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ABSTRACT

The effects of growth temperature on the marine chio-
rophyte Dunaliella tertiolecta Butcher were studied to
provide a more mechanistic understanding of the role of
environmental factors in regulating bio-optical properties
of phytoplankton. Specific attention was focused on quan-
tities that are relevant for modeling of growth and
photosynthesis. Characteristics including chiorophyll a (chl
a)-specific light absorption (a}(N), Cichi a ratio, and
quantum yield for growth (¢,) varied as functions of tem-
perature under conditions of excess light and nutrients.
As temperature increased over the range examined (12
28°C), intracellular concentrations of chl a increased by
a factor of 2 and al(N) values decreased by more than
50% at blue to green wavelengths. The lower values of
am(N) were due to both a decrease in the abundance of
accessory pigments relative to chl a and an increase in
pigment package effects arising from higher intracellular
pigment concentrations. Intracellular pigment concentra-
tion increased as a consequence of higher cellular pigment
quotas combined with lower cell volume. At high growth
temperatures, slightly more light was absorbed on a per-
cell-C basis, but the dramatic in-reases in growth rate
Jromu=03d tai 12°Ciou = 2.2 d~Tat 28°C were
primarily due to an increase in ¢, (0.015-0.041 mol C
(mol quanta)~"). By comparison with previous work on this
species, we conclude the effects of temperature on aj(A)
and ¢, are comparable to those observed for light and
nulrient limitation. Patterns of variability in a}(\) and
b, as a function of growth rate at different temperatures
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are similar to those previously documented for this species
grown at the same irradiance but under a range of ni-
trogen-limited conditions. These results are discussed in
the context of implications for bio-optical modeling of
aquatic frimary production by phytoplankion.

Key index words:  absorption; Chlorophyta;, Dunaliella
tertiolecta; modeling primary production; phytoplankton
aptics; guantum yield; temperature limitation

Accurate modeling of aquatic primary production
is a goal that currently has broad implications not
only for many ecological questions posed by lim-
nologists and biological oceanographers but also for
geochemistry, climate change research, and other
earth sciences. As algorithms for this purpose are
being developed and evaluated (e.g. Kiefer and
Mitchell 1983, Platt and Sathyendranath 1988, Balch
et al. 1989, Sakshaug et al. 1989, Smith et al. 1989,
Morel 1991), the need to adequately describe the
effects of environmental factors such as light, nu-
trients, and temperature on phytoplankton physi-
ology is becoming more apparent. Specifically, the
magnitude and variability of optical and photosyn-
thetic properties must be understood and quantified
so that they can be accurately incorporated into
models and algorithms.

Temperature has been shown to affect the rates
of phytoplankton growth and photosynthesis in lab-
oratory studies (see Raven and Geider 1988, Davi-
son 1991) and has been implicated to explain pat-
terns of chlorophyll @ (chl a)-specific photosynthetic
rates in the ocean (Eppley 1972). Phytoplankton cul-
tures fully adapted to lower temperatures exhibit
decreases in the chl a-specific photosynthetic rate at
light saturation (P,.,), whereas little variability is
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observed in the light-limited rate (o) (Steemann
Nielsen and Jergensen 1968, Li 1980, Liand Morris
1982, Mortain-Bertrand et al. 1988). In addition,
decreasing growth temperature has been shown to
result in lower chl a-cell™! (reviewed by Li 1980),
higher C:chl a (reviewed by Geider 1987), and high-
er cell volume (Eppley and Sloan 1966, Jergensen
1968, Olson et al, 1986).

Despite numerous studies on temperature effects
in phytoplankton, important growth model param-
eters such as chl a-specific spectral absorption (a5, (A))
and quantum yield (¢) have received much less at-
tention. Using a spectral version of the model pro-
posed by Kiefer and Mitchell {1983), phytoplankton
growth can be described as the result of light ab-
sorption by pigments and subsequent net C fixation
specified by the growth quantum yield {#,):

i = chl:C | ¢,0a%k®) Eo) d), n

where p is the specific growth rate, chi:C is the ratio
of chl a to G, a§(A) is the chl a- specific spectral
absorption coefficient, E (A} is spectral scalar irra-
diance, and ¢,{A} is the net amount of C fixed per
photon of light absorbed. In this representation of
phytoplankton growth, the importance of the phys-
iological parameters af,(A) and $,(\} is evident.

