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pacity (micrograms of carbon per microgram of chlorophyll a
per hour) occurred before noon and around midnight (figure
1A). As the daylight portion of the photoperiod lengthened,

max progressively shifted later in the day (figures 2A, 3A) until
it occurred about 2400 hours in November x.rhen irradiance was
continuous (figure 3A). The low photosynthetic capacity during
this mid-day period was not the result of photoinhibition. Pmax
and a (the slope of the light limited portion of the photo-
synthesis-irradiance, P-I, curve) had similar diel patterns and
were highly correlated (r = 0.9). A linear relationship between
1 max and a requires proportional changes in both parameters;
thus the relative shapes of the P-I curves and saturation irra-
diance ( Ik = 40 microeinsteins per meter per second) remained
relatively constant throughout the season. During this period,
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The rotation of the Earth and attendant alteration in periods of
light and dark has imposed a requirement for coordination
among synthetic and reproductive processes (Sweeney 1983).
This results, for many species, in a phase relationship between
both biosynthesis and cell division and the environmental light/
dark cycle. Many physiological characteristics of micro-
organisms can be entrained by an external zeitgeber" (i.e., the
light/dark cycle) and diel periodicity in metabolism and growth
is a general characteristic of many temperate and tropical algae,
bacteria, and protozoa. In polar environments, the photic regi-
me is unique: 4-month periods of continual light or darkness are
separated by 2-month transition periods where the pho-
toperiod changes about 20 minutes per day. Thus, populations
endemic to these regions may not be subject to the same meta-
bolic regulatory mechanisms as temperate and tropical species
which evolved under regularly alternating light/dark periods.
In this study, we measured the diel periodicity of algal photo-
synthesis, bacterial growth, and grazing rates of micro-
zooplankton in McMurdo Sound, Antarctica.

Studies were conducted during the austral spring at our field
station located about 25 kilometers north of Cape Armitage and
8 kilometers west of Tent Island in McMurdo Sound (Rivkin and
Putt 1987). At 4- to 5-hour intervals for 24 to 30 hours, samples
for photosynthesis and bacterial growth were collected in 10-
liter Niskin bottles from 25 meters and microzooplankton were
collected by vertically towing a 0.5-meter diameter, 20-microm-
eter aperture plankton net in the upper 50 meters of the water
column. Photosynthesis was measured at 7 to 8 irradiances (0.5
to 250 microeinsteins per square meter per second). Bacterial
growth rates were determined by the incorporation of methyl-
tritiated thymidine (3H-TdR; specific activity 45-60 curies per
millimole TdR; 5-15 nanomoles per liter final concentration of
TdR) into acid insoluble nucleic acids (Fuhrman and Azam 1980;
Ducklow and Hill 1985). We determined an average conversion
factor (c.f., Ducklow and Hill 1985) of 2.2 x 10 cells per mole
TdR incorporated (range 1-7 x 1018). Microzooplankton graz-
ing rates were determined by the dual labelling (3H-TdR and
NaH 14CO3) technique of Lessard and Swift (1985) as modified
by Rivkin et al. (1986). Photosynthesis and bacterial growth
experiments were incubated for 1-2 hours and grazing experi-
ments for 3 hours at ambient temperature.

During early September, when daylight was <12 hours per
day, maximum (P T,,,,) and minimum (P,,) photosynthesis ca-
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Figure 1. Diel pattern in (A) photosynthetic capacity (P m) expressed
as a percentage of maximum photosynthetic capacity (Pma),) ob-
served during each of the diel periodicity experiments (P m X 100/
Pma),), U, and incident irradiance (microeinsteins per square meter
per second; solid line); (B) bacterial growth rate and (C) clearance
rates of the tintinnid Cymatocylis vanhoeffeni and nonphoto.
synthetic dinoflagellate Protoperidinium antarcticum measured 6 to
9 September.
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Figure 2. Diel pattern in (A) photosynthetic capacity (Pm) expressed
as a percentage of maximum photosynthetic capacity (Pmax) ob-
served during each of the diel periodicity experiments (P m X 100/
Pmax), N, and incident irradiance (microeinsteins per square meter
per second; solid line); (B) bacterial growth rate and (C) clearance
rates of the tintinnid Cymatocylis vanhoeffeni and nonphoto-
synthetic dinoflagellate Protoperidinium antarcticum measured 10
to 14 October.

the assimilation ratio decreased from about 8 to 1 micrograms of
carbon per microgram of chlorophyll a per hour and the ampli-
tude of the Pmax tOPn, , n ratio increased from 2-3 in early Sep-
tember to 15 by late November.

Bacterial growth rates were similar to temperate and tropical
bacterioplankton (1.5 to 3.0 per day). Growth rate showed a well
defined die! periodicity. Maximum and minimum growth rates
occurred mid-day and between 2400 hours and 0600 hours,
respectively, on all sampling dates and appeared to be inde-
pendent of the photocycle (figures lB. 2B, 3B).

Clearance rates were measured for an abundant tintinnid
(Cymatocylis vanhoeffeni Laackmann, 1907) and a nonphoto-
synthetic dinoflagellate (Protoperidinium antarcticurn) in early
September and mid-October. These microzooplankton in-
gested only bacteria and excluded phytoplankton (figures 1C,
2C). This is consistent with previous observations on the selec-

tive grazing of antarctic microzooplankton and invertebrate
larvae (Lessard and Rivkin 1986; Rivkin et al. 1986); thus, clear-
ance rates were calculated for 3H labelled particles only. In early
September, maximum clearance rates occurred around mid-
night for both the tintinnid and dinoflagellate (figure 1C). By
mid-October, maximum clearance rates for P. antarcticum shift-
ed to the mid-day period (figure 2C). Throughout the study
period, there was no apparent diel periodicity in chlorophyll a
concentrations or bacterial abundances.

