there were no inter­
mediates. In the June series, the apparent oldest
group of afternoon larvae showed a broader
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range of several features than was evident for
similar stages at other seasons. There was, how­
ever, still no overlap with younger stages, and
after examination of more larvae from other
afternoon samples taken at the same time of the
year in 1984 and 1985, it was concluded that
these larvae represented only one variably
developed age group (see Results section).
Larvae larger than 4 mm notochord length were
taken infrequently, and it was not possible to
estimate age groups among these on the basis of
either size of development.

Volumes and dry weights were determined for
undamaged newly spawned eggs from each
season. Nehu eggs are ellipsoidal with the major
axis about twice the minor. The yolk mass is
similm'ly shaped and separated from the chorion
by an obvious pervitelline space. For 40-50
freshly spawned eggs from each season (except
June when only 29 eggs with no visible embryo
were available), the major and minor diameters
of both the entire egg and the yolk within were
measured to the nearest 0.01 mm using an ocular
micrometer at 100x magnification. Egg and yolk
volumes were calculated using the fornmla for
a prolate spheroid. Replicate samples (3 per
season) of 20 eggs each were rinsed with distilled
water, placed in a preweighed aluminum pan and
dried at 60°C. Weights of empty and full pans
were determined to the nearest 0.002 mg; weight
per egg was calculated by subtraction and divi­
sion by the number of eggs in the sample.

Dry weights were also determined for samples
of 10-20 hydrated ovarian ova from spawning
nehu taken by purse seine. Preliminary studies
indicated that unless ova had already ovulated,
they could not be reliably and completely sep­
m'ated from follicular tissue. The time between
ovulation and spawning is apparently very short
(Clarke 1987), and few samples of adult nehu
contained many fish in this condition. Conse­
quently, the only data reported here were from
10 females taken from a purse seine collection on
1 June 1983. This collection contained the widest
size range (39--61 mm SL) of females with ova
free in the oviducts.

Notochord lengths of larvae were measured to
the nearest 0.1 mm. There were, however,
usually less than 10 larvae of each day class at
each different time of day, and statistical com­
parisons of average length between seasons for
the same stages were not possible. The numbers
of undamaged larvae suitable for dry weight de­
terminations were even lower. Dry weight de­
terminations were made for only three samples
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of 5-10 larvae each from September and six sam­
ples of 10 each from March.

RESULTS

Spawning

The dusk-to-midnight samples from all four
seasons clearly indicated that spawning was con­
centrated within a ca. 1 h period shortly after
sunset. Newly spawned eggs, with no evidence
of embryonic development under low magnifica­
tion, were absent from initial samples and ap­
peared in large numbers in samples 1.5--8 hours
after sunset. The eggs in samples taken ca. 1
hour after first appearance of new eggs were
already either mostly or totally in eady cleavage
stages. In the June series, many of the new eggs
in the first sample containing new eggs were
already in early cleaveage stages. Newly
spawned eggs were very rare in samples taken
ca. 1 hour after first appearance and were absent
from later samples. Thus spawning appears to be
concentrated within a period of 1 hour or less.
The estimated midpoints of spawning time
(Table 1) indicate that spawning occurs about 3
hours earlier in winter than in summer. The dif­
ference is not entirely accounted for by the
earlier sunset in the winter months; the delay

after sunset is less than in summer. These esti­
mates of seasonal changes in spawning time
agree with trends evident from mature females
(Clarke 1987).

Incubation

In June and September, the incubation period
was less than a day, and two day classes of eggs
never occurred in the same sample. By early
morning, embryos already extended about half­
way around the remaining yolk. By late after­
noon they extended over three-fourths of the
way around the yolk, and the tail had flexed
sideways. In both months the eggs apparently
hatched about 22 hours after spawning time.
Dming a 1 h period the "old" eggs disappeared,
and newly hatched larvae appeared.

