
Introduction

At high ambient light levels photosynthesis in marine microalgal communities is
often reduced from a maximum rate by processes of photoinhibition. On short time scales
photoinhibition is usually associated with the closing of reaction centres and if prolonged
can cause permanent damage or bleaching to the photosynthetic apparatus. While most
phytoplankton adopt a variety of photoprotective mechanisms, such as changing pigment
composition and state transitions (Anderson et al., 1997), it appears that much of the
photodamage in reaction centres is due to loss of D1 protein, a process which is quickly
reversible (Anderson et al., 1997). The extent to which natural photoinhibition affects net
primary production in marine ecosystems is unclear. In most phytoplankton communities
constant mixing is likely to make photoinhibition only a transitory problem (Han et al.,
2000) as the cells are constantly moving through a sharp light gradient. However, in
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Abstract: The amount of prior light exposure an algal community receives is likely
to determine its ability to recover from exposure to high light levels. Here we investigate
the effect of time of day and light on the ability of ice algae to recover from variable
light exposure. The ice algae were obtained from Saroma Ko lagoon, a temperate, peren-
nially ice covered lagoon in northern Hokkaido, Japan. Under ice irradiance varied be-
tween 0 and 122 μmol photons m−2s−1. Algal biomass, which was dominated by
Nitzschia frigida, was 272.8±20.2 mg Chl a m−2.

There was no consistent relationship between ambient in situ irradiance and recovery
rates. While the sea ice community showed mild inhibition at the highest irradiance
used, 490 μmol photons m−2s−1, after 10 min the quantum yield had recovered to be-
tween 90.9% and 112% (average 99.5%) of the original measurement. It is likely that
ambient under ice irradiances at Saroma Ko lagoon were never sufficient to cause photo-
inhibition and consequently had little negative long term effect on photophysiology. The
Rapid Light Curves, while providing irradiances of sufficient intensity to cause inhibi-
tion, were of too short a duration to cause anything but a short, transient effect. There-
fore, it is unclear whether higher in situ irradiances would necessitate a longer period of
recovery.
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Table 1. Under ice irradiances at Saroma Ko lagoon, 
Hokkaido. All light measurements are in 
 μmol photons m － 2 s － 1.

Under ice PARSurface PARTimeDate

120.30763.711:301/3/06
 75.70480.914:001/3/06
  6.40 45.316:301/3/06

  3.70551   9:002/3/06
  6.10921.411:302/3/06
  6.34946.114:002/3/06
  0.27 40.816:402/3/06
  0.15 15.317:002/3/06
  0.00    0.00219:402/3/06

many substrate-bound algal communities the individual cells remain in the same position
and so are potentially more likely to be effected by inhibition. Photoinhibiton in sea ice
algal communities has been documented in Antarctica by McMinn et al. (2003, 2005a)
and in Arctic communities by Glud et al. (2002). Here photoinhibition can be initiated at
irradiances as low as 50 μmol photons m−2s−1.

Using variable fluorescence yield (Fv/Fm) to study photosynthesis in marine plants
has become widespread since the mid 1990s (Falkowski and Kolber, 1993; Schreiber,
1994). In particular, it has been noticed that there is a decline in Fv/Fm associated with
near surface waters (McMinn and Hegseth, 2004) and also with mid day, which is attrib-
uted to photoinhibition. Here, we use these techniques to investigate whether natural irra-
diances cause photoinhibition in a sea ice algal community and whether these irradiances
affect the rate of recovery from inhibition.

Materials and methods

Saroma Ko lagoon is a large, shallow lagoon on the Okhotsk Sea coast of northern
Hokkaido, Japan. From January to March each year the lagoon is covered by sea ice up
to 45 cm thick. Sea ice sampling occurred on 1st and 2nd of March 2006. The samples
were collected approximately 1 km off shore at 44°07'07"N, 140°57'56"E with a 7 cm di-
ameter SIPRE corer. Care was taken to avoid exposure to ambient light while sampling.

Surface and under ice light measurements were made simultaneously on a LI1400
PAR meter (LI-COR, Lincoln Nebraska) using a LI-190SA surface sensor and LI193-A
underwater sensor (Table 1).

Ice was scrapped from the underside of the ice and placed directly into the measur-
ing cuvette. A WaterPAM (Walz, Effeltrich, Germany) was used to make all measure-
ments. The first measurements were initiated immediately after sampling, the second set
was run after the sample had spent approximately 15 to 20 min in the dark. The primary
measurements were a set of recovery responses following a rapid light curve (RLC). The
RLC and recovery procedure is a preset program controlled by WinControl software
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(Walz, Effeltrich, Germany) on a PAMControl unit (Walz, Effeltrich, Germany). All data
was logged automatically at the field site. Rapid light Curves are now a well known and
accepted method of investigating light adaption in plants (Schreiber, 2003; Ralph and
Gademann, 2005; McMinn et al., 2005a, b).

PAM fluorometers are able to measure quantum yield (∆F/Fm'), photosynthetic effi-
ciency (Fv/Fm) and electron transfer rate (ETR) of photosystem II (PSII) in photosynthe-
sis. Using rapid light curves (RLC) it is also possible to gain an insight into the pho-
toadaptive state of the plant and to measure the photoadaptive index, Ek. The PAM
method is based on the supply of weak, modulated light pulses (the measuring light) that
allows chlorophyll fluorescence to be monitored without inducing photosynthesis. In the
dark-adapted state a minimum fluorescence (F0) is determined when the measuring light
is turned on. This mostly results from emissions from the antenna pigments. When the
sample is exposed to actinic light, i.e. light that induces photosynthesis, a much higher
fluorescence results. This fluorescence rapidly peaks and then declines till an equilibrium
level, F, is attained. This characteristic behaviour is referred to as the Kautsky curve
(Schreiber, 1994). Maximum fluorescence (Fm) is achieved by exposing the dark-adapted
sample to a pulse of very intense light. The maximum quantum yield of PSII is defined
as

φPSII= (Fm−F0)/Fm=Fv/Fm (Schreiber, 2003).

If the sample is experiencing additional in situ actinic light a similar, saturating pulse will
lead to a lower maximum fluorescence, Fm', which is the maximal fluorescence yield of
an illuminated sample. The effective quantum yield of charge separation in PSII, φp is de-
fined as

φp= (Fm'−F)/Fm' or ∆F/Fm'.

The relative electron transfer rate (rETR) can be calculated from

rETR=φp E,

where E is the irradiance.
Actinic light levels for the RLCs were preset at 0, 31, 44, 66, 100, 148, 230, 343

and 490 μmol photons m−2s−1. Peak emission wavelengths were 650–660 nm. The photo-
synthetic parameters, Ek, Pmax (here equivalent to maximum rETRmax) and α (here equiva-
lent to φPSII) were estimated for each RLC by undertaking a non-linear regression to the
function (Schreiber, 2003).

P=Pmax [1−e (−α E/Pmax)]; (Webb et al., 1974),

where P=photosynthesis (here equivalent to rETR), Pmax is the maximum photosynthetic
rate, αPSII=photosynthetic efficiency of the light limiting region of the RLC, E=irradiance.
Ek is derived by dividing Pmax by α . E (inhib), the irradiance at which photoinhibition first
occurred, was determined from RLC data, and based on the irradiance at which ETR first
declined (Table 2).

At the completion of the RLC the recovery procedure produced additional saturating
flashes at 0 s, 30 s, 60 s, 120 s, 300 s and 600 s and measured the quantum yield. The
degree of recovery after each time period was normalised to the initial quantum yield at
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Table 2. Photosynthetic parameters of sea ice from at Saroma Ko lagoon, Hokkaido. Samples 
that underwent a 15 ― 20 min dark adaption period are indicated with a‘*’in the DA 
column. Fv/Fm is a dimensionless ratio and ETR and α are relative measurements and 
so neither have units, Units for Ek (photoadaptive index) and E  (inhib) (irradiance of 
photoinhibition), are μmol photons m － 2 s － 1, % recovery is the recovery of Fv/Fm after a 
RLC ― values are given as a percentage of the pre RLC value, r (rate of recovery) are 
s － 1.

r% 
RecoveryE  (inhib)EkalpharETRmaxDAFv/FmTimeDate

3.8E-04111.6>49083.60.47639.7880.44810:541/3/06
6.0E-04 97.3 49033.40.60520.2090.56214:47
1.3E-03 90.9 34338.80.46718.119*0.58414:52
6.3E-04 98.6 34342.70.50321.4640.57316:29
5.0E-03 98.6 34330.30.56417.091*0.37416:51

2.1E-03100.5 49052.60.69436.4730.508 9:202/3/06
2.2E-04100.4 49055.60.47826.554*0.550 9:40
3.9E-04104.2 49071.60.35625.4740.50511:08
5.4E-04 97.5 49049.50.62931.143*0.55611:29
1.2E-03101.834327.10.85423.14 0.60913:42
8.7E-04 99.334329.50.62618.456*0.60314:03
2.8E-02101.034360.20.46928.2310.47916:38
5.2E-04 96.749075.40.39229.554*0.54416:58
2.4E-03 96.634326.50.68418.15 0.64019:31
1.1E-03 97.434337.50.54420.397*0.61419:51

the beginning of the RLC and this is expressed as a percentage (Table 2).
To determine the rate of recovery of Fv/Fm after a RLC the Φ was measured after 10,

30, 60, 120, 300 and 600 s. Using a multiple non linear regression, these were fitted to
the function

Φt=ΦI + (ΦM−ΦI) (1−e−r t),

where Φt is the value of Fv/Fm at time t (s), ΦI is the initial value of Fv/Fm and ΦM is the
maximum value of Fv/Fm taken at night. This calculation of r, the rate of recovery follows
Oliver et al. (2003) and assumes that the rate of recovery is dependant on the degree of
damage as suggested by Kok (1956).

Chlorophyll a biomass and taxonomy
Three replicate ice cores were taken for chlorophyll a analysis. The bottom 5 cm

was removed, melted in filtered seawater in the dark and then filtered on to Whatman
GF/F filters. These were then stored in liquid nitrogen for transport back to Sapporo,
Hokkaido. Chlorophyll a was measured on a Shimadzu MPS-2450 spectrophotometer us-
ing the standard method of Jeffrey and Humphrey (1975) after pigments were extracted
for 24 hrs with N,N-demethylformamide. As the chlorophyll a concentrations were ob-
tained using DMF as a solvent, a correction was made to account for the differing extinc-
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tion coefficients of DMF (Moran, 1982). All measurements are presented as mg Chl a
m−2.

Sea ice algal species composition was determined on live samples. Ice was scrapped
from the bottom of the ice and melted. Examination was on an Olympus CX21 micro-
scope using a 20× objective.

Results

The ice at Saromo Ko was between 35 and 40 cm thick. Initially there was no snow
cover on the ice but 20 cm fell over night between the 1st and 2nd of March. Air tem-
peratures were between −10° and +3°C. The water depth was 3 m, the water temperature
was −1.5°C and the salinity 30 psu.

Surface light measurements (PAR) varied between a maximum of 926 μmol photons
m−2s−1 at 11:30 on the 2nd to a minimum of 0.001 μmol photons m−2s−1 at 19:40 on the
2nd. Overnight snowfall between the two days drastically reduced the under ice light.
Maximum under ice light was approximately 120 μmol photons m−2s−1 at 11:34 on the
1st. This represents approximately 15% of the surface irradiance, maximum irradiance af-
ter the snow fall was only 6.7 μmol photons m−2s−1, or 0.7%, at 11:30 on the 2nd. Under
ice light levels dropped to below 1 μmol photons m−2s−1 after approximately 15:00 on the
2nd but were still above 6 μmol photons m−2s−1 at 16:40 on the 1st (Table 1).

The sea ice algal biomass was 276.2±20.9 mg Chl a m−2 (n=3). The sea ice algal
community was overwhelmingly dominated by diatoms. Nitzschia frigida (40%) was
dominant with Achnanthes confervacea (25%) and Navicula pelagica (20%) also making
up significant proportions.

Photosynthetic parameters
There was no evidence of suppression of quantum yield at the highest under ice irra-

diances, i.e. greater than 80 μmol photons m−2s−1. The effective quantum yield was mostly
above 0.5 and showed little variation with irradiance or time of day. After the heavy over
night snowfall depressed under ice irradiance levels, quantum yield was generally a little
higher, although the difference was not significant (P<0.05) (Table 2).

rETRmax values were consistently between a maximum of 39.8 and a minimum of
18.1. There was no apparent relationship between rETRmax and time of day or ambient
under ice irradiance. Similarly, photosynthetic efficiency, α, varied between 0.694 and
0.356 but showed no systematic relationship with under ice irradiance or time of day. Ek

values were likewise uncorrelated and had values between 83 and 27 μmol photons
m−2s−1. There was no evidence of photoinhibition at irradiances up to 343 μmol photons
m−2s−1 but most showed some reduction in ETR at 490 μmol photons m−2s−1 (Table 2).

