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Abstract: A semi-lunar rhythm appeared to be in the chick weight-growth
curve of the Short-tailed Shearwaters (Puffinus tenuirostris) and exactly found in
feeding of the Sooty Shearwaters (Puffinus griseus) to their chicks before desertion

by parents. These rhythms may be caused by periodicity in the availability of the
krill, especially Australian krill (Nyctiphanes australis), the main food for chicks of
both shearwaters. Comparing the chick growths in Tasmania with their mortality
occurrences in Japan in over a four year study of the Short-tailed Shearwaters, the
best growth year of 1980 corresponded to a low mortality year, while a poor growth
year of 1984 was situated at the peak of a mass mortality period of 1983-1985 in
Japan. In the worst growth year of 1986, the mass mortality did not occur along
Japan but Australia and the island of Guam. Therefore, the growth of chicks
at the breeding site in Tasmania and mortality occurrences in Japan, Australia
and Guam have a mutual relation, and they could be governed by the annual
fluctuations in abundance of krill in Australian regions.

1. Introduction

Short-tailed Shearwaters (Puffinus tenuirostris), estimated to number 23 million
birds (I. SKIRA, unpublished), are trans-equatorial migrants; they breed in southeastern
Australian and Tasmanian waters, and migrate to the northern North Pacific to 45°-
70° latitudes for wintering. On the migration to the wintering waters in the North
Pacific, a great number of hatching year birds occasionally die from exhaustion along
the Pacific coast of Japan. This mass mortality occurred at about ten year intervals
and, when it occurred, lasted for at least 1-3 years (OKA and MARUYAMA, 1986).

They are pursuit-plungers; their bills are developed especially for retaining concen-
trations of krill as a plankton-net (MORGAN and Ritz, 1982). At the breeding sites,
their main diet is Australian krill (Nyctiphanes australis) (SKIRA, 1986), which usually
occupies more than 80 percent of their stomach volume. This krill is a predominant
species among the coastal krill in southeastern Australia and New Zealand (SHEARD,
1953; BARY, 1956; BLACKBURN, 1980).

The Sooty Shearwaters Puffinus griseus, the close relative of the Short-tailed
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Shearwaters, breed in New Zealand and southeastern Australia (also southern South
America) and may feed on the same krill around the western South Pacific breeding
sites.

In this paper we analyze chick growth in the Short-tailed Shearwaters and feeding
activity to chicks in the Sooty Shearwaters, the occurrence of their mass mortality along
the Japanese coast, and how these may be related to the abundance of their main
food, the Australian krill, in the waters around the breeding sites.

2. Rhythmicity in Feeding and Growth of Short-tailed
and Sooty Shearwater Chicks

The chicks of the Short-tailed and Sooty Shearwaters were known to be starved
for a few weeks (““desertion period’’) at natal sites after departure of their parents to
the North Pacific from early to mid-April (SERVENTY, 1967; WARHAM et al., 1982).

In the changes in body weight of Short-tailed Shearwater chicks obtained at ten
colonies in Tasmania during the 1985 breeding season (OKA et al., 1986), fluctuations
are evident from late February to early April (desertion point), when most of
the adults cease feeding their chicks (Fig. 1). Periodicity of these fluctuations was
visually about 15 days and suggested a link to a semilunar rhythm. Full and new
moons were located between peaks of these waves.

The body weights of chicks on the days when not weighed were estimated from
those actual body weights on the nearest weighing days. Using these actual and
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Fig. 1. Body weight growth of Short-tailed Shearwater chicks at various colonies in Tasmania in
1985. The trend line was drawn using running means. The large open and solid circles
represent dates of full and new noons, respectively. Small symbols indicate the mean
weight of different colonies with the sample size written above:
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estimated values, a correlogram analysis was then made. However, we could not
find any stable periodicity but only accidental ones. This may have been because
of various interfering factors; different chicks were measured intermittently (not every
day) at geographically remote colonies exposed to different weather and water con-
ditions, and food abundance, etc. | |

RicHDALE (1945) measured the body weights of eight Sooty Shearwater chicks
at one colony in New Zealand. Using his daily weighing data in changes of the food
amounts in fresh weight fed to them, we obtained 13.3 days (12.8-14.2 days) of stable
periodicity by correlogram analysis (Fig. 2-1). Full and new moons were located
between peaks of these waves as were seen in the Short-tailed Shearwaters. RICHDALE
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Fig. 2. (1) Food amounts fed to 8 Sooty Shearwater chicks at Snares Island in New Zealand in
1944 (after RICHDALE, 1945) and its correlogram calculated by us. See Fig. 1 for open
and solid circles. X shows the average periodicity estimated, r,. shows serial correlation
coefficients and k shows days. (2) Percent age of the chicks fed among the 57 chicks
of Sooty Shearwaters at Snares Island in New Zealand in 1953 (after RICHDALE, 1954)

and its correlogram during the period between 10 February and 5 April (desertion point),
calculated by us. :
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(1954) also shows the daily changes in the percentage of Sooty Shearwater chicks
(n=>57) fed at a colony in New Zealand in 1953 (Fig. 2-2). Since the chicks of this
species have a long desertion period after mid-April, we made the correlogram up to
the desertion point. Its periodicity was 15.2 days (13.0-16.6 days) (Fig. 2-2), showing
a semilunar rhythm. RICHDALE (1954) found no correlation between weather and
the percentage of parents returning to the colony, and no adequate explanation for
this pattern was proposed.