Incubation time was considerably longer in
December and March. Eggs taken in the morn­
ing and afternoon were noticeably less developed
than those from the same times in June or Sep­
tember. Both "old" eggs and recently spawned
eggs were present between spawning time and
midnight in December. No "old" eggs were pre­
sent in any morning samples, and the embryos in
the latest (2400 h) night samples appeared al­
most ready to hatch, judged from comparable
stages in the June and September samples. Thus

TABLE 1.-Summary of data on spawning time, duration of egg and prefeeding
larval stages, and egg size of the Hawaiian anchovy, Encrasicho/ina purpurea, in
September and December 1984 and March and June 1985. Times of sunrise,
sunset, spawning, and hatching are Hawaiian Standard Time. Temperature values
are the means and ranges of hourly surface temperatures for a 2 wk period
bracketing the sampling dates (see text). Values for egg and yolk volume are
means and standard deviations of volumes calculated from length and width
measurements.

Sunset

Sunrise

Spawning

Hatching

Temp. ee)
(range)

Incubation (h)

Hatch-feeding (h)

Total (h)

Egg weight ( g)

Egg vol. (mm3)

(SO)

Yolk vol. (mm3)

(SO)

Sept.

1800

0600

2100

1900

27.7
(27.4-28.1)

22

35

57

14.8

0.195
(0.023)

0.168
(0.020)

Dec.

1730

0645

1900

0100

23.1
(22.5-23.9)

30

54

84

17.9

0.248
(0.024)

0.204
(0.025)

Mar.

1800

0600

2000

0700

22.2
(21.6-23.1 )

35

71

106

19.5

0.262
(0.019)

0.222
(0.022)

June

1900

0515

2200

2000

26.5
(25.9-27.1)

22

47-57

69-79

14.9

0.211
(0.016)

0.166
(0.017)
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hatching time was probably about 0100 and total
incubation time about 30 hours. In March, old
eggs were present along with new eggs between
spawning time and 0430, but were absent from
the earliest postsunrise sample taken at 0820.
Old eggs were, however, present in samples tak­
en at 0600--0700 earlier in March; this indicates
that hatching time was probably about 0700
and that incubation time was about 35 hours.

Early Development

Development to first feeding status was most
l'apid in September (Table 2). By the end of the
first day. the yolk sac had disappeared, and the
pectoral fin bases were almost the same di­
ameter as the eye. By the morning of the second
day, the "1" larvae had black eyes and pectoral
fins with well-developed rays; most individuals
had food items in the gut. Similar larvae oc­
cun'ed in samples taken nearer to sunrise on
other dates in September-October. Thus it is
likely that the "I" larvae were ready to feed at or
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near sunrise and that development time from
hatching to first feeding was about 35 hours
('fable 1).

Development was considerably slower in
December and March (Table 2). Some yolk re­
mained at the end of the first day in both
months. In December, "2" larvae had already
been feeding by 0800 and probably reached feed­
ing status at or nem' sunrise or about 54 hours
after hatching. In March, early "3" larvae taken
at 0845 had already been feeding, and the late
"2" larvae appeared to have reached feeding
status at or just before sunrise, about 71 hours
after hatching.

In June the larvae developed almost as fast
during the first day as in September (Table 2),
but little change took place over the second
night. In the morning only a few of the "1" larvae
had traces of eye pigment. By afternoon there
was a relatively wide range of development
among apparent "I" larvae; they had white to
brown eyes and variably developed pectoral
rays. The mouths of some individuals appeared

TABLE 2.-Developmental characters of different age groups of
early larvae of the Hawaiian anchovy, Encrasicholina purpurea. at
different times of the day for four different sampling dates. Codes
for yolk sac (Y) are: + = present along ventral margin, T = traces
anteriorly, 0 = absent; for pectoral fin; 0 = absent. B = buds
visible, P = diameter of bases about equal to that of eye pupil, E =
bases diameter about equal to that of eye, and R = fin rays visible;
for eye pigment (E): 0 = none, T = trace, Br = brownish, BI =
black, fUlly pigmented. Very early stages, which would otherwise
be coded "+-0-0", are coded as "NH" or "STR" depending upon
whether the larvae were newly hatched and still bent anteriorly or
had straightened, respectively, Larvae apparently developed to
feeding status, which would otherwise be coded "O-R-BI", are
simply designated by "F",

