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ABSTRACT: The aim of this study was to quantify the variability in and differences between spectral
and nonspectral measurements of light utilization efficiencies for natural phytoplankton communities,
in order to evaluate possible consequences for bic-optical models of in situ primary production (P).
Field samples were collected at 4 coastal stations during a 1 d transect {(July 23, 1988) across the South-
ern California Counter Current (SCCC) at a time when phytoplankton communities were dominated
largely by picoplankton (0.4 to 5 um). Concurrent determinations were made of downwelling spectral
irradiance [Qq(A,2)], photosynthetically available radiation (Q,,,), spectral attenuation coefficients
[K4(A.2)], detrital-corrected phytoplankton absorption {a,,(A,z}]. white light photosynthesis-irradiance
parameters (P, «, /i) and carbon action spectra «(AA,z). From these parameters, spectral estimates of
in situ phytoplankton absorbed radiation [AQ,,(AA,2)], maximum quantum vyield [d,,..(AA, z)], opera-
tional quantum yield [&(AA, z)], radiation utilization efficiency [€(AA,z)] and productivity P(AA, z) were
derived. Significant spatial variability in all bio-optical parameters was noted for communities in the
surface waters and the chlorophyll maximum. For surface waters, there was significant variability in
the 525 to 600 nm region of the spectral signatures of #{AA,z) and P(AA,.z) which was attributable to
phycobilins not resolved in absorption spectra. The importance of light absorption by photosynthetic
pigments other than chlorophyll a (chl). and their associated impact upon absorption-based production
parameters, increased with light depth. One consequence was a close correspondence between AQ,,
and P(AA,z) at depth which was not evident in surface waters. A second consequence was that while
spectrally weighted and white light estimates of quantum yield were occasionally similar in surface
waters, spectral estimates for all chlorophyll maximum communities were 4- to 6-fold higher than white
light measurements. Results confirm previous observations that white light measures of quantum yield
can significantly underestimate quantum vyield for subsurface communities of phytoplankton (Prézelin
et al. 1989) and provide a conceptual base on which to improve existing and future spectral models of
in situ photosynthetic quantum yield.

Published December 23

INTRODUCTION

Phytoplankton productivity occupies a central posi-
tion in several large-scale processes, including food
web dynamics, biogeochemical cycles, particle flux,
and bioluminescence. Bio-optical models can increase
our ability to resolve the temporal/spatial variability in
phytoplankton production which will allow constraints
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to be placed on these other processes. The bio-optical
models are based on the mechanistic linkages between
water-column optical properties, penetration of photo-
synthetically available radiation (Qp), and phyto-
plankton production. Photosynthesis-irradiance (P-I)
curves provide physiological information which can
resolve environmental effects on algal photophysio-
logy and are used to provide empirical models describ-
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ing the variability in primary production (Platt & Jass-
by 1976, MacCaull & Platt 1977, Cote & Platt 1984, Pré-
zelin et al. 1986, 1987, 1989, 1991, Prezelin & Glover
1991). The P-I parameters are also key components in
other sophisticated bio-optical models which attempt
to predict changes in the rates of phytoplankton
growth and photosynthesis {Shuter 1979, Laws & Ban-
nister 1980, Kiefer & Mitchell 1983, Falkowski et al.
1985, Lewis et al. 1985, Geider et al. 1986, Bidigare et
al. 1987, Platt & Sathyendranath 1988, Sakshaug et al.
1989, 1991, Sathyendranath et al. 1989, Smith et al.
1989b, Baker et al. 1990). These models generally re-
quire a term for the quantum yield of carbon fixation
(¢) which is the efficiency with which radiation ab-
sorbed by phytoplankton (AQpy) is converted to photo-
synthate. Based on limited field information on the
quantum yield many of these models have been devel-
oped by assuming ¢ is independent of wavelength,
near the theoretical maximum (0.125 mol C Ein™})
and/or has a predictable light-dependent relationship
to the maximum quantum yield (¢y.,.). Recent studies
indicate that such generalities cannot be universally
applied without significantly affecting the predictive
accuracy of the productivity models (Smith et al
1989b, Schofield et al. 1990).