In temperate phytoplankton, persistent diel oscillations in
photosynthesis can be entrained by alternating cycles of light
and dark (Prézelin, Meeson, and Sweeney 1977; Sweeney 1983).
Both light-limited and -saturated rates of photosynthesis gener-
ally have daily maxima and minima during the light and dark
periods, respectively, (Sournia 1974; Harding et al. 1982a,
1982b; Putt and Prézelin 1985). During September and early
October, when incident irradiance was periodic, the diel pat-
terns of photosynthesis of polar and temperate phytoplankton
were similar. During the remainder of the austral spring and
summer, when irradiance was continuous, Piiax occurred at
about midnight and P,,, at mid-day. Temporal changes in pho-
tosynthetic characteristics can significantly influence estimates
of area! production (Harding et al. 1982a, 1982b). Most previous
studies of primary production in the Antarctic were done dur-
ing the late austral summer and were usually based on single,
mid-day incubations (Holm-Hansen et al. 1977; Nelson and
Smith 1986). The mid-day period is when photosynthetic capac-
ity is at its daily minimum (figure 3A), thus primary production
may have been underestimated. During the austral summer,
daily production calculated from time-of-day-correct photo-
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Figure 3. Diel pattern in (A) photosynthetic capacity (Pm) expressed
as a percentage of maximum photosynthetic capacity (Pmax) ob-
served during each of the diel periodicity experiments (P m X 100/
Pmax), U, and incident irradiance (microeinsteins per square meter
per second; solid line) and (B) bacterial growth rate measured 21 to
23 November. Microzooplankton grazing was not measured on this
date.
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synthetic characteristics is about 3 times greater than predicted
from a single 6-hour mid-day incubation extrapolated to 24
hours. Similarly, bacterial growth and grazing by micro-
zooplankton exhibit distinct diel periodicities, thus extrapolat-
ing results of short incubations to daily rates may be misleading.
For example, extrapolating mid-day rates to 24 hours would
overestimate bacterial growth and production by a factor of 2 to 5
and underestimate grazing rates of some microzooplankton by
two- to fourfold.

This study demonstrates, for the first time, diel periodicities
in polar microbial populations. It also shows that the phys-
iological characteristics of populations in polar and temperate
regions can differ significantly, thus models developed for tem-
perate species may not be appropriate in polar regions. This
work represents part of our continuing study of the metabolism
of polar microbial populations. We are currently examining the
coupling and trophic interaction among phytoplankton, bacte-
ria, and microzooplankton.

This research was supported by National Science Foundation
grant DPP 83-14607 and DPP 85-20278 to R.B. Rivkin.
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Chitin degradation during the austral
summer in Antarctica
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Chitin, a biopolymer composed of subunits of the amino
sugar N-acetyl-D-glucosamine, is the primary constituent of
the exoskeleton of zooplankton. The dominant zooplankton
species in the Antarctic is Euphausia superba, commonly called
krill. This crustacean serves as the primary item in the diet for
many different kinds of animals, including seals, whales, birds,
and fish. Approximately 4-10 percent of the dry weight of krill
is chitin (Clarke 1980; Raymont, Srinivasagam, and Raymont
1971). The degradation of chitin requires the action of a specific
enzyme called chitinase which is produced by a small group of
microorganisms (Clarke and Tracey 1956) and is found in the
tissues of some vertebrates (Jeuniaux and Cornelius 1978). Mil-
lions of tons of chitin are produced each year in the antarctic
ecosystem, and our research project focuses on finding the
routes of chitin degradation in Antarctica. An objective of our
study was to determine if krill-feeding animals in the Antarctic
can degrade a significant portion of the chitin that they con-

sume. A second objective was to examine the chitin degradation
rates in the environment and characterize the microorganisms
that are responsible for this activity. If chitin is not degraded,
large quantities of carbon and nitrogen 'would become lost in
the Antarctic. During the 1986-1987 austral summer our re-
search group examined the rates of chitin degradation and the
presence of chitinolytic bacteria in an Adélie penguin rookery,
and in marine sediments and water. In addition, the chitin
degradation ability of crabeater seals (Lohodon carcinophagus) was
investigated.

Cra beater seal studies. Crabeater seals are the most numerous
seal species in Antarctica and in the world with a population
estimated to be about 30 million (Laws 1985). These marine
mammals feed almost exclusively on krill. With the cooperation
of scientists from the National Marine Mammal Laboratory
(Seattle, Washington) a small number of seals was sacrificed and
the digestive contents removed for chitin degradation studies.
Digestive tract tissues were also examined for the presence of
chitinase.

Chitin degradation in an Adélie penguin rookery. During the aus-
tral summer Adélie penguins (Pygocelis adeliae) breed and raise
chicks in rookeries (figure). Studies were performed in an Adé-
lie penguin rookery located on Torgersen Island, a site near
Palmer Station, Anvers Island. This rookery serves as the home
for over 15,000 adult penguins during the austral summer
(Heimark and Heimark 1984), and large quantities of guano,
which contains chitin, are deposited in the rookery. For deter-
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