Recent laboratory investigations have shown that
light and nutrient limitation of growth can be im-
portant sources of variability in the parameters of
Eq. 1. Under these conditions, pigmentation changes
“and pigment package effects are responsible for the
‘changes in af,(\) (Dubinsky et al. 1986, Morel and
Bricaud 1986, Bricaud et al. 1988, Mitchell and Kie-
fer 1988, Berner et al. 1989, Sosik and Mitchell
1991). Since growth temperature is known to affect
pigmentation and cell size, these same mechanisms
are expected to result in a%,(M) also being a function
of temperature. Although the mechanisms behind
variability in ¢ are less well understood, ¢ has been
shown to vary widely under previously examined
growth conditions (light and nutrients) when it is
estimated using both light absorption and growth
or photosynthesis measurements (Falkowski et al.
1985, Herzig and Falkowski 1989, Chalup and Laws
1990, Sosik and Mitchell 1991). Given this evidence,
we expected that temperature limitation of growth
should also be associated with changes in ¢.

To test our hypothesis that growth temperature
should affect both specific absorption and quantum
yield, we grew semicontinuous cultures of Dunaliella
tertiolecta, a species that has been well described with
respect to optical and photosynthetic responses to
other factors (Falkowski et al. 1981, Osborne and
Raven 1986, SooHoo et al. 1986, Kolber et al. 1983,
Mitchell and Kiefer 1988, Berner et al. 1989, Su-
kenik et al. 1990, Sosik and Mitchell 1991, Greene
et al. 1992). Cells were grown at each of four tem-
peratures under the same irradiance and with excess
nutrients. Growth and cellular characteristics in-
cluding optical properties, pigmentation, and ele-

mental composition were assayed and will be de-
scribed and discussed in the context of optical
modeling of primary production.

MATERIALS AND METHODS

Duplicate cultures of the marine chlorophyte Dunaliella tertio-
lecta Butcher (FCRG culture collection formerly at Scripps In-
stitution of Oceanography) were grown at 12°, 16°, 187 and 28°
C. The cultures were kept under constant light provided by cool-
white fluorescent lamps. Irradiance was adjusted to 165 upmol
quanta-m~2-s~' as measured with a Biospherical Instruments QSL-
100 quantum scalar irradiance meter. Absolute spectral irradi-
ance was determined based on these measured values of irradi-
ance integrated from 400 to 700 nm and the spectral quality of
the lamp output provided by General Electric. All cultures were
maintained in exponential growth by periodic dilution with nu-
trient-replete GPM media (Loeblich 1975), and specific growth
rate () was monitored by measuring in vivo fluorescence of cell
suspensions as a function of time using a Turner Designs model
10 fluorometer.

After at least 30 generations of growth at a given temperature,
cultures were sampled for triplicate analyses to determine spectral
absorption coefficients, cell counts, cell size, and concentrations
of pigment, C and N. Cell counts and spherical equivalent cell
sizing were performed using a Coulter Electronics model Zy, 64-
channel particle counter with a 100-gm aperture calibrated with
polystyrene microspheres. Samples filtered onto Whatman GF/C
glass-fiber filters for spectrophotometric pigment determinations
were immediately extracted in 90% acetone and refrigerated for
24 h before analysis. Chlorophyll z and chl b concentrations were
determined from absorbance measurements on the 90% acetone
extracts using the trichromatic equations of Jeffrey and Hum-
phrey (1975). Organic C and N samples were filtered onto pre-
combusted GF/C filters, stored at —20° C, and quantified with
a Perkin Elmer PE 2400 CHN elemental analyzer.

Absorption of cell suspensions and extracts was measured on
a Perkin Elmer Lambda 6 UV /VIS dual beam spectrophotom-
eter equipped with an integrating sphere. The details of the
methods are the same as those reported in Sosik and Mitchell
(1991). Briefly, spectral absorption of cell suspensions concen-
trated approximately fivefold was measured in 1-cm cuvettes,
Absorption properties of these same suspensions were also mea-
sured after treatment with Triton X-100 (0.5% final concentra-
tion) and sonication (Berner et al, 1989). In contrast to extraction
in organic solvents, this procedure disrupts the cells, effectively
“unpackaging’’ the pigments without dramatically changing the
absorption by constituent pigment—protein complexes. Triton X
treatment does result, however, in some spectral shifts (Sosik and
Mitchell 1991). To compensate for these shifts when comparing
changes in absorption with and without Triton X, the region of
the unpackaged spectrum below 558 nm was shifted 1 nm while
values above 550 nm were shifted 8 nm toward longer wave-
lengths.

