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Phytoplankton populations in Lake Bonney (Taylor Valley)
live below 4.5 meters of perennial ice cover, which reflects or
absorbs all but a small portion of incident light and prevents
wind-induced mixing. Given the low advective streamfiow and
strong vertical density gradients, turbulence is virtually absent,
and the flagellate populations in this lake are highly stratified
along the depth gradients in light, temperature, salt, and in-
organic nutrients.

Study of these photobiologically interesting phytoplankton
populations is hampered by their relative inaccessibility during
much of the year. Our objective was to determine if instruments
measuring solar-induced chlorophyll fluorescence emitted by
phytoplankton ("natural fluorescence") constitute a practical
means of monitoring biomass and production in Lake Bonney
when direct sampling of the lake is difficult. The estimation of
photosynthesis from fluorescence is based on the hypothesis
that the efficiency of light absorption is a primary factor gov-
erning the quantum yield of photosynthesis as well as the quan-
tum yield of fluorescence, so that the latter may be an index of
the former. Although much is known about how photosyn-
thesis of natural populations varies as a function of light inten-

sity (the photosynthesis-irradiance curve), little is known about
how irradiance affects the fluorescence yield in natural popu-
lations. Here, we present preliminary results on the variation
of fluorescence yield of Lake Bonney phytoplankton in vitro and
discuss approaches used to estimate primary productivity from
natural fluorescence. In situ measurements of natural fluores-
cence and other bio-optical parameters are presented in a sep-
arate contribution (see Lizotte and Priscu, Antarctic Journal, this
issue).

A 10-liter sample was taken by lowering a Niskin bottle
through a drill hole in the ice cover. The sample was stored in
the dark at ambient temperature. After at least 30 minutes of
dark-adaptation, a 1-liter aliquot was placed in a clear polycar-
bonate container and the Lu 3 (chlorophyll fluorescence) sensor
of a Biospherical Instruments PNF-300 profiling natural fluo-
rometer was positioned directly over the uncovered top of the
container. The container was then illuminated by a halogen
projector (500-watt) source filtered through two blue-green
(Corning 4-97) filters and one or more nickel screen neutral
density filters. Chlorophyll radiance was corrected for a back-
ground measured on filtered lake water and divided by scalar
irradiance to estimate a relative fluorescence quantum yield.
An example measurement for phytoplankton sampled at a pie-
zometric depth of 4.5 meters on 20 November 1990 is presented
in figure 1. At steady low irradiance (<6 micromoles of photons
per square meter per second), light limiting for photosynthesis
(Lizotte and Priscu 1990), fluorescence yield was constant.
However, at irradiances near or above the threshold of light
saturation of photosynthesis (ikF 15-40 micromoles of photons
per square meter per second, Lizotte and Priscu 1990), fluores-
cence rose to a peak and then rapidly declined to a new steady
state (Fe) after approximately 5 minutes of illumination. Also
shown in figure 1 is the fluorescence transient that occurs when
the herbicide dichlorophenyl-dimethyl urea (DCMU) is added.
There is an immediate fluorescence yield increase from F to a
maximum yield (F,). At increasing irradiance, there is a decline
in both F and F, as well as in the difference F, - F, the steady-
state variable fluorescence.

A decline in fluorescence yield ("quenching") as irradiance
increases has been explained through mechanisms that dissi-
pate absorbed light energy in excess of that needed for steady-
state photosynthesis by releasing heat (Genty, Briantais, and
Baker 1989). As more energy is directed toward heat, propor-
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Figure 1. Time course of relative fluorescence yield for Lake Bon-
ney phytoplankton sampled at 4.5 meters on 20 November 1990.
Measurements were made with four separate 1-liter aliquots ex-
posed to scalar irradiances of 5.5, 18, 67, and 200 micromole pho-
tons per square meter per second. The discontinuity at time equal
to approximately 300 seconds, corresponds to the addition of the
photosynthetic inhibitor dichlorophenyl-dimethyl urea at a final
concentration of 10 micromolar.