Date
Time

Age group: "0"
Character: Y-P-E

"1"
Y-P-E

"2"
Y-P-E
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September 1984
1900 NH O-E-O
2200-2300 STR O-E-T
1030 T-B-O F
1600 O-P-O F

December 1984
0800 NH T-P-O F
1830 STR O-E-O F
2330 T-O-O O-E-T F

March 1985
0830 NH T-B-O O-E-T
1500 STR O-P-O O-E-?
2030-2330 +-Q-W Q-E-o Q-E-Br/BI
0330-0430 +-8-0 Q-E-T Q-R-BI

June 1985
2100-2200 NH o-s-o F
0800-0900 T-B-o Q-E-01T F
1400-1800 Q-P-o Q-R-o/Br F
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nearly fully developed. In the night samples, all
early "2" larvae appeared developed to feeding
stage and some had traces of food in the gut; "2"
larvae in morning samples were feeding. Thus
some of the June larvae may have reached feed­
ing status just before sunset or ca. 47 hours since
hatching, but many apparently did not develop
to this point until after dark and did not start
feeding until the next morning or about 57 hours
since hatching (Table 1).

Egg Size

Dry weight and volume estimates indicated
that egg size was about the same in September
and June, but ca. 25% and 30% larger in Decem­
ber and March, respectively (Table 1). The ratios
(Sept.:Dec.:Mar.:June) of estimated dry weight
per egg were 1:1:21:1.32:1.01. Similar ratios for
average yolk volume 0:1.21:1.32:0.99) were
closer to those for weights than were the ratios
for whole egg volume (1:1.27:1.34:1.08). Yolk
volume averaged 79--86% of whole egg volume
with no evidence of a trend with egg size. The
ratios of egg to yolk for both width and length
ranged between 1.05 and 1.09. Except for a
value of 2.07 for March yolk length to width
ratio, the other length to width ratios for both
egg and yolk ranged from 2.16 to 2.26.

Available data on larval size are few, but indi­
cate a positive relationship with egg size. In all
months, the newly hatched larvae were about
the same length (2.0--2.2 mm), but larvae at or
near first feeding status were 3.0-3.7 mm long in
March and December as opposed to 2.8-3.0 mm
in September and 3.0-3.5 mm in June. Mean dry
weights of late "0" and early "1" larvae from
September and March were 63% and 65%, re­
spectively, of mean egg weights for the same
periods, indicating commensurately heavier
larvae from the larger March eggs.

The average weight per egg of hydrated ova
taken from 10 females 39--61 mm standard length
was 17.8 "",g. The estimates from different indi­
viduals ranged between 14.4 and 19.2 "",g/egg.
The value for the smallest female was well below
that of the other nine (42.5--61 mm SL); the next
lowest value was 16.3 "",g/egg. There was, how­
ever, no correlation between average weight per
egg and female length for the whole series (P >
0.20, Spearman rank correlation coefficient).

Discussion

The observed seasonal differences in nehu re-

productive parameters are not likely owing to
genetic differences between seasonal subpopula­
tions. Nehu reach spawning size at an age of 3-4
months and rarely live as long as six months
(Struhsaker and Uchiyama 1976). Thus the pro­
geny of, e.g., March spawners would be spawn­
ing in July-September rather than the following
March. Although annual changes in environ­
mental factors in Hawaii are fewer than at
higher latitudes, nehu spawn throughout the
entire year rather than over a short season, and
the observed differences in spawning time, egg
size, etc., are most likely responses to changes in
temperature, day length, light levels, etc., en­
countered over the entire annual cycle.

The movement of adult nehu to spawning
areas and their near synchronous release of eggs
are probably stimulated by decreasing light
levels in the afternoon and evening, but the tim­
ing is not simply related to seasonal changes in
day length and time of sunset. The delay be­
tween sunset and spawning was less in the win­
ter, possibly because light levels in the water
column decrease earlier, relative to sunset, in
the winter than in the summer owing to differ­
ences in solar elevation. It is also possible that
responses to light are modified by some other
seasonal factor, e.g., temperature.