RESULTS AND DISCUSSION

Specific growth rates of semicontinuous cultures
of D. tertiolecta increased linearly from 0.5 d "' at 12°
Cto 2.2 d-1 at 28° C (Table 1). The cells grown at
the highest temperature had the highest chl 2 quota
while changes in chl a-cell™! for temperatures less
than 20° C had no overall trend (Table 1). This
pattern of variability in chl a-cell~! is similar to the
result observed for this species by Eppley and Sloan
(1966). Cell volume, C-cell™!, and N-cell*! de-
creased with increasing growth temperature (Table
1). While C-cell~! and cell size were similar to those
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Comparison of cellular characteristics for cultures of

D. tertiolecta grown under nutrient-replete conditions at different
temperatures (this study) with data from Sosik and Mitchell (1991}

for growth at 22° C in nitregen-limited continuous culture. A)

6.0

Fic. 1.

Ratios of C to chl a. B) Ratios of C to N. Symbol positions rep-
resent average determinations for a single culture with replicate
cultures shown for the case of the temperature treatments.

itation with the same range in x (Sosik and Mitchell

reported for this species grown under nitrogen lim-
1991), C:N and C:chl a ratios were consistently low-

er for temperature-limited conditions (Fig. 1). Low-
er chl ga-cell™! and increased cell volume at lower

temperatures produced a systematic decrease in in-

tracellular concentration of chl a (¢; see Table 2),
which is expected to have consequences for light

absorption efficiency.

1on can be caused by shifts
e of chl ¢ and accessory

Absorption. Changes in cellular characteristics were
accompanied by changes in the absorption proper-
ties of the cells. As growth temperature increased,
chl a-specific absorption (a5,(A)) decreased (Fig. 2A).
pigments and by changes in the absorption efficiency

Changes in specific absorpt
in the relative abundanc
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Fig. 2. Chlorophyll a-specific absorption spectra for D. tertio-
lecta showing spectral flattening and a decrease in magnitude as
growth temperature increases. A) In viw whole cell specific ab-
sorption with variability due to both package effects and changes
in the relative abundance of pigments. B) Absorption after dis-
ruption of cells with Triton X-100 indicating variability due to
changes in pigment ratios only.

associated with variations in cell size and pigment-
cell™. To determine the extent to which pigment
ratio changes contributed to the observed variability
in af,(A) independent of package effects, we exam-
ined changes in specific absorption after solubilizing
the cells using Triton X-100 and sonication (2%, (\)).
Differences in a¥x(A) reflect only changes in the rel-
ative abundance of pigments since package effects
have been removed.

As growth temperature increased, values of a%,(\)
fellin the blue-green portion of the spectrum, which
is evidence for a systematic decrease in relative ab-
sorption by accessory pigments (Fig. 2B). This in-
terpretation was supported by a similar trend in ab-
sorption in 90% acetone extracts (not shown). For

100 T T T T T
2 g0k Pigmentation i
Packaging
60 -

% change in a*
Y
o
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Fi6. 3. Contribution to percentage of change in ak(y} for cells
grown at 12° C compared to those at 28° C caused by package
effects and pigmentation changes. As expected, package effects
dominate in the blue and red regions of the spectrum, while
pigment changes are important at blue-green and green wave-
lengths. Data between 500 and 650 nm have been omitted from
this presentation because low absorption values in this region
make the difference spectra unrehable.

the average of wavelengths between 400 and 500
nm, the spectrally shifted a¥,(\) values were 27%
higher for the cells grown at 12° C compared to
those at 28° C. The comparable difference in s
was 53%, suggesting, on average, 27,/53 or 51% of
the decrease in af;,(A) was due to changes in pigment
composition alone, with the remainder due to in-
creased package effects. Since each pigment has a
characteristic absorption spectrum with different
shape in the 400-500-nm region, the importance of
pigmentation changes compared to package effects
is expected to depend on wavelength. For the com-
parison of cells grown at the two extreme temper-
atures (12°and 28° C), package effects accounted for
more than half of the change in a%,(\) at wavelengths
between 400 and 450 nm and nearly all the change
in the red (650-700 nm), where absorption by ac-
cessory carotenoid pigments is minimal (Fig. 3).
Changes in pigment composition are most impor-
tant between 450 and 500 nm, where absorption is
highest for accessory pigments such as chl 8, lutein,
and §- carotene. Although chl & has an absorption
peak near 650 nm, the chl a-to-ch] b ratio did not
vary between the 12° and 28° C cultures, which is
consistent with the weak pigmentation effects ob-
served in this region of the spectrum. We have not
interpreted changes for the wavelength range 500-
650 nm, where absorption values are low (see Fig.
2) and difference spectra are unreliable. Given the
low absorption at these wavelengths, package effects
are not expected to be large.