tionally less energy is emitted as fluorescence. A unique feature
of Lake Bonney phytoplankton is the low threshold irradiance
for the onset of fluorescence quenching, about 20 times lower
than previously observed for phytoplankton in culture (figure
2). Quenching at very low irradiance suggests extreme shade
"adaptation" in Lake Bonney phytoplankton through mainte-
nance of low photosynthetic capacity. Such scaling of photosyn-
thetic capacity to the low ambient irradiance minimizes the
cellular "cost" of phototrophy.

We are assessing the importance of quenching at low irradi-
ance on the estimation of photosynthesis from natural fluores-
cence by comparing several types of derived photosynthesis-
irradiance functions. Relative photosynthetic response was
estimated from fluorescence emission using the method of
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Figure 2. Relative fluorescence yield (Fe) of Lake Bonney phyto-
plankton (4.5 meters) as a function of scalar irradiance (closed
circles), and of Thalassiosira weisflogii grown at 70 micromole pho-
tons per square meter per second (mol photons m- 2 s- 1 ) (open
circles) (Falkowski et al. 1986). Note log scale for irradiance; fluo-
rescence yield is normalized to the maximum in each case.

Kiefer, Chamberlin, and Booth (1989), which assumes a con-
stant ratio of the quantum yields of photosynthesis and fluo-
rescence, as well as a modification of this method (Chamberlin
et al. 1990), which incorporates an irradiance dependent cor-
rection to the ratio. A third method of estimating photosyn-
thesis from fluorescence uses the ratio of variable (F,, - F) to
maximum (F,,) fluorescence (Genty et al. 1989). This fluores-
cence ratio has been shown to be robustly related to photosyn-
thetic electron transport. Finally, all these measures of light
dependent photosynthesis were compared to the photosyn-
thesis-irradiance curve derived from measurements of carbon-
14 assimilation as described by Lizotte and Priscu (1990).

Preliminary results suggest that both the original and mod-
ified method for the estimation of photosynthesis from natural
fluorescence shows significantly slower saturation with increas-
ing light intensity compared to the carbon-14 derived curve
(figure 3). Thus, fluorescence-based estimates of photosyn-
thesis at 'k (46 micromoles of photons per square meter per
second) are about 30-60 percent of "saturated" photosynthesis
at 200 micromoles of photons per square meter per second. On
the other hand, the fluorescence ratio method shows a closer
correspondence to the saturation characteristics of carbon-14
assimilation (figure 3).

Subsequent analysis will attempt to improve the accuracy of
fluorescence-based estimates of photosynthesis using a cus-
tomized quenching correction. We will also consider whether
environmentally specific corrections of photosynthesis esti-
mates can be derived using ancillary measurements of variable
fluorescence. In any case, the analysis to date suggests that a
single correction formula will not be sufficient for both oceanic
surface waters and stratified deep chlorophyll maxima such as
in Lake Bonney.

We thank Michael Lizotte, Thomas Sharp, Robert Spigel, and
Ian Forne for field assistance. This work was supported by
National Science Foundation grant DPP 88-20591 to John C.
Priscu.
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Figure 3. Estimates of relative photosynthesis as a function of
irradiance for Lake Bonney phytoplankton sampled from 4.5 me-
ters using carbon-14 assimilation (solid curve), a constant ratio
between the quantum yields of photosynthesis and fluorescence
(triangles), an irradiance dependent ratio between the quantum
yields of photosynthesis and fluorescence (squares) or the steady
state variable to maximum fluorescence (solid circles). For the
purpose of comparison photosynthesis was normalized to 1 at 200
micromoles per square meter per second (imoI m-2 1).
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Lake Fryxell, one of a series of closed-basin perennially ice-
covered lakes located in the Taylor Valley of southern Victoria
Land, is the site of continuing studies of the biogeochemistry
of trace metals, organic matter, and nutrients in lake ecosys-
tems. Approximately 7 square kilometers in area and with a
maximum depth of 18.7 meters, Lake Fryxell has a center ice
thickness of 5 meters. It is fed by 10 glacial meltwater streams
that flow intermittently for a period of about 2 months during
the austral summer. These inflows, along with a contribution
from wind-blown particles that reach the water column through
fissures in the ice cover, are the major source of solutes to the
water column. The water column is extremely stable, and the
dominance of diffusion-controlled transport of solutes has been
documented (Lawrence and Hendy 1985; Aiken et al. 1991).