Seasonal changes in egg size have been re­
ported from apparently the same stock for many
other species of fishes. For example, Ware's
(1977) data on egg diameters of Scombe'r
sC01nbru,s in the Gulf of St. Lawrence indicate
that egg volume at the beginning of the spawn­
ing season (early June) is about twice that at the
end (mid-August). The central population of the
northern anchovy, Engraulis rnordax, is more
similar to nehu in that it spawns year round, and
maximum egg volume, which occurs in March, is
about 20% greater than the minimum in Septem­
ber-October (Hunter and Leong 1981).

Several mechanisms for within-stock, seasonal
changes in egg size have been suggested. Egg
size may be related to size of the spawning
females, and the seasonal trend in egg size due to
the larger females' spawning early in the season
and the smaller ones later <Bagenal 1971). The
data on ovarian egg weights from spawning nehu
indicate no relation between egg size and female
size; furthermore, there is no evidence of
seasonal changes in size composition of spawning
nehu. Clarke (1987) found no difference in size
composition between winter and summer spawn­
ers examined for fecundity; unpublished data
from that study show that size composition of
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spawning nehu fluctuates throughout the year,
but that there is no tendency for e.g., March
spawners to be larger (or smaller) than Septem­
ber spawners. Egg size has been shown to be
both positively and negatively affected by food
supply or ration (Bagenal 1969; Hislop et al.
1978). The abundance of macrozooplankton,
upon which adult nehu feed, does not appeaJ.' to
change systematically with season in Kaneohe
Bay (Hirota and Szyper 1976). Daily ration or
the fraction available for reproduction could,
however, change seasonally due to differences
in temperature or day length, but relevant
studies to consider this possibility have not been
done.

Imai and Tanaka (1987) demonstrated that egg
size of Engmu.lis japon-ica responds more di­
rectly to temperature changes, and several
potential mechanisms have been proposed.
Daoulas and Economou (1986) suggested that egg
size would be inversely cOITelated with tempera­
ture if oocyte differentiation rates increased rel­
ative to oocyte growth rates with increasing
temperature. Tanasichuk and Ware (1987) hy­
pothesized that gonadotropin secretion rates in­
crease with temperature and cause a decrease in
preovulatory atresia. For a given effort per
batch, this would result in more, but smaller
eggs at ovulation. Nehu fecundity is higher in
the summer when egg size is lowest, and the
increase in the summer is only partly accounted
for by higher effort per batch (Clarke 1987). If
effort per batch is controlled by some other fac­
tor, either of the above hypotheses could apply
to nehu.

Several studies have hypothesized that both
within- and between-stock differences in egg size
are adaptive and related to minimizing mortality
owing to starvation of early 1aJ.'vae. Blaxter and
Hempel (1963) showed that 1aJ.'vae from large
heITing eggs were probably better able to sur­
vive situations with low food abundance. Ware
(977) showed that egg size in SC01nbeJ' scom­
bru,s was positively cOITelated with the size of
food items available for newly hatched larvae.
There is, however, no evidence that nehu larvae
encounter marked seasonal changes in food
abundance or size. Kaneohe Bay is highly pro­
ductive all year; Hirota and Szyper (1976) found
no seasonal trends in total microzooplankton
abundance. My own unpublished data indicate
that concentrations and sizes of small copepod
nauplii, the dominant prey of first-feeding nehu
larvae (Burdick 1969), are similar throughout
the year.
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Ware (1975) and Tanasichuk and Ware (1987)
have shown that a mechanism resulting in a de­
crease in egg size with increasing temperature
would be selectively advantageous if egg and
larval mortality rates were inversely related to
egg size and if incubation times were inversely
related to temperature (and not to egg size).
Small nehu eggs and 1aJ.'vae would probably be
subject to higher mortality owing to predation
than would larger eggs and larvae at all times of
the yeaJ.·, regardless of the apparent lack of vari­
ability in larval food supply. Furthermore,
Yamashita's (1951) results indicate that differ­
ences in incubation time are caused by tempera­
ture and not egg size. Yamashita incubated nehu
eggs from a single sample from Kaneohe Bay at
different temperatures. Allowing for the fact
that all his eggs had already spent a few hours at
ambient temperature, the change in incubation
time with temperature was similaJ.· to that evi­
dent from the seasonal data of the present study.
Similar studies on other engraulids (King et al.
1978; Lasker 1964) have also shown negative
cOlTelations between incubation time and tem­
perature that were presumably independent of
egg size. Thus Ware's (1975) basic assumptions
and hypothesis about factors selecting for egg
size-temperature relationships seem to be ap­
plicable to nehu.