LN
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Taeik 2. Calculated values including absorption efficiency (Q,) and
opiical thickness (p') for the blue and red absorption peaks and quantum
yield for growth in D. tertiolecta. Results presented are the average of
the duplicate cultures grown at each temperature.

Temperature (* C)

12 16 18 28
Growth rate 0.51 0.99 1.16 2.22
s 4.38 4.78 6.65 8.97
Q.(435) 0.54 0.52 0.64 0.65
Q.(677) 0.35 0.34 0.44 0.51
0'(435) 1.31 1.19 1.69 2.07
§'(677) 0.61 0.57 0.88 1.08
. 0.015 0.028 0.028 0.041

2 g.um—s.
b mol C (mol quanta)~'.

The observation that package effects played a role
in the observed variability in a¥,(\) is also supported
by estimation of the cellular absorption efliciency
(Q.) and optical thickness (p"). For homogeneous
spheres, Q,, or the fraction of incident photons that
are absorbed, can be shown to be a function of cell
size and the absorption coeflicient of the intracel-
lular material, a_, (Morel and Bricaud 1981):

o' 2)
2exp(=p'M) — 1)
P2 ’
where
p') = a.,\d (3)
and d is particle diameter. Following Sosik and

Mitchell (1991), Q,(\) and p'(\) can be estimated
from measured absorption and cell size:

_ Ay V
QO = TSN @
and
p'(A) = atx(Med, (5)

where N represents the number of cells in a sus-
pension of volume V and ¢; is the intracellular con-
centration of chl ¢. The results of these calculations
showed that Q,(\) and p'(A) are highest at the two
fastest growth rates, conditions where a%(\) values
were lowest (Table 2, Fig. 2A). As previously ob-
served (Sosik and Mitchell 1991), we found good
agreement between observations and the theoretical
relationship between Q,(}) and p'(\) (Eq. 2) despite
the obvious violation of the theoretical assumption
of homogeneous spheres. At the absorption peaks,
observed values of Q, (Eq. 4) were within 10% of
those predicted by Eq. 2 given the p’ values estimated
from the a¥y observations (Eq. 5).

Since D. tertiolecia has been comparatively well
studied, it is possible to compare the range of vari-
ability in a%,(A) induced by different sources of growth
limitation. Work on the effects of steady-state nitro-

gen limitation has shown that specific absorption
values at the bhue peak range from 0.025 to 0.040
m? (mg chl a)~! for growth rates between 0.2 and
2.0 d7' (Sosik and Mitchell 1991). This represents
a similar amount of variability; however, the values
are consistently higher than we observed in this study
of temperature-limited cells growing at similar rates
(0.016-0.025 m? (mg chla)~'). The combined range
of values for temperature and nufrient limitation is
similar to that observed for adaptation to different
irradiances in studies by Mitchell and Kiefer (1988)
(0.021-0.065 m? (mg chl ) '), Berner et al. (1989)
(0.018-0.040 m? (mg chl a)71), and Mitchell et al.
(unpubl. data) (0.025-0.053 m? (mg chl a}~'). From
this information, we conclude that temperature and
nutrient effects are at least as important as pho-
toadaptatlon in causing variations in a¥,(\).

It is also possible to unify our explanatlon of vari-
ability in a%(A) for all the sources of growth limi-
tation that have been examined in D. tertiolecta. By
combmmg Egs. 2, 3, and 4, a,(\) can be expressed
in terms of the product ¢,d and the specific absorp-
tion coefficient of intracellular material, a¥ (A):

—a¥,cd —a¥,Wed
5 -(1 2 L 2 ) (6)

* =
agh(M) 2¢,d atMWad  @%Mcd)y?