To illustrate the predominant hydrologic and chemical factors
that affect cycling of metals and nutrient elements in the lake,
figure 1A shows concentration-depth profiles for sodium, a
nonreactive element. Sodium increases monotonically from 196
milligrams per liter at the surface layers just beneath the ice to
2,844 milligrams per liter at 18 meters, about 0.5 meters above
the sediment surface. Such a profile shape indicates a source
of sodium from the sediments, a stable water column, and
diffusion-dominated transport as dominant features.

The euphotic zone, extending from just under the ice cover
at 5 meters down to 9.5 meters, has a dissolved oxygen profile
that proceeds from 0.7 millimolar at 5 meters to a maximum of
1.1 millimolar at 75 meters, and decreases to below detection
at 9.5 meters. The hypolimnion, extending from 9.5 to 18 me-
ters, is anoxic, with sulfide concentrations approaching 1.25

millimolar (Howes and Smith 1990). The presence of a well-
defined oxic-anoxic boundary, together with the stable water
column, active phytoplankton and bacterial communities at dif-
ferent levels throughout the water column, and a reducing hy-
polimnion, present distinct conditions that would affect redox-
sensitive, biologically utilized elements such as manganese and
iron. Iron is an essential micronutrient for phytoplankton and
bacteria, and it is associated with the cycling of other nutrients
such as sulfur and phosphorus.

During the austral summer season of 1990-1991, we sampled
lake water column profiles of particulate, colloidal, and dis-
solved metal species by tangential-flow ultrafiltration (Ranville,
Harnish, and McKnight 1991), with particular emphasis on
iron-size fractionation. Considerable evidence has accumulated
to indicate the importance of particulate and colloidal phases
(organic and inorganic) in the cycling and transport of iron
(Hart 1982). In the data that follow, we define particulate (>0.45
micrometer), colloidal (0.45 micrometers to 100,000 daltons),
and dissolved (<100,000 daltons) phases operationally as the
difference between unfiltered, 0.45 micron-filtered, and
100,000 nominal molecular weight-filtered concentrations. For
purposes of simplicity in discussing the profile shapes, we fur-
ther combine particulate and colloidal forms and consider them
in total as "insoluble."

A conceptual model of a generalized transport mechanism
for iron and manganese in lakes has been presented by Davison
(1985) and is illustrated in figure lB. Based upon iron profiles
and likely redox reactions and transformations between partic-
ulate and dissolved phases, this model predicts a two-way cy-
cling of iron (Fe) and manganese (Mn) elements. Assuming a
redox boundary (redoxcline) that is well defined and dictated
by the oxic-anoxic boundary, the model assumes a source of
oxidized insoluble metal in the oxic zone that is transported
downward by gravitational and random transport processes to
the redox-cline, where decreased negative log hydrogen ion
activity (pH) and redox potential (pE) favor reductive dissolu-
tion to reduced soluble forms:

Fe(OH)3(S) + 3H + e = Fe` + 3H20
Mn02(S) + 4H + 2e = Mn2 + 2H20

Upward diffusion of the dissolved iron or manganese into the
oxic zone results in re-oxidation and precipitation as particulate
oxides, and the cycle continues. This two-way transport cycle
produces and maintains a characteristic maximum of insoluble
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