Spectral production models (Lewis et al. 1985, Bidi-
gare et al. 1987, Sathyendranath et al. 1987, Smith et
al. 1989b, Baker et al. 1990) recognize the wavelength
dependence of photosynthesis and that the bio-optical
properties of phytoplankton are adaptable to the varia-
bility in the underwater light fields (cf. Prézelin &
Boczar 1986). The models are based on the observation
(Kirk 1983) that primary production (P) at any given
depth (z) depends on the underwater light field, its ab-
sorption by phytoplankton, and the efficiency with
which this absorbed radiation (AQyy) is utilized to fix
carbon (C). Thus

P(z) = $lz) 12000 - AQ,4(2) (1)

Taking into account the spectral dependence of
AQ‘M,(Z) the accuracy of the bio-optical models signifi-
cantly increased (Smith et al. 1989b). By also taking
into account the spectral dependence in ¢(z) the accur-
acy of the productivity models will increase and may
offer more general applications then empirical and
nonspectral models.

Our interests in modeling the mechanisms with
which diverse phytoplankton utilize radiant energy,
regulate rates of photosynthesis, and influence the op-
tical characteristics of the water column prompted a
multidisciplinary cruise {(Watercolors '88). The purpose
of Watercolors ‘88 was to assess the linkages between
ocean optics and wavelength-dependent photosyn-
thesis. The study presented here is part of that field
exercise and was designed to quantify natural variabil-

ity in and between spectral and nonspectral measure-
ments of the maximum quantum yield. The study out-
lines the linkages between spectral and nonspectral
production parameters, demonstrates that shifts in
phytoplankton community composition and/or spectral
irradiance has a large effect on the spectral signature
of light utilization parameters, confirms previous ob-
servations that ‘white light' measures of quantum yield
can significantly underestimate quantum yield for sub-
surface communities of phytoplankton (Prézelin et al.
1989) and provides a conceptual base on which to im-
prove existing and future spectral models of in situ
photosynthetic quantum yield.

MATERIALS AND METHODS

Physical/chemical measurements and sample
collection. The Watercolors ‘88 program was conduc-
ted in July-August 1988 aboard the RV 'Melville'.
Using procedures previously described (Smith et al.
1987), a total of 129 vertical profiles of bio-optical pro-
perties were completed during repeated transects of a
highly variable region of the Southern California Bight
(SCB) (Fig. 1). Hydrographic analyses (Smith et al.
1990, Baker & Smith pers. comm.) led to the sorting of
all vertical profiles into 12 groupings which had similar
hydrographic signatures. The cluster of vertical casts
that represent Station {Stn) L was most representative
of California Current (CC) waters flowing from the
north, while the stations at Stn K had hydrographic
signatures that were intermediate between those CC
waters and post-upwelling water subducting offshore
at Stn J. Although groups A to I all appeared hydro-
graphically related to the Southern California Counter
Current (SCCC), there was some variability along the
east-west transect line. The variability was most pro-
nounced at Stn I centered over the Continental Shelf
Break. At the time of the present study, Stn 12.01
showed the influence of SCCC in surface waters and
the influence of postupwelling off Pt. Conception with-
in the chlorophyll maximum (chl maxj.

On July 23, 1988, a biological transect was made
along a 150 km region of the SCCC. The cast numbers
for the 4 transect stations (Stns 9.02, 10.02, 11.01,
& 12.01) and their relationship to distinguishable water
types (A to L) are shown in Fig 1. Vertical profiling for
Stns 9.02 to 12.01 was carried out between dawn and
dusk of a single day and sample times are listed in
Table 1 The present study distinguishes instantaneous
measurements of bio-optical parameters, made at dif-
ferent stations at different times of day, from noon-time
estimates of these parameters. The latter correct for
known diurnal variations in light and productivity para-
meters in order to provide a time-independent compari-
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Fig. 1 Site of 12 transect
locations {A to L) that were
repeatedly sampled during
the Watercolors cruise during
4 wk in July and August 33*
1988. (M) Stations where bio-
optical profiles were made
between dawn (Stn 9.02) and
dusk (Stn 12.01) on July 23
(Julian Day 205). Specific
cast card numbers for BOPS
data presented here are

indicated 121°

Latitude
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son of the 4 stations. Procedures for time-correction of
similar bio-optical parameters are described elsewhere
(Prézelinetal. 1987, 1989, Prézelin & Glover 1991).

The Bio-Optical Profiling System (BOPS) was used
to determine the vertical structure of the water col-
umn and to collect seawater samples for chemical

Table 1. Physical, chemical and production values across an east-west transect of the Southern California Bight on July 23, 1988.
See Table 2 for definition of symbols. nd: not detectable, <1 uM

East --—— ——= = West
Station: 9.02 10.02 11.01 12.01
Location: 33°50.1'N, 33°49.3'N, 133°50.26'N, 34°08.6'N,
119°37.0'W 119°42.0'W 120°00.0'W 120°58.77'W
LDT: ¢ 06:30 h 10:00 h 13:30 h 18:30 h
Depth (m}: 09 20° 05 26" 09 25° 2.0 36°
°C 19.7 14.5 19.1 15.7 18.1 15.1 16.1 125
% Qpar 85 14 99 20 92 14 75 5
uM NO; nd nd nd nd 2.0 1.7 1.7 4.7
mg chl m™3 0.17 0.86 0.19 0.67 0.39 0.70 0.27 1.17
At time of sampling:
P(z) chl™! 0.45 0.17 4.89 1.33 4.71 0.87 1.24 0.06
Prgx chl™! 2.51 1.20 4.89 1.33 4.71 1.25 1.98 0.51
a X 10* chl™! 70 74 133 90 121 61 97 56
I 358 162 367 147 389 204 204 91
P/ Prax 0.17 0.14 1.0 1.0 1.0 0.70 0.63 0.12
Midday estimates:
P(z) chl™! 4.52 0.66 5.02 1.25 4.98 0.67 1.86 0.47
Poax chl™! 4.55 1.03 5.03 1.33 4.98 0.88 1.98 0.74
a % 10* chl™! 109 401 123 88 192 47 27 71
I 427 258 415 157 261 197 738 92
P'Pray 0.99 0.64 1.0 0.94 1.0 0.94 0.94 0.64
¢Local Daylight Time
bDepth of chl max
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Table 2. Symbols used in this paper

AQun(2) Quanta absorbed by phytoplankton
between 400 and 700 nm at depth z,
Einm “h!

AQ,(AN,2) Quanta absorbed by phytoplankton
between A, and A, at depth z, Einm *
hfl

apn(A, 2) chl”! Chl-specific spectral absorption of
phytoplankton at depth 2z m?®
(mg chl)™!

a,, chl! Spectrally weighted chl-specific ab-
sorption, m? (mg chlj™

chl Chlorophyll a concentration, mg chl
m—}

Ey(Az) Spectral downwelling irradiance
{10 nm bandwidth) at depth z, W m™
nm™!

Iy Saturation parameter for photo-
synthesis-irradiance (P-I) curves, =
P .« uEinm“s7!

P(z) chl™! Rate of chl-specific photosynthesis,
mg C (mg chl)"'h'!

P(AA,z) chl™! Chl-specific photosynthetic action
spectrum at depth z, mg C (mg chl)™!
hfl

P chl™! Light-saturated chl-specific rate of
photosynthesis, mg C (mg chl)! h™!

Ky(r2) Spectral attenuation coefficients at
depth z, m™!

Qy(AA,2) Spectral quantum irradiance at
depth z uEin m2s 'nm’

Qg(AA,P-1) Spectral quantum irradiance in
white light photosynthetron, pEin
m?2s 'am!

Qpur Photosynthetically active quantum
irradiance between 400 and 700 nm
at depth z, uEin m™s 'nm™' (Note:
Qpar = PAR =1 = E}

Qpar(p-y Photosynthetically active quantum
irradiance in white photosynthetron,
uEinm?s 'nm'

z Depth in meters

achl™ Chl-specific intial slope of P-I curve,
mg C (mg chlj"! h™! (uEin m™% s7)"!

a(AA,z) chl™! Wavelength-dependent chl-specific
efficiency of light-limited photo-
synthesis, mg C (mg chl)?! h'!
(WEin m™ s ')!

@(AA,z) chl™! Spectrally averaged chl-specific
wavelength-dependent efficiency of
light-limited photosynthesis, mg C

-2 o—1y-1

(mg chl)™' h™! (UEin m™s7)

epy, chl™! Chl-specific light-limited slope of
photosynthesis weighted to the irra-
diance within a white light photo-
synthetron, mg C (mg chl)”" h!
(UEin m™2s1)!
A Wavelength, nm

AN, Integrated value of a parameter be-
tween A, and A, corresponding to a
waveband interval i

Wavelength-dependent radiation
utilization efficiency at depth z

Wavelength-dependent quantum
yield for carbon fixation at depth z,
mol C Ein™!

Spectrally averaged wavelength-
dependent quantum yield for carbon
fixation at depth z, mol C Ein™"

(DA, 2)

Maximum quantum yield for carbon
fixation measured with a white light
photosynthetron at depth z mol C
Ein™!

Wavelength-dependent maximum
quantum yield for carbon fixation at
depth z mol C Ein™!

(bmdx(z)

Bmax (AA, z)

Spectrally averaged wavelength-
dependent maximum quantum yield
for carbon fixation at depth 2z,
mol C Ein™!

Brmax (84,,2)

and biological analysis at each station (Smith et al.
1984). Hydrographic features (i.e. density structure,
chl and particle distributions, in situ light fields,
etc.) were identified during the downcast and con-
firmed on the upcast, at which time water samples
were collected from discrete depths in 51 GoFlo bot-
tles for shipboard studies. Methods for chlorophyll a
(chl) and nitrate determinations of discrete samples
were identical to those described by Smith et al
(1987).

Bio-optical parameters. Significant symbols used in
the present text to describe measured and derived op-
tical and productivity parameters are summarized in
Table 2. Some symbols are interchangeable and reflect
overlapping biological and optical notation. A flow

chart of the linkages between measured and derived
optical parameters is given in Fig 2.

Ey (A z), K4(A,z) and Qu4(AA,z): Vertical profiles of
downwelling spectral irradiance Ey(A.z) (W m 2 nm™')
were corrected for variability in the incident light field
over the day resulting from atmospheric variability,
wave action, and ship shadow (Smith & Baker 1984).
Spectral attenuation coefficients [K,(A,z)] were calcula-
ted from spectral irradiance measurements (10 nm
bandwidths):

o . Eg(hz)) 2
Kah2) = = n g 2 -

Spectral quantum irradiance, Q) (LEin m * s7!

nm "), was calculated from E4(A) as outlined in Smith et
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Bio-optical Proftling system
Eq(h.2) water:;:--:-‘ o ing
' | | \
Qalx 2)
700 1 ;
te: (z)= QalAz) dx
note: Qpar(z) '[ ¢ apn (A.2) | Jalariz) a

Prax Ix =Pmazx /a0

400 ‘{
AQpn(ariz) = _[ apn(d,z) - Qq(A.z) - dl\

Y +

AQph(a%i2)

700
note. AQpn (z) =J AQpn (aX,z) dA

white l1ght photosynthesis-irradiance curve
P(z) = Ppay tanh[Qpar{z)/1(z)]

13

P(z) = X alariz) Qalar.z)
1-1

400 1
i _[ P(aAi.z)
Y
Plokiz) olah;2) 1638  P(ah.z)
AQpn(41i2) (ahiz) ' LA 2
Qpil vz Aph i Kalariz) Qqlariz)
d(akriz) O max(akiz)
€(ar,.2)

Fig. 2. Flow chart of measured and derived optical parameters. See text for details

al. (1989a). The resulting spectral signature of Qgu(A)
was then averaged over 25 nm wavebands to give
Q4AA) where AA; refers to parameter values deter-
mined over a 25 nm waveband corresponding to spec-
tral photosynthetron wavebands (see below).
Detrital-corrected a,,(A,z), AQp,(AA;,z), and AQ,,(2):
Phytoplankton spectral absorption [ayn(A,z)] was deter-
mined using the opal glass technique on whole water
samples that had been gently filtered (<10 mm Hg,
0.4 pm Nuclepore polyester filters), and resuspended
by gentle agitation (30 s, Thermolyne 37600 shaker) of
the filter in 10 ml of the seawater filtrate. Absorption
spectra of the resuspended particles were measured
using an Aminco DW-2a spectrophotometer with sam-
ple filtrate as the blank (Nelson & Prézelin 1990). Repli-
cate absorption measurements were made on serially
diluted samples in order to confirm that Beer’s law
applied and optical densities were <0.05 (>89% trans-
mittance} to ensure that multiple scattering effects
were insignificant (Kirk 1983, Morel et al. 1987, Sathy-
endranath et al. 1987).
Once absorption spectra were recorded, suspen-
sions were refiltered and extracted chl concentrations

determined. High Pressure Liquid Chromatography
(HPLC) analyses of selected filters showed no systema-
tic bias toward retention of particular pigments on the
filter (R. R. Bidigare pers. comm.). Refiltered extracts
were compared to chl concentrations of whole water
suspensions, in order to correct for pigment loss {<36%
on the average) and to allow for direct estimates of in
situ absorption parameters. Chl concentrations of re-
filtered particle suspensions were used to determine
chl-specific absorption parameters.

Direct measurements of total particle absorption
were 'detrital’-corrected following the procedure of
Kishino et al. (1985). Aliquots of particle suspensions
were extracted overnight in cold methanol and filtered
to collect pigment extracted particles. These particles
were resuspended in distilled water and their spectral
absorption determined, thereby providing 'detrital’
spectra which were subtracted from total particle ab-
sorption to yield detrital-corrected spectral absorption
of phytoplankton [apy(A)]. All spectra were smoothed
by a 5 nm moving average.

A spectral estimate of the amount of available radia-
tion absorbed by phytoplankton was calculated as a
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product of the phytoplankton absorption (ap(A.z); m™)
and the in situ spectral irradiance at the sampling
depth [Q4(A.2); Ein m™2 h™! nm™!| (Smith et al. 1989b).
The resulting estimate of phytoplankton absorbed
radiation (AQuu(A.2z); Einm™* h') is an upper limit as no
corrections were made for the fraction of absorbed
light attributable to nonphotosynthetic pigments
(Prézelin et al. 1990). Estimates of AQ,n(A.z) were inte-
grated over 13 separate 25 nm waveband intervals to
yield spectrally absorbed radiation [i.e. AQun(AA;.2);
Ein m~2 h™!] for each waveband interval used to meas-
ure rates of photosynthesis in spectral photosynthe-
trons (see below), i.e.

AQpn(AALz) = JQd(A,Z) “apn(A.z) - dA (3)
AR,

Summing AQyn(AA, z) over the visible spectrum (i.e.
i=1to 13) yields an estimate of the total absorbed ra-
diation by phytoplankton [AQyu(2)].

Pomaxe @, and I.: Short-term (2 h) shipboard '*C-incu-
bations of whole water samples were made to deter-
mine ‘instantaneous’ photosynthesis-irradiance (P-I)
relationships of >0.4 um phytoplankton communities.
Samples were incubated at in situ temperature and
over a range of white light intensities. The procedures
of sample collection, preparation, incubation and
radiolabel uptake determinations have been described
previously (Prézelin et al. 1989). Non-linear curve fits
for P-1 data were calculated using the simplex method
of Caceci & Cacheris (1984). Curve-fitting procedures
provided estimates of P,,., (the light-saturated rate of
photosynthesis), « (the light-limited rate of photo-
synthesis) and I, (= Py, @ an estimate of the minimum
irradiance required to light-saturate rates of photo-
synthesis). In situ photosynthetic performance P(z) was
calculated as

P(2) = Pn,.{2) - tanh [Qpar(z) I(2)] {4)

where Qp.(2) is the in situ irradiance (Platt & Gallegos
1980).

During the cruise, each of these P-1 parameters,
spectral irradiance, and phytoplankton absorption
were determined diurnally for phytoplankton com-
munities sampled from similar depths and hydro-
graphic regimes and from large-volume deckboard
incubators adjusted to in situ light and temperature
levels (cf. Prézelin et al. 1987). Thus diurnal variability
in P-I parameters was determined for different groups
of hydrographically similar transect stations. This diur-
nal pattern was replicated during a second diurnal
study within SCCC waters during the cruise. Within
hydrographic groupings, it was then possible to anchor
an instantaneous measurement of a production para-
meter made at other times during the cruise to a char-
acteristic diurnal pattern. The instantaneous measure-

ment set the magnitude of the anchor point for that day
and location, while the diurnal pattern of periodicity
was used to propagate a pattern of daily variation most
likely to be operating within that hydrographic group.
This approach had been successfully employed in a
previous effort to monitor and model temporal and
spatial variability in primary production across this
same region of the ocean in 1985 and shown to provide
a reasonable estimation of hourly variation in P(z) over
the day and as a function of light depth at different
transect stations (Prézelin et al. 1987, Smith et al. 1987,
1989b).

afAA;z) and P(AA,z): Two types of spectral photo-
synthetrons and procedures were used to determine
the carbon action spectra (C-action) of phytoplankton
(Lewis et al. 1985, Schofield et al. 1990). The major
procedural difference was that the Lewis spectral pho-
tosynthetron system was designed to give the spectral
light-limited slope of photosynthesis [a(AA;z)] for
whole water samples, while the Prézelin system was
designed to allow for determinations of either whole
water or size-fractionated samples of larger volumes
(up to 15 ml). Further, the Prézelin system provided
the option for measuring enhanced photosynthetic C-
action spectra (Fig. 3).

The Prézelin system provided «(AA;z) and spectral
production measurements for >0.4 pm phytoplankton
in surface water. The Lewis system was used to meas-
ure «(AA,z) and production values for whole water

Fig. 3. Diagram of large volume spectral photosynthetron
with enhancement attachment. See text for details



Schofield et al.. Spectral photosynthesis, quantum yield, and radiation utilization efficiency 259

samples of chl max communities along the transect. A
control study of chl max samples at Stn C showed good
replication of results between the 2 spectral photosyn-
thetrons. Therefore, it appeared that fractional contri-
bution of < 0.4 pm phytoplankton to total plant biomass
was insignificