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PHOTOINHIBITION: ALGAL RESPONSES TO BRIGHT LIGHT DURING DIEL
STRATIFICATION AND MIXING IN A TROPICAL ALPINE LAKE!

Warwick F. Vincent,? Patrick J. Neale and Peter J. Richerson

Insiitute of Frology, University of Czlifarnia, Davis, California 95616

ABSTRACT

Near surface thermoclines form each day in the limnetic
walers of Leke Titicaca (Peru-Bolivia) and thereby retain
phytoplankton under extreme irvadiances. This bright light
exposure results in strongly depressed chlorophyll fluores-
cence and photosynthesis which both decay (bright light)
and recover (dim light) by first order rate kinetics. During
each afternoon the phytoplankion are redistributed by wind-
induced mixing, and full vecovery is accomplished soon
after nightfall. In vive fluorescence was measured over
this diel exele both with (F,) and without (F,) 343,4-dich-
lovophenyl)-1. I-dimethyl urea. Strongest bright light ef-
Jects were on the parameter (F, — F,), a crude measure
of operational photosystem II reaction centers (RC Is). On
dates of strong thermocline development, surfarve (F, —
F,) was reduced to 5% or less of that for the mixed laver
maximum. Fluarescence depressionswas greater in the lake
than in Pyrex bottles incubated at fixed depths for 4 b,
Ultravioler light intensified the photoinhibitory response,
but strong (F, — F.) depression could be induced by pho-
tosynthetically available radiotion alone. In Lake Titi-
caca, photinhibition apparently operales by reversible in-
activation of RC Hs. It occurs in the natural waler column
and is not simply an artifact of fixed bottle incubations.

Key index werds: chlorophyll fluoresrence, DCMU; diel
mixing; lakes, alpine, tropical; photoinhibition; Pholosyn-
thesis; photosystem I Titicaca

Photoinhibition, the depression of photosynthetic
production rates at supra-optimal light intensities,
has been reported for planktonic algae at all lati-
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sion of Marine and Freshwater Science, DSIR, P.(). Box 415,
Taupo, New Zealand.

tudes (e.g. temperate oceans, Plate and Gallegos
1980: tropical lakes, Melack 1979: antarctic ponds,
Goldman et al. 1963). This bright light effect is com-
monly recorded in the near-surface bottles of in situ
experiments and explanations of its physiological
cause have included photorespiration (reviewed in
Harris 1978), enzyme destruction (Steemann-Niel-
sen, 1974) and depression of photosynthetic elec-
tron transport (Harris and Piccinin 1977). Recent
models of the photosynthesis—light relationship
(Platt et al. 1980) incorporate photoinhibition as a
continuous but non-linear function of photon flux
density (PFD) that acts in opposition 1o photo-en-
hanced photosynthesis over a broad range of PFDs,
including P,,,. the measured photosynthetic maxi-
mum.

Although photoinhibited production rates can be
unequivocally demonstrated in fixed depth incuba-
tions, many investigators have questioned whether
such effects operate in nature. Photoinhibition is
strongly time-dependent: photosynthesis becomes
mcreasingly depressed with increasing time of ex-
posure to bright light (e.g. Takahashi et al. 1971)
and then slowly recovers in dim light or darkness
(e.g. Steemann-Nielsen 1974). In short term incu-
bations (Harris and Piccinin 1977) and experiments
in which bottles are continuously circulated through
a PFD gradient (Jewson and Wood 1975, Marra
1978) photoinhibition is greatly reduced or elimi-
nated. Vertical mixing processes in natural water
columns might therefore mave phytoplankton in and
out of the near-surface zone too rapidly to permit
the inhibitory effects of bright light. By this argu-
ment, photoinhibition is simply an arufact of the
usual fixed depth incubation method.

Photoinhibition will occur in situ if physical con-
ditions prolong the residence time of algae in the
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upper few meters of the euphotic zone or il the
depression effect occurs rapidly relative to mixing
rates. Such counditions occur frequently in alpine
lakes and in the tropics where elevated solar energy
inputs and high sun angles, respectively, promote
diurnal surface thermoclines—a stable density strat-
ification formed each day by the hf-.nmg of near-
surface waters (e.g. Hutchinson 1975, Dillon and
Powell 1979, Bruce and Beatty 1982). Stron;.:, near-
surface stratification has also been reported from
various low-altitude temperate lakes (e.g. Zimmer-
man et al. 1981).

We report here extreme photochemical responses
to bright light by the phytoplankton of Lake Titi-
caca, a large high aluiwude lake in the tropical Andes.
We first document the occurrence and range of flu-
orescence responses during the diel stratification
cycle. We then examine the relationship berween
Auorescence depression and photosynthetic CO, fix-
ation, and attempr to relate these observations to
current maodels of photosynthetic phatochemistry.

MATERIALS AND METHODS

Study sites. Lake Titicaca is a large (8100 km®) deep-{maximum
depth 275 m) alpine (3803 m ASL) lake which lies on the Peru-
Bolivian barder a1 16° 8 latitude (further information in Rich-
erson et al. 1977, Lazsaro (981) Two mid-basin sites were rou-
tinely visited lor Huorescence profiling and photosynthetic assays.
one in Bahia de Puno, a shallow bay (525 km®, 7. =37 m, 2=
14 m in the open water region) on the westerit side oF Titicaca,
the second in Lago Grande, the main basin (8315 km®. Z,. =
275 m, 7 =147 m).

Sampling and phoscal measwrements. All samples were taken with
an opague Van Dorn water sampler. Photon flux density (PFD)
was measured with a Lambda quantum irradiance probe with a

4 = sensor (Lambda Lostruments, Lincoln, NE). Water temper-
atures were determined with 2 Whitney underwater thermistor,
either model CTU 3B or TC-5C {Whitney |nstrument Corp., San
Luis Obispu, CA).

Phatosynthotre €O, fixation. Water samples were dispensed inro
125 mL transparent or opague Pyrex bottles (hlled compleiely),
injected with *C-HCO, (knal activity of ca. (.05 uCi mL ') and
incubated i situ for 4 h, ca, 09:30 to 13:30 h local time (Goldman
1963). A1 the end of the incubation the plankion were filiered
antg .45 am Millipore membranes which were air-dried and
later counted by Ligquid seintillation spectrometry. Dissobved in-
urganic cathon was determined by pI and potentiometric titra.
tion {Anonymous 1971},

Flunrescenre mensurenceats, In vive Huorescence of chlorophyil
a was measured in a Turmer 111 fHuoromewer hited with a blue
excitation filter (C85-60) and red emission filter (C82-64). Plank-
ton samples were dark-adapted for 30 min. The warer was then
tramsterred to | em cuvettes in dim light and the Auorescence
was measured over the fifst 5 s exposure to the excitation beam
within the fluorometer (F,}. 'The excitation beam was shut off
and an agqueous soluticn of 3-(3,4-dichlorophenyl)-1,1-dimethyl
urea (DCMU) injected al 2 final concentration of 107 M. 1n the
samples tested, Buorescence was maximized alier 30 s, and this
plateau value was recorded as ¥, Alter dark adapration all RCI
traps are receptive {open) and Huorescence is at a minimum (F,).
DCML blocks the reoxidation of PSI intermediates and Auo-
rescence vield rises to a maximum (F). This sarighle vield (F, -
F.). thereby provides a relative, albeit crude, measure of open
RCII raps (Kok 1876). All Huorescence values reported here are
expressed on a common scale of relanve units, and are not nne-
malised against extracted chlorophyll a.

Chlorophoell a rstonates, Lake walter samples were filtered through
Whatman glass fiber (GF Gl Bliers which were theastored [rozen
until analysis. The filtered seston was extracted over 24 b in cold
100% methanol (Haolm-Hansen snd Riemann 1978). No further
extractinn accurred beyond this tine and extraction efficieny
was as high as in hmlmg methanol, The extracts were cleared by
ururlluh‘umn and assayed with the Turner 111 Buorometer cal-

ihruted against Chluruph}ll o standards (Holm-Hansen and Rie-

mann 1978).

RESLLTS

Vertical distribution of algae. Photosynthetic and Hu-
orescence assays were condueted thmu;,,hnut 1982
and spanned a w ide range of vertical mixing regimes
at each site. From February to May 1982 the phy-
toplankton of Lago Grande were distributed down
a deep mixed layer to ca. 40 m (Fig. 1a), well below
the 1% light level (ca. 20 m). The algae were mixed
to greater depths during winter cireulation (May—
August), but a1 the onset of stratification in Septem-
ber a deep chl # maximum formed at the botiom of
the euphotic zone (Fig. Ib). Surface chl a levels re-
mained low and the deep maximum persisted
through the final months of the year.

In polymictic Bahia de Punoalgal distribution pat-
terns ranged from vertical homogeneity during pe-
riods of complete mixing to large shifts in chl «
concentration with depth during stratification. A
one to two week period of stratification carly in the
year was accompanied by a marked decline in pho-
tochemical capacity as measured by DCMU-induced
fluorescence and chl @ below 20 m, suggesting that
daily net photosynthesis vceurred only above this
depth (Fig. 2a). Later in the year the water column
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became more transparent—the extinction coeffi-
cient tor photosynthetically available radiation {(PAR)
dropped from ca. 0.3 m™" over Januarv—May to ca,
0.2 m™' during the rest of 1982, Over this latter
period high photosynthetic capacities extended to
the basin Hoor (26 m at the routine sampling site)
and maximum chl « concentrations were often found
below the main thermaocline (Fig. 2b).

In fixed depth incubations in buth Lago Grande
and Bahia de Puno, the maximum photosynthetic
rates for the water column (A,,,.} were typically in
the region 5-10 m. Rates declined both above and
below this depth to ca. 5% of A, at 20-25 m and
15-20% of A, in near-surface (ca. 25 cm) bortles
{Fig. 3a, b), During the period of greater transpar-
ency in Lago Grande (October-December) the A,
region was broadened or even bimodal and the eu-
photic zone extended to 35-40 m,

Diel mixing cvele. Diurnal thermoclines are a char-
acteristic feature of the upper euphotic zone in both
locations, During the mornings of typical cloudless
days, surfuce temperatures rise by 1-2° C (Fig. 3a,
b). This epilimnetic temperature gradient generally
begins to break down in the late afternoon or early
evening, and during the night isothermy usually ex-
tends to the top of the main thermocline in Lago
Grande, and often to the lake floor in Bahia de Puna.
This results in a diel cvele of midday stratification
in which near surface phytoplankion stay above or
within the diurnal thermocline und are exposed to
several hours of intense radiation, tollowed by after-
noon and evening mixing and redistribution of cells
over the mixed laver. Thus analgal cell over a typical
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Fic. 3a, b, Near-surface photosynthesis and formation ol the
diel thermocline, a) Bahia de Puno, 21 July. Temperature at 07:
30h(O) 11:15 h (@), 13:00 h (4). b) Lago Grande, 30 September.
Temperature at 06:15 h (O}, 09:30 b (@), 12:45 (A} Photosvn-
thesis (PPR) measured by 4+ h midday incubation,

generation rime may experience extreme irradi-
ances for several hours at the surface, vet must also,
and more commonly, adjust to prolonged subopti-
mal light intensities lower in the water column.
Midday fluoreseence profiles. On all dates of late
morning or early aflernoon sampling, the in vivo
Auorescence parameters (F,, F,, F, — F,) were low
at the surface and increased with increasing depth.
Extracted chlorophvll a varied little over the same
region of the water column and therefore these ef-
fects appear to operate through changes in Huores-
cence vield rather than in the cellular concentration
of chlorophyll . The magnitude of this surface
depression varied with Huorescence parameter and
the shape of the diurnal thermocline. Least effect
was seen on F, the in vivo Huorescence of dark-
adapted cells in the absence of DCMU. Prior to the
preincubation in darkness, the Huorescence yield in
surface water, or in deeper water experimentally
incubated in full sunlight, was strongly depressed.
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Fic. 4. Fluorescence {F)) response 1o sunlight and recovery
during dark incubation. Samples from Bahiz de Puno: @, 17
March 5 m sample exposed 1o full sunlight for 15 min, then placed
in darkness {arrow, lower axis), Q. | September 0 m midday
sample dark-incubated (upper time axis). Curves firted by eve.
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However, when these samples were placed in the
dark there was considerable recovery to a final pla-
teau value within 30-40 min (Fig. 4). The 30 min
dark preincubation adopted here for F, measure-
ments therefore removes this type of bright-light
effect, which is probably attributable to chloroplast
conformational changes and/or light state transi-
tions (see Vincent 1979 for further discussion).

Near-surface F,, values at midday were always de-
pressed to a much greater extent than F,. The most
striking change was in the RC II parameter (F, —
F,) fluorescence, which on dates of strong thermo-
cline development was reduced to 5% or less of the
water column maximum. For all dates of midday
profiling (total of 19) F, — F, at 0 m averaged 21%
(SD = 13%) of values a1 10 m.

At midday all three fluorescence parameters (F,,
F,. F, — F,) often followed a saturating exponentizl
rise with depth {e.g. Fig. 5a). Deviations from this
pattern were apparent under two types of condi-
tions., When near surtace responses were extreme
and (F, — F,) fluorescence was zero or very low for
several meters down the water column the Auores-
cence-depth profile was sigmoidal in shape (Fig. 5b).
A similarly shaped curve was also apparent when
wind induced mixing began to disrupt the diel ther-
mocline and redistribute phytoplankton of presum-
ably different light histories (Fig. 5¢).

Morning pattern of fluorescence change. Closer ex-
amination of fluorescence changes over the course
of the morning confirmed that the shift in all pa-
rameters followed the development of the near-sur-

—

Fiti. B, Fluorescence depression and the diel thermocline. a)
12 May, 13:30 h, Bahia de Puno; b) 21 July, 13:00 h, Bahia de
Puno: ¢) 1 April, 11:00 h, Lago Grande. O, F,; @ F: 0. F, — F.:
@, temperature,
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face thermocline. Figure 6a presents one early
morning set of profiles in Lago Grande and illus-
trates the typically homogeneous distribution of F,,
F, and (F, — F,) at sunrise. Later that morning, and
concomitant with diurnal stratification, all fluores-
cence parameters were depressed near the surface
(Fig. 6b). The greatest percentage reduction was in
(F, — F,) fluorescence (79% decrease at 0 m) while
F, values were least reduced (18% decrease at 0 m).
On this date the percentage change in Huorescence
between early morning and midday followed a sat-
urating exponential curve with depth. However this
simple depth-time relationship was often distorted
by wind-induced mixing. or depression to the same
asymptotic minimum at several near-surface depths.

A compilation of all dates for which we have both
early morning and midday profiles emphasizes the
strong morning depression of Huorescence in the
near surface waters, and the consistent decrease of
this effect with increasing depth (Fig. 7). At depths
greater than 12 m (F,, — F,) values were often higher
al noon then they were earlier in the day. The mag-
nitude of fluorescence depression was highly vari-
able from date-to-date, and for any one depth was
not normally distributed (see frequency histograms
in Fig. 7). These observations suggesi that surface
bright-light levels consistently exert an overall con-
trol on fluorescence but that several other biophys-
ical and environmental factors may modulate this
effect.

Diel fluorescence tycle. Early morning profiles (see
above) clearly demonstrated that by the end of each
night the strong midday fluorescence depression had
been completely eliminated. To examine the pro-
cesses of depression and recovery in more detail, a
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series of profiles were taken over a two day period
in the middle of Lago Grande. Samples taken the
first evening upon arrival at the mid-lake site indi-
cated a strong surface reduction in chlorophyll flu-
orescence, particularly (F, — F ) levels (Fig. 8a). When
sampling resumed just before sunrise the next morn-
ing (05:30 h, Fig. 8b), (F, — F,) was uniform down
the water column. Near-surface temperatures were
slightly lower than at greater depths because of noc-
turnal cooling. At 07:30 h (Fig. 8¢) a 10-15% re-
duction in (F, — F,) was apparent. Two hours later
(Fig. 8d) diel thermocline formation was well un-
derway and fluorescence was depressed throughout
the top 10 m. Over the next few hours the near-
surface temperature gradient became stronger and
(F, — F,) depression imensified (Fig. 8e, f).

Throughout the morning wind velocities were low
(<0.5 m-s !, wave height <20 cm) bur in the early
afternoon wind stress increased and turbulent mix-
ing began to erode the diel thermocline. This de-
veloping surface mixed laver was apparent in the
upper 3 m by 15:30 h (Fig. 9a), and by sunset had
deepened to 5 m (17:30 h, Fig. 9b). Over this two
hour period (15:30-17:30 h) there was a 300% in-
crease in surface (F, — F), but at both 5 m and 7.5
m the Huorescence values were greatly reduced. [n-
tegral (F, — F,) Huorescence from 0-7.5 m increased
over this period by only 267, suggesting some phys-
inlogical recovery of cells, but that this effect was
small relative 1o mixing and the redistribution of
phytoplankton with different light histories.

At sunset {ca. 18:00 h} wind velocities increased,
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Fic. 9a—f.  Diel cycle of temperature and fluorescence-ther-
macline etosion and Auurescence recovery, 22 July, Lago Grande.
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day; f) 09:30 h next day. 3. F, — F,; ®. temperature.

toa maximum of ca. 6 m-s~! which persisted through
the rest of the night. [t was not until just betore
dawn that this continuous wind stress and convective
cooling finally restored isothermy (Fig. 9c—e). How-
ever, by 19:30 h'(F,, — F)) fluorescence had returned
to relatively high values at all depths suggesting con-
siderable physiological recovery rather than just
continued mixing. This homogeneity down the water
column was maintained throughout the night (Fig.
9c—e) and the diel thermocline and surface fluores-
cence depression were reinitiated after sunrise the
next morning (Fig. 9f).

The diel pattern is further summarized in Figure
10 which compares changes in (F,, — F,) fluorescence
at 0.5 m with variations in the turbulence parameter
N? (square of the Brunt-Vaisala frequency) which is
inversely proportional to mixing intensity (see Den-
man and Gargett 1983). These curves underscore
the close coupling between photochemical capacity
and the stratification and mixing cycle. There is a
negative correlation between water column stability
(as measured by N?) and (F, — F,) fluorescence: for
the period 07:30-21:30 h, r = ~0.833, P < 0.05).
Maximum N* and minimum {F, — F,) fluorescence
were recorded over midday-early afternoon (Fig. 10).
The mixed layer then deepened (maximum N? re-
corded at greater depths) and Auarescence recovery
began. Restoration of photochemical capacity in the
surface waters was first dominated by mixing which
redistributed cells of varying light histories, but
physiological recovery processes may have been in-
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Fic. 10. Turbulent mixing and fluorescence in the surface
waters of Lage Grande, 22 July. Dashed lines, F, — F, at 0.5 m;
solid line, maximum N¥ (square of Brunt-Vaisala frequency): O,
depth of maximum N2

creasingly important towards and immediately after
nightfall.

Additional waler samples were taken from 5 m at
each 2 h interval for chl o extraction and analysis.
These values averaged 1.49 mg chl a-m™ with no
large or consistent variations over the course of the
day or night. For the full cycle the coetficient of
variation (8D /%) was 17% for extracted chlorophyll
a, but 60% for (F, — F,) at the same depth. Thus
the diel shifts in in vivo fluorescence cannot be at-
tributed to changes in the cellular concentration of
chlorophyll 4.

Fluorescence depression in the lake compared with bot-
ties. Photosynthetic rates were measured May 13 in
Lago Grande with the usual fixed depth "C-HCO4~

Fb - Fa fluorescence
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Fii, 11, Comparison berween bottie incubations (photosyne-
thesis, Huorescence), and in situ water column Huorescence, 13
May, Lago Grande. @——@, F, — F, insitw, 06:00 h: O, F, — F,
in situ, 09:30 h: O, F, — F, in situ, 13:30 h; @ - -@,. F, — F,
afier 4 h bottle incubation: temperature, solid line as marked:
horizontal bars, photosynthests from 4 h bottle incubation.
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Tawsti 1. Parameters of variation in chloraphyll fluoresconce for representadive time-series experiinents. Six such megsurements were made vver the
0.5-2 h depression and nine gver the 2-6 h recovery period. K, specific vate of fluorescence chunge, and asymptote estimated using Guuss-Newton non-
linear regression to fit the equution Fit) = F, exp (—Kt) + F, where F(1) is time variable (F, — F,), F, = maximum amount of adjustment, F, =
asymplotic value, @ = coefficient of detremination. LG = Lago Grande, BP = Bahia dr Puno.

Meun PAR
Sample miensise
Source dare wF-m Tt Type vt expeament K (i) Asymprate* rt
LG 1 April 1881 Surface in situ® 0.084 (Dy 1.1 0.998
BP 31 March 1955 Surface in sity® 0.055 (D 0.60 09499
BP 9 April 2200 Full sunlight” 0.250 () 2.3 0.990
BP 9 April 2200 wAuy filterd 0.280 (1) 7.5 0.974
BP 15 April 2210 Pvrex flask, full sunlight 0.318 (D) 0.70 0.9949
BF 15 April 15 Pyrex flask, shade 0.041 (R) 11.i8 0.4990
BP H May 2260 Pyrex flask full sunllght 0.108 (D) 2,45 0.997
BP 5 May 220 P\ rex Hask, conl white 0.048 (R) 17.8 0.978
Auvrescent light
LG I June 1100 Surface in situ,® intermit- 0.015 (I 0.2 0.903
tent cloud
LG 1 June 15 Cubitainer, shade 0.002 (R) 19.8 0.967
BP 18 Seprember 700 0 m water, sunlight with N8« (D) 27.3 0.487
neutral density filters
BP 18 September 700 20 m water, sunlight with 0.344 (D) 25.3 0.925

neutral density fillers

* In relative Auorescence units,

" Incubated in large (20 L) polyethylene Hexible plastic containers (Cubitainers),
* [» = depression experiment, K is rate of exponentizl drop: R = recovery, K = rate of saturating exponential rise.
4 Pyrex beaker open to sunlight ot covered with a Tiffen Haze - | ultraviclet filter: 0% rransmission below 350 nm, 35% of 350-400

nm, 83% of 400-500 nm, 90% of PAR greater than 500 nm.
* NS indicates K not significantly different from zero.

method. Fluorescence profiles were taken in the lake
at the beginning and the end of the 4 h incubation
(09:30-13:30 h), and inaddition in vivo luorescence
was measured in subsamples from the incubated bot-
tles. At 09:30 h there was already substantial surface
depression of fuorescence relative Lo sunrise values
(06:00 h, Fig. 11) but further depression occurred
in the lake over the subsequenr 4 h. There was much
less depression within the bottles over this period
(Fig. 11). At depths less than 7 m the (F, — F,)
fluorescence at 13:30 h was considerably higher in
the bottles than in the lake. At near-surface depths
(0, 0.5, 1 m) the boutle (F, — F,) values were higher
than even 09:30 h lake samples suggesting that per-
haps some slight recovery, but certainly no further
depression, had taken place.

The photosynthetic COy-fixation profile followed
the usual pattern for battle incubations with strong-
ly depressed surface rates and maximum values at
ca. 10 m (Fig. 11). For the portion of the water
column down 1o the depth of maximum photosyn-
thesis there was a strong correlation between bottle
(F, — F,) luorescence and photosynthetic rates (r* =
0.907, P < 0.01).

Kinetics of fluorescence depression and recovery. In a
series of in situ and laboratory experiments, variable
fluorescence (F, — F,) and "'C-I-ICO3 uptake rates
followed first-order kinetics. Kinetic parameters of
(F, — F.) were a function of light intensity, spectral
composition, and sample location (Table 1). First-
order kinetics were indicated by close statistical fits
to equations describing an exponential drop to a
minimum in bright light and a saturating exponen-

tial rise to 2 maximum during recovery in dim light
(Table 1). These curves were fitted by Gauss-New-
ton non-linear regressions (Snedecor and Cochran
1967).

Bright-light depression to a higher asymptotic
minimum (F, — F,) value than for full suntight oc-
curred in Bahia de Puno samples when ultraviolet
light was filtered out (Table I, Fig. 12). The water
was incubated in Pyrex beakers either open to sun-
light or covered with a Tiffen Haze-1 ultraviolet
filter. This filter allowed 90% of PAR (photosyn-
thetically available radiation) with wavelengths
greater than 500 nm to pass, but 83% transmission
of 400-500 nm, 35% of 350-400 nm and 0% below
350 nm. Depression rates were similar in both treat-
ments, but the asymptotic minimum was 69% lower
in the presence of ultraviolet radiation (Table 1, Fig.
12).

Rartes of decrease differed in samples from Lago
Grande and Bahia de Puno at comparable PFDs.
There were also differences in samples from various
depths down the water column at each site, partic-
ularly when the euphotic zone was stratified for sev-
eral weeks. Phytoplankton were sampled from the
upper and lower euphotic zone in Bahia de Puno
during one such period of stratification. On this date
(18 September 1982) the Bahia had a well developed
thermocline at 7 m and a markedly non-homoge-
neous vertical distribution of chl a. Average irra-
diance experienced by the plankion communities
were 53% of surface PFD in the mixed laver, and
6% in the hypolimnion (7-25 m). Samples from 20
m responded strongly to bright light; (F, — F,) Hlu-
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Fluorescence

| |

0 20 40 60
Minutes

Fic. 12, Effect of ultraviolet light on fluorescenee depression.

Samples from Bahia de Puno, 9 April were incubated in full

sunlight with {fopen symbols)and without (closed symbols)a Tiffen
Haze-1 ultraviolet filter. F,.circles; F,, triangles; F,, — F,, squares,

orescence was rapidly depressed to a minimum,
within 10 min of exposure, of 44% initial values
(Table 1). The 0 m population responded much more
slowly and eventually declined 10 a minimum 86%
of the initial (F, — F,) fluorescence. The specific rate
of fluorescence change was nat significantly differ-
ent from zero (Table 1).

In experiments where a short period (less than 60
min) of bright-light exposure was followed by trans-
fer to dim light, all fluorescence parameters re-
covered to near initial levels. This recovery. how-
ever, was much slower than depression (Table 1: BP
5 May, LG 1 June). When phytoplankton samples
were exposed to bright light for long periods of time
(60 min or longer), (F, — F,) fluorescence was re-
duced to low or occasionally zero values which
showed no recovery in dim light, even over several
hours.

Relationship between (F, — F,) and photosynthesis. In a
time-series measurement of both photosynthetic CO,
fixation and fluorescence, changes in (F, — F,) were
paralleled by changes in carbon uptake (Fig. 13).
Photosynthetic rates dropped to 26% of control af-
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Fic. 13, Photosynthetic response to and recovery from bright
light. Samples from Bahia de Funo (5 May) were incubated in
full sunlight. F, — F, fluorestence and photosynthetic rates (bars)
were measured over 20 min and then the samples placed under
reduced, but near saturating PFD {200 uE-m™2-s7'). Flunrescence
and. photosynthetic recovery were then followed over the sub-
sequent 90 min. A control sample was incubated under 200 pk-
m-#-s~' during the first 50 min of the experiment.

ter 10 min, and to 10% after a further 10 min. Upon
transfer to a lower light regime (approximately that
at A,,,) fluorescence and photosynthetic rates in-
créased, (F, — F,) rose fourfold over 90 min and this
increase was correlated with changes in CO, fixation
rates {r = 0.94, P < 0.01). Changes in extractable
chl « over the bright light incubation period were
less than 10%.

To further define the photosynthetic response to
bright light, earbon fixation rates were measured
after a 2 h in situ full sunlight (mean PFD of 1955
aF-m~2:s7'} surface incubation and compared to
replicate samples kept in dim light (10 uE-m2-57)
over the same period. Fluorescence again dropped
exponentially in the full sunlight incubations, but
did not change significantly in the control. Extract-
able chl a (8 *+ 95% confidence limits, n = 3) rose
slightly in the dim light control from 5.3 + 0.8 mg
chiato 6.1 £ 0.5 mg chl a-m™?, but did not change
in the bright light treatment (5.2 + 0.2 mg chl a-
m™). After two hours, photosynthetic raites were
measured over a 30 min incubation at 5 m (I = 662
pE-m2s " and 15 m (1 = 64.4 pE-m™57'). The
carbon fixation rate in the surface pre-incubated
water was greatly depressed relative to dim light
controls. At 5 m surfacesamples had a mean
(+range) fixation rate of 0.79 (£0.03) mg C-m-
h~! compared with 13.6 (+1.0) in the controls. At
15 m the rates were 0.29 (£0.07) mg C-m™*-h™" vs.
5.1 (+0.4), respectively. Bright light pretreatment
reduced both the maximum photosynthetic rate
(P..) and low light response () in the sample to a
similar extent, to about 6% of dim light controls.
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Similarly, in a related series of fixed depth experi-
mients both « and P, changed proportionately.
These data suggest a shift in ability to photosyn-
thetically utilize excitation energy-at all PFDs, rather
than a simple change in photochemical capacity.

DISCUSSION

In Lake Titicaca, major shifts in algal photochem-
istry appear to follow the diel cycle of stratification
and mixing. Throughout each morning the devel-
oping diurnal thermocline retains phytoplankton
near the lake surface where bright tight strongly
depresses, and sometimes eliminates (F, — F,) Hu-
orescence. This effect is rapidly reversed by incu-
bation in dim light, suggesting that it is mainly con-
trolled by irradiance rather than by diel variations
in nutrient supply or temperature, The Huorescence
depression is not accompanied by major shifts in
extractable chlorophyll a or species compeosition, two
primary determinants of algal fluorescence in nat-
ural waters (see Vincent 1983). During the after-
noon in Titicaca the surface phytoplankton popu-
lations are redistributed by wind-induced mixing,
but 1t is not until nightfall that full photochemical
recovéry is reached.

Both in the laboratory and the ficld there was a
close correlation between photosynthetic carbon fix-
ation rates and fluorescence (F, — F,} depression,
Therefore the in vivo depressions of (F, — F,) flu-
orescence found in the lake indicate real photo-
inhibition of near-surface photosynthesis ot approx-
imately the magnitude estimated by fixed-depth
boule experiments. Since tluorescence depression
and carbon uptake are closely coupled (i.e. with a
less than 10 min lag, Fig. 13), observed diurnal (F, —
F,) depression in the near-surface layer is an non-
artifactual indicator of photoinhibition,

in Lake Titicaca, Pyrex botle incubations may
even underestimate the in situ photoinhibition, par-
ticularly at the surface. Pyrex glass strongly absorbs
ultravioler radiation (Smith et al. 1980) which is a
waveband that apparently intensifies (F, — F)
depression (Fig. 12). 'The reduced exposure to UV
may therefore explain higher (F, — F.) values in the
g]ass incubation bottles than in the lake (Fig. 11).
Many studies have demonstrated the strong inhib-
itory effects of UV light on algal productivity (e.g.
Lorenzen 1979). Lake TTiticaca lies at high altitude
and incoming UV radiation may therefore be in-
tense. However, although ‘Titicaca phytoplankton
are responsive to UV, strong (F, — F,) depression
could be induced by PAR alone. Ultraviolet wave-
lengths are rapidly attenuated in natural waters, and
therefore the spectrum of photoinhibitory radiation
will shift towards the visible with increasing depth
of the water column (cf. Smith et al. 1980). The
increasing correspondence between bottle and in
situ fluorescence depression is consistent with this
effect.

A current model of the photosynthesis-light re-

lationship envisages two npposing photochemical re-
actions operating over a wide range ot PFDs, in-
cluding P, (Platt et al. 1980). The Huorescence
responses in Lake "I'itit‘aca lend physiological sup-
port to these models. F, — F, depression extended
well into and even below the region of A, thereby
demnmtranng photoinhibitory eflects over a broad
region of the photosynthesis-light curve, High PFDs
(> 10% surtace, Fig. 7) provide increased energy for
photosynthesis, but also reduce photochemical ca-
pacity to an extent dependent upon exposure time.
As a consequence, A, In stratified euphotic zones,
or in fixed depth incubations, must lie below the
theoretical maximum (P, in the terminology of Platt
et al. 1980) for the same phytoplankton assemblage
previously incubated in dim light, or circulated con-
tinuously throughout the mixed layer. Circulating
bottle experiments of the type employed by Marra
(1978) modify photoinhibitory effects at all depths,

not just the conspicuously depressed region from
A.... to the surface.

The susceptibility of Lake Tittcaca phytoplankton
to (F, — F,) fluorescence depression varied consid-
erably from site to site. and also with depth when
the euphotic zone was stratified. These observations
suggest that photoinhibition is under both short-
and long-term control. At time-scales of minutes to
hours the extent of depression is dependent upon
recent light exposure and the sensitivity of the algae
to high PFDs. "This latter cellular property may be
considerably modified at longer time-scales within
the same light regime. Similar observations have
been reported from stratified environments else-
where. For example, deep-living phytoplankton in
Bathn Bay in the eastern Arctic were highly sensitive
10 sarface PFDs whereas surface populations were
virtually uninhibited at any irradiance (Platt et al,
1982). The fluorescence data From Bahia de Puno
suggest that such differences could occur within a
few weeks of stratihcation. In the Canadian Arctic,
susceptibility to bright-light could be greatly re-
duced over several hours exposure, but the en-
hanced sensitivity to high PFDs characteristic of deep
populations required 2-6 weeks to develop once the
algal assemblage was isolated below the pyenocline
{Gallegos er al. 1983).

The dependence of phateinhibitory responses
upon light conditions during growth is particularly
well illustrated by sun and shade forms of terrestrial
plants. Phaseolus wnlgaris, for example, is highly sen-
sitive to bright light when grown under low PFDs.
Conversely sun-adapted plants of the same species
show relatively little photoinhibition, unless they are
deprived of CO, (Powles and Critchley 1980). Os-
mond (1981) concludes that photoinhibition will be
observed whenever the transfer of excitation energy
from antennae pigments Lo reaction centers is {aster
than it can be dissipated by non-cyclic eleciron trans-
port. ‘T'his imbalance occurs in shade plants when
they are transferred to full sunlight because ol the
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dispropertionate abundance ol light harvesting pig-
ments telative to electron transport intermediates
(Osmond 1981). Lake Titicaca phytoplankton typ-
ically experience a low PFD environment during
growth and this shade-adapied assemblage may
therefore be especially susceptible to photoinhibi-
tion within the near-surface thermocline.

The observed depression in fluorescence param-
eters is rapid, reversible, highly correlated with de-
creases in CO, phototfixation rates, and appeared to
be related 1o changes in cellular energy utilization.
The effect operated primarily through shifts in F,,
while extractable chl o levels remained more or less
constant. A wide variety of adaptational mechanisms
have been recently identified which operate both on
Auorescence behavior and photosynthetic perfor-
mance. However, many of these adjustment pro-
cesses are rapidly reversed by a 30 min dark adap-
tation (light-state conversion, Vincent 1979
chloroplast conformational shifts, Kieter 1973), af-
fect F, luorescence to an equal or greater extent
than F, (changes in electron transport capacity,
Fleischacker and Senger 1978; decoupling of the
light-harvesting complex from RC 11, Armond et al.
1980) or occur at time-scales greater than that re-
corded here (change in photosynthetic unit (PSU)
size or number, Falkowski and Owens 1980; stoi-
chiometry of RC Tand RC 11, Melis and Brown 1980:
electron transport capacity, Vincenr 1980). Thus
these types of response do not appear Lo adequately
explain the bright-light effects observed in Lake Ti-
ticaca.

The photoinhibition responses in Lake Titicaca
must also be distinguished from effects which op-
erate only during the period of exposure to bright
light. For exampile, Ley and Mauzerall (1982) have
reported a “total annihilation™ process which occurs
at RC II under very high PFDs (> 1500 gE-m 2571},
If two photons are received at the same reaction
center trap almost simultaneously then the second
can both undo the effect of the first and briefly
inactivate the reaction trap. However, unlike the
responses measured in Lake Titicaca, this inactiva-
tion is reversible within seconds, and does not affect
the subsequent measurement of a or P ..

Another light-response mechanism has been re-
cently identified in shade-adapted terrestrial plants
(Critchley and Smillie 1981, Osmond 1981, Powles
and Bjorkman 1982) but has not been previously
described in phytoplankion communities. When
plants grown under low light (PFDs ca. 100-200
uE-m~*-57!, similar to average light levels in the
mixed layer of Lake Titicaca) are exposed to full
sunlight (2000 uE-m™2-57') they experience a re-
versible inactivation of RC 1ls. As a result, a higher
proportion of excitation energy is lost from their
chloroplasts by non-radiative processes (Powles and
Bjorkman 1982). Our Ruorescence and “C-HCO,~
assays are consistent with this type of response. The
measured reduction in (F, — F,) fluorescence sug-

gests a loss of operational RC lls. In higher plants
this causes a drop in both P, and «, similar to that
recorded in Lake Titicaca. Furthermore, the time
course of photoinhibition and recovery in such plants
{Critchley and Smillie 1981, Powles and Bjorkman
1982) closely resemble the first order kinetics re-
ported here, with rates of recovery much slower
than inhibition.

Whether such extreme physiological responses,
with their implications for true in vive photosyn-
thesis, compared to fixed-depth bottle estimates are
common remains to be determined. We expect that
similar responses will be found whenever high ir-
radiances combine with weak mixing. Such condi-
tions may frequently occur during the temperate
zone summer. For example, in a eutrophic harbor
of Lake Ontario, depressed DCMU-treated fluores-
cence bul approximately constant in vive Huores-
cence (not dark-adapted) were often observed at
shallow depths during the day. In addition, when
phytoplankton from this community were exposed
to bright light (>200 pE-m~*-s7"), (F, — F) fluo-
rescence dropped exponentially 1o an asymptote 42—
66% of the initial value (Harris 1980). In this Lake
Ontario environment light is rapidly attenuated, self-
shading from dense biomass is significant, and av-
erage light available to the mixed laver is low. There
too, cells may experience prolonged exposure 1o
high surface PFD and respond by RC [ inactivation.

In the extreme irradiance setting of Lake Titicaca
these responses are proncunced. Through the diel
cycle of stratification and mixing cells must expe-
rience frequent changes in light conditions ranging
from sustained exposure to intense PFD within the
surface thermocline to severe light limitation at the
bottom. of the mixed layer. Cells maintain the high
light-harvesting capacity in relation to electron
transport and dark reaction potential needed for low
light growth, but by inactivating the centers of pho-
tosynthetic photochemistry during prolonged ex-
posure to surface PFD the damaging effects of bright
light might be much reduced. In this lake, and per-
kaps others, an understanding ot the true in situ
importance of photoinhibition effects will require
close attention to the photochemical response Hex-
ibility of the algae, as well as to the light field and
mixing regime.

This study forms part of a broad program of physical, chemical
and biological measurements being conducted jointly by the Uni-
versity of Californta, Davi§, and the Institute del Mar de Peru.
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