. Semilunar cycles in the chick growth curve and in the feeding activity of the chicks
by the parents of these two shearwater species seemingly reflect a similar semilunar
cycle of the Australian krill availability. Diving birds probably capture swarming krill
near the sea surface (BROWN et al., 1979). SKIRA (1979) described the Short-tailed
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Shearwaters diving to about 12 m below the sea surface. This krill is most abundant
in the upper surface layer 30 m in depth at night from October to June and aggrega-
tions reach densities of 200inds-m™ (BLACKBURN, 1980). Some euphausiid species
are known to surface-swarm even in daytime and their densities occasionally reach
up to 1500000 inds-m~2in Euphausia lucens (NicoL et al., 1987), 600000 inds-m~2
in Thysanoessa longicaudata (FORSYTH and JONES, 1966),30000inds-m™® in Euphausia
krohnii (BAKER, 1970) and 72 inds-/~*! in Euphausia pacifica (HANAMURA et al., 1984).
The Australian krill are also known to swarm at a density of 10000 inds-m~2 at
certain times of the year (O’BRIEN et al., 1986).

BRrROWN et al. (1979) described that spring tides help the euphausiid Meganycti-
phanes norvegica to swarm and their swarming did not occur during neap tide. This
suggests the existence of their semilunar abundance in the surface water.

The semilunar cyclic rhythms in chick growth and feeding or food availability
shown in these shearwaters seem to be peculiar to krill feeders and were not found in
the fish-feeding shearwaters such as the Streaked Shearwaters (Calonectris leucomelas)
(Jipa, 1987). However, to explore further the relationship between krill movements
and shearwater feeding behavior, much more ecological information is required on
the shearwaters feeding areas for chicks as well as for themselves, chick daily growth
and the Australian krill, especially on their vertical movements related to lunar rhythm.

3. Mass 'Molftélity and Chick Growth in Short-tailed Shearwaters

For many years it was believed that the Short-tailed Shearwaters migrated along
a vast figure-of-eight trans-equatorial circuit of the Pacific. However, SHUNTOV
(1972) proposed another theory that in northward migration most of ‘the birds flew
in temperate waters in a broad area between Japan and the Hawaiian Islands. In
particular heavy concentrations of the shearwaters ontheir through flights can be
observed between Honshu, mainland of Japan, and 160°E as the birds approach the
Japanese shores from southern directions. GuzmaN (1981) had the same opinion as
SHuNTOV (1972) and supposed the heavy concentrations approaching Japan to be
hatching year birds.

Recently, we carried out eleven trans-North Pacific surveys to clarify their migra-
tion route. More than 99 percent of the birds found dead along the Japanese coast
were hatching year birds. They were extremely emaciated due to complete exhaus-
tion of body lipids (OkA' and MARUYAMA, 1985, 1986). It is likely that the Short-
tailed Shearwaters achieve their migration using the energy stored at the breeding
places, as do the Manx Shearwaters (Puffinus puffinus) (PERRINS et al., 1973). There-
fore, migratory success in the Short-tailed Shearwaters must be determined before
migration. The number of hatching year birds beach-washed along the Japanese
coast varies among years (Fig. 3). In years of low mortality, about ten birds per
km were recorded in late May and June (OKA et al., 1985). However, mass mortalities
far beyond the usual level occurred in wide range in 1964 (Ozawa, 1964 ; KAWAGUCHI
and MARUMO, 1964 ; KURODA, 1967), in 1973-1975 (SUGIMORI et al., 1976; TOYOHASHI
WiLD BIrRD CLUB, 1973-1976, 1978) and recently in 1983-1985 (OKA and MARUYAMA,
1986). The number of dead birds was about 80/km in 1974 and 1975, but about 40/
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Fig. 3. Numbers of dead Short-tailed Shearwaters found along Kujukuri-Beach, Central Honshu,
Japan, 1974 to 1986 (data of 1974-1982 by Ok4 et al., 1985; 1983-1985 by OkA4 and
MARUYAMA, 1986, 1986 by Ok4 and MARUYAMA, unpublished). The occurrence of the
mass mortality in 1977 was localized in the study area caused by the storm (OkA et al.,
1986) and the mass mortality in 1974, 1975, 1983, 1984, 1985 occurred for several
hundred to a thousand kms along the coast.
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Fig. 4. Regression growth curves in body weight for Short-tailed Shearwater chicks in 1980, 1985
and 1986 fitted by the von Bartalanffy equation. The number in parentheses shows the
weighing frequency. Solid circles show weight values for 1984. Regression equations
and the mean squared sums of deviations (MSD) of each year are as follows. An average
chick weight of 57 g at hatching in 1985 was treated as a constant for these regression

calculations.
1980: y=958.2(1—0.732¢~0-0308%)34 57 0
MSD=1591.1
1985: y=784.1(1—0.763¢=9-05%4)34 57.0
MSD=4965.7
1986: y=667.0(1—0.636e~°-059%%)3 1 57 0
MSD=23777.5