The duration of the period between hatching
and first feeding CHF) was also negatively COITe­
lated with temperature. There were, however,
seasonal differences in the ratio of posthatch to
prehatch embryonic development time. HF was
1.60, 1.78, 2.02, and 2.14 times incubation time
for September, December, March, and June,
respectively (using HF = 47 hours for June).
This indicates either that the effects of tempera­
ture on HF aJ.'e qualitatively different from those
on incubation, or that some other factor also
affects posthatch development rate. For a range
of temperatures that included those observed in
this study, Houde (1974) showed that increasing
temperature caused decreases in the period be­
tween hatching and eye pigmentation of larval
An-choa m-itchelli. To the extent that seasonal
differences in HF of nehu are similarly caused by
temperature differences, this would tend to aug­
ment any selective advantage for larger eggs
and larvae during the winter.

Even though Ware's (1975) hypothesis could
potentially apply to nehu, the point in the diel
cycle at which larval feeding becomes possible
could have more importaJ.lt consequences to 1aJ.'­
val survival than differences in either egg size or
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total development time. Small nehu larvae feed
only during the day (Burdick 1969; Johnson
1982). In September, December, and March, lar­
vae reached first-feeding status at or shortly
before sunrise, could begin feeding as soon as
they were able, and had an entire day to feed
before having to survive the next night. In June,
however, the larvae reached first-feeding status
near sunset, had little or no chance to feed, and
had to survive the night mostly or solely on
intemal reserves. Nehu larvae would face situa­
tions similar to June whenever the total time
from spawning to first-feeding status was close
to a multiple of 24 hours. (Other such periods
would have occurred between September and
December, between December and March, and
between March and June.) If larvae during such
periods had exhausted their intemal reserves
before they had a chance to feed, survivorship
could have been greatly reduced compared with
periods when larvae reached first-feeding status
near dawn.

The time between reaching first-feeding
status and irreversible starvation of nehu larvae
is not known. It is usually of the order of days for
fishes from higher latitudes (Hunter 1981), but is
probably considerably less for nehu given that
their incubation and development times are
much shorter than those of most higher latitude
species. Houde (1974) found that survival and
growth oflarvae of Anchoa mitchell-i at 22°-28°C
was unaffected by delaying feeding up to 24
hours or more after development of eye pigmen­
tation, but nehu may be less tolerant. The devel­
opment time between hatching and feeding
status is longer for n(!hu than for A. m-itchelli at
similar temperatures, and visible yolk is gone at
an earlier stage in nehu.

The seasonal changes in total time between
spawning and reaching first-feeding status thus
could result in fluctuations of mortality rates of
nehu larvae throughout the year independent of
either food supply or predation rates. Such fluc­
tuations would not be expected in species from
higher latitudes because differences of a few
hours between reaching first-feeding status and
the opportunity to feed are probably not as criti­
cal. Furthermore, spawning in many species,
e.g., the northern anchovy, E1tgmulis mordaa.:,
is not as synchronous as in nehu and is spread
over a broader portion of the diel cycle (Hunter
and Macewicz 1980). Consequently, larvae from
a given day's cohort would reach first-feeding
status at various points during the diel cycle
regardless of the absolute duration of the period

between spawning and HF status.
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