Recovery from light exposure
While ambient light values decreased from a maximum of 122 μmol photons m−2s−1

on the first day, there was no significant difference in the recovery response over 600 s.
Percentage recovery of quantum yield 10 min after the RLC was between 90.9% and
112% with an average recovery of 99.5% (Table 2). There was no significant correlation
(P<0.05) between percentage recovery rate and ambient irradiance. Irradiance for the on-

34 A. McMinn and H. Hattori



set of photoinhibition, E(inhib) was always above 343 μmol photons m−2s−1 and thus al-
ways above ambient under ice irradiance.

A short dark adaption period of approximately 15–20 min had no consistent effect
on photosynthetic parameters or recovery rates (Table 2). Even Fv/Fm values did not show
a consistent recovery after a period of dark adaption with some values actually dropping.

The recovery rate of Fv/Fm following a RLC, r, was determined by fitting the recov-
ery data to an exponential recovery curve (see Materials and methods). The night-time
Fv/Fm value was measured at 0.64. The recovery rates were between 2.2×10−4 s−1 and 2.8×
10−2 s−1 and likewise did not show a significant correlation with time of day or under ice
irradiance (Table 2). There was some evidence of a relationship between recovery rate
and Fv/Fm, i.e. higher maximum quantum yields lead to faster recovery rates, but the cor-
relation was not significant (r2=0.20)

Discussion

Sea ice algal biomass in Saroma Ko lagoon in 2006 was measured at 272.8±20.2
mg Chl a m−2, which is considerably higher than previous measurements, which have in-
cluded 38.25 mg Chl a m−2 (Kudoh et al., 1997), 2–119 mg Chl a m−2 (Robineau et al.,
1997) and 14.7 mg Chl a m−2 (McMinn et al., 2005b). Maximum under ice light levels
were approximately 120 μmol photons m−2s−1 but decreased to <10 μmol photons m−2s−1

after a heavy over night snow fall. Ek values, indicating adaption to ambient light levels,
are between 27.1 and 83.6 μmol photons m−2s−1 (Table 2) and are thus consistent with
measured ambient under ice irradiances and imply a high level of light adaption. These
ambient light levels, however, had no significant effect on the ability of the algae to re-
cover from the saturating flashes (3000 μmol photons m−2s−1) and actinic light levels (0–
490 μmol photons m−2s−1) of the rapid light curves. Recovery was almost always complete
after 10 min and showed no relationship with the initial ambient irradiance. The rates of
recovery were mostly similar between different treatments (2.2×10−4 to 2.8×10−2 s−1),
showed no relationship with ambient irradiance and were consistent with recovery rates
measured for freshwater phytoplankton from temperate Australia (4.3×10−4 to 9.1×10−1 s−1)
(Oliver et al., 2003).

Ambient under ice irradiances at Saroma Ko lagoon were never sufficient to cause
photoinhibition and consequently had little negative long term effect on photophysiology.
Photoinhibition, measured from the RLCs (E(inhib), Table 2), did not occur at irradi-
ances below 343 μmol photons m−2s−1 and thus measured ambient irradiances were always
insufficient to cause inhibition. The RLCs, while providing irradiances of sufficient inten-
sity to cause inhibition, were of too short a duration to cause anything but a short, tran-
sient effect. Therefore, it remains unclear whether higher in situ irradiances would have
necessitated a longer period of recovery.

There was also an inconsistent response to a short period of dark-adaption. Fv/Fm

values in some dark-adapted samples actually declined and no significant differences
were seen between the photosynthetic parameters of dark and non dark-adapted samples.
There was also no significant difference in the rate of recovery of dark-adapted and non
dark-adapted samples from high light exposure during the RLCs. Their Ek values, how-
ever, suggest that they were all well adapted to their natural ambient light environment.
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In the Antarctic, photoinhibition in sea ice algae has been measured at irradiances
less than 50 μmol photons m−2s−1 (McMinn et al., 2003, 2005a). The lack of evidence for
photoinhibition in the Saroma Ko lagoon sea ice algal community is most likely a result
of thinner ice and much higher average under ice irradiances.
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