Data were cited from NAARDING, 1980 ; LiLL and BALDWIN, 1983 ; OKk4 and MARUYAMA,
1985; Ok4 et al., 1986.
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km in 1984. Those in 1983 and 1985 were very low, 30 and 25/km, respectively.
Mass mortalities seem to occur at intervals of 10 years, and once they occur, they may
continue at least for 1 to 3 years (OkA and MARUYAMA, 1986). SERVENTY (1967) re-
ported the same interval in occurrences of mass mortality in southeastern Australian
waters.

Chick growth curves in weight between hatching and desertion points from three
breeding seasons, 1980, 1985 and 1986 (NAARDING, 1980; LiLL and BALDWIN, 1983;
OkA and MARUYAMA, 1985; OkA et al.,, 1986), most closely fitted von Bertalanffy
equation of the three regression formulae; logistic, Gomperz and von Bertalanffy.
An average chick weight of 57 g at hatching in 1985 was used as a constant for the
regression calculations. The three year von Bertalanffy regression curves for chick
body weight are shown in Fig. 4. Two values from 1984 are also shown and com-
pared with curves of other years. The body weight reached its maximum at the de-
sertion point.

The south Tasmanian chicks in mid-April, 1980, showed an excellent growth,
probably affected by the greatest attentiveness of their parents at the later feeding
stage (Fig. 4). This best chick growth of 1980 coincided with a low mortality along
the Japanese coast, and an intermediate growth in Tasmania and a moderate mass-
mortality in Japan were found in 1985. Although chicks were weighed only twice
before desertion point in 1984, these values were low and showed a poor chick growth.
This was also supported by the information from mutton-birders in the Bass Strait.
The poor growth of chicks in 1984 corresponded to the occurrence of big mass-mor-
tality in Japan. In 1986 when the chick growth in Tasmania was extremely poor,
mass mortality occurred along the coast of Guam, in the tropical waters far south
of Japan (WILES, pers. commun.), as well as along the east coast of Australia and
failed fledgelings unable to fly were found on many colonies even in late May
(NAARDING, pers. commun.).

Therefore, we find links between the mass mortalities in Japan or in the southern
waters on their migration and the growth of chicks in Tasmania, and between the chick
growth and the fluctuations of the Australian krill abundance. No mass mortality
of the Sooty Shearwaters, however, has been found along the Japanese coasts except
in a few localized areas (SUGIMORI et al., 1976; OkA et al., 1985), although they prob-
ably take the same krill around the breeding sites in New Zealand and southeastern
Australia. It is because the Sooty Shearwaters have developed a better adaptation to
diving than the Short-tailed Shearwaters (KURODA, 1954), and they are more efficient
in capturing krill, squid and fish than Short-tailed Shearwaters. In the northern
North Pacific, they mainly take fish rather than krill (CHu, 1984; OGI, 1984). Their
population is thus likely to remain more stable, compared to the Short-tailed
Shearwaters, which depend mainly on krill populations which are situated at lower
trophic levels than small fish. In addition, their wintering area is located more south
(40°-50°N) than that of the Short-tailed Shearwaters (45°~70°N). The combination
of these factors may help them to complete their migration and to capture food more
easily than the Short-tailed Shearwaters. However, if they should meet an extreme
shortage of krill in their breeding waters, mass mortality will also occur amongst
them. In 1942, a mass mortality of the Short-tailed Shearwaters and poor growth
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of the Sooty Shearwater chicks were recorded in southeastern Australia, Tasmania
and New Zealand (RICHDALE, 1945; SERVENTY, 1967). :

4. Conclusion

The Australian krill is an important food source for chicks of Short-tailed
Shearwaters and probably for the Sooty Shearwaters.. Accordingly, semilunar cyclic
rhythms of the growth curve for both shearwater chicks and chick-feeding by the
parent Sooty Shearwaters possibly reflect the availability of the krill and its ecological
movement may be synchronized with the semilunar cycle. Fluctuations in krill
abundance probably affect chick growth in both shearwaters and may cause mass
mortalities in the Short-tailed Shearwaters every ten years or so. Thus, chick growth
in both shearwaters may be a biometer for fluctuations of the Australian krill popula-
tion. The dead bird count along the coast for the Short-tailed Shearwaters in Japan
may be a remote bio-censor of the annual abundance of krill populations at least
in Australian waters. However, more ecological studies are required, especially on
krill populations if those biometers are put to practical use, because we have only
limited information on them at present.
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