Using the data for temperature limitation from this
study, nitrogen limitation from Sosik and Mitchell
(1991), and light limitation from unpublished data
of Mitchell et al., we can show that much of the
observed varlablhty in a%(A) can be explained by
changes in ¢; and d. As predlcted by Eq. 6, we ob-
serve that, for a given wavelength, the lowest values
of a%,(\) correspond to conditions that result in the
highest product ¢;d (Fig. 4). Using the measured
values of af,(\) and the product ¢;d, the least-squares
best fit for Eq. 6 results in values of ax vy = 0.052
and 0.024 m? {mg chl 2)~' for the blue and red
absorption peaks, respectively. For the wide range
of a%(\) values and experimental conditions exam-
1ned we find good agreement of the data with Eq.
6 for these constant values of acm(P\) (Fig. 4). We
expect aX (M) to vary with changes in pigment ratios,
50 to the extent that we can describe the data with
a constant value of a¥, for a given wavelength pack-
age effects dominate “the variability in a¥. Particu-
larly for the blue peak, some of the scatter about
the curve for constant a¥%, in Figure 4 is certainly
due to changes in pigment ratios both between and
within different sources of growth limitation (see
Fig. 3 for example).

Quantum yield. As classically defined, the photo-
synthetic quantum yield is based on total photons
absorbed by the cell (Rabinowitch and Govindjee
1969}, including those that are not efficiently trans-
ferred to the photosynthetic reaction centers. We
have chosen to follow this definition, although it
should be noted that this results in a somewhat lower
and more variable yield than would be obtained if
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Fic. 4. Variations in a%(\) for the blue (open symbols) and
red (filled symbols) peaks as a function of the product of intra-
cellular pigment concentration and cell diameter (cd) in D. ter-
ticlecta under different forms of growth limitation. The curves
represent solutions of Eq. 6 with single values of a*, for the blue
and red peaks as detailed in the text, Square symbols indicate
data from this study on temperature effects; triangles are for
nitrogen-limited conditions from Sosik and Mitchell (1991); and
circles represent data for D. tertiolecta grown under light limita-
tion from Mitchell et 2l. (unpubl. data),

it were calculated based only on photosynthetically
active absorbed photons (Sakshaug et al. 1991 ,John-
sent and Sakshaug 1993, Sosik 1998). The quantum
yield for growth based on the integrated light ab-
sorption from 400 to 700 nm was calculated by re-
arranging Eq. 1:

4 = p

chl: C,f a® (WE,(\) dh’

As previously reported for nutrient-limited growth
(Herzigand Falkowski 1989, Chalup and Laws 1990,
Sosik and Mitchell 1991), we found ¢, increased with
growth rate under conditions where temperature
was limiting. This is in contrast to light-limited
growth, where ¢, decreases with growth rate (Kiefer
and Mitchell 1983, Falkowski et al. 1985, Morel et
al. 1987). For this species, the same relationship be-
tween u and ¢, was observed for both nitrogen and
temperature limitation of growth (Fig. 5). Over the
range of conditions we examined, the relationship
appears linear. Presumably asymptotic approach to
a maximum quantum yield would be observed if
sufficiently high growth rate could be obtained.

Changes in the quantum yield for growth of D.
tertiolecta with temperature are important. Despite
lower aj,(A), cells grown at 28° C absorbed 55% more
light per C than did cells at 12° C because the faster
growing cells had more than twice as much chl a per
C. While increased light absorption per C contrib-
uted to the faster growth at 28° C, the increase was
small compared to the observed difference in growth

(7)

0.05 T T T T

Nitrogen
0.04 -
0.03 | Temperature

0.02 -

Quantum yield (mo! C {mol quanta)™

0-00 1 1 | |
0.0 05 1.0 15 20 25

Growth rate (d™)

Fi6. 5. Variations in quantum yield for growth as a function
of growth rate for D. tertiolecta maintained under different en-
vironmental conditions. Both temperature (this study) and nitro-
gen limitation (data from Sosik and Mitchell 1991) cause ¢, to
decrease in a similar manner.

rate (more than four times greater in the cells grow-
ing at 28° C). The nearly threefold increase in 9,
was the main mechanism by which the cells main-
tained at higher temperatures were able to grow
rapidly.

These results showing an increase in ¢, with in-
creasing growth temperature are consistent with ev-
idence for variability in the photosynthesis—irradi-
ance curve for cells grown at different temperature.
It has been repeatedly shown that the saturation
parameter (I, = P, /o) decreases with decreasing
growth temperature (e.g. Steemann Nielsen and Jor-
gensen 1968, Liand Morris 1982, Mortain-Bertrand
etal. 1988, Levasseur et al. 1990). Qur results prob-
ably reflect that the growth irradiance is close to I,
for the low temperatures we examined and below
I, at the highest temperature. Values of ¢, are ex-
pected to be higher for cells adapted to an irradiance
that is low relative to the “instantaneous” I,, pro-
vided that acclimation is not also accompanied by
large decreases in a% ().

Although we did not measure characteristics nec-
essary to determine the cause of the observed changes
in ¢,, previous studies point to the importance of
factors such as changes in the number of functional
reaction centers and in energy transfer efficiency
between the light-harvesting pigments and the pho-
tosynthetic reaction centers. Levasseur et al. (1990)
reported a study of nutrient-replete growth of D.
tertiolecta at 12° and 20° C but at somewhat higher
irradiance than our study (200 compared to 165
umol quanta-m=2's7'). These authors observed a
decrease in the light-limited rate of photosynthesis
per chl & during short-term photosynthesis—irradi-
ance incubations of cultures previously adapted to

by
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growth at 12° C compared to 20° C. For the two
temperatures examined in their study, no significant
differences were found in chla-cell~! or in spectrally
averaged chl a- specific absorption, suggesting that
changes in light absorption did not contribute to
this decrease in light-limited chl a-specific photo-
synthesis at low temperature. Based on fluorescence
induction curves, the authors reported that this de-
crease was primarily due to a loss of electron transfer
efficiency to photosystem I reaction centers. Kolber
et al. (1988) documented changes in thylakoid pro-
tein abundance in response to increasing nitrogen
limitation in D. tertivlecta, which are consistent with
a loss of functional reaction centers and a reduction
in energy transfer between harvesting pigments and
the reaction centers. Although we have considered
the quantum yield for growth rather than the max-
imum photosynthetic quantum yield, it is probable
that these same factors also played an important role
in the decrease in ¢,, which we cbserved at low tem-
perature.

Changes in the importance of respiration and ex-
cretion relative to growth are another potentially
important source of variability in ¢,. If at higher
temperatures metabolic costs are elevated, respira-
tion may be a larger fraction of gross photosynthesis,
resulting in decreased energy available for growth.
In coantrast, excretion may be a larger fraction of
gross carbon fixation under conditions of temper-
ature stress, resulting in low values of ¢, at low tem-
peratures. Additionally, for the purposes of moni-
toring total photosynthetic carbon fixation, the
relevant quantum yield is the photosynthetic quan-
tum yield, ¢, not ¢,. Since respiration and excretion
are sinks for fixed carbon, ¢,, should be greater than
¢,. The extent to which variability we have observed
in ¢, will be manifest in ¢,, depends on how variable
respiration and excretion rates are with respect to
growth. In other studies examining light and nutri-
ent effects, respiration estimated based on carbon
loss in the dark has been shown to be a linear func-
tion of growth rate, and excretion of cellular carbon
has generally been shown to be a small fraction of
total carbon uptake for a variety of species (reviewed
by Langdon 1988). These results suggest that res-
piration and excretion may not be a large source of
variability in ¢,; however, issues such as increased
respiration in the light relative to the dark {e.g. We-
ger et al. 1989) and the specific responses to growth
temperature deserve further attention.

CONCLUSIONS

This study confirms that if accurate results are to
be obtained from bio-optical algorithms for phyto-
plankton production and growth, the models must
incorporate effects of growth temperature in addi-
tion to light and nutrient effects. We have shown
that, even for a single temperate phytoplankton spe-
cies, dramatic changes in steady-state photophysiol-
ogy can be induced by changes in growth temper-

ature under light- and nutrient-replete conditions.
Variability in a¥(\) and ¢, due to the effects of tem-
perature has been shown to be comparable to that
previously observed due to changes in light or nu-
trient availability. In addition, evidence for this well-
studied species suggests that similar parameteriza-
tions for nutrient and temperature effects may be
suitable. For the irradiance we have used in our
nutrient- and temperature-limited experiments, the
relationship between ¢, and u can be described by
a single linear function. For a},(A), variability due to
temperature, nutrient, and hght limitation can be
well described using a theoretical relationship with
cell size and pigment concentration, Many questions
remain, however, before these effects can be ade-
quately parameterized for model application in the
ocean. The responses of other phytoplankton taxa
to temperature and the potential interactive effect
of growth temperature on the photophysiology of
cells growing under suboptimal light or nutrient
conditions must still be addressed. An important
initial goal should be to determine the extent to
which, in natural phytoplankton populations, the
variability in specific absorption and quantum yield
is dominated by differing responses between species
or by acclimative responses within a species or group.
If the interspecific differences are larger, perhaps
attention should be focused con general character-
ization of the optical properties of different groups
and then turned to understanding the dynamics of
community structure in response to environmental
forcing. In contrast, if physiological acclimation re-
sults in greater variability, more complete studies of
the matrix of interacting environmental variables
should be conducted for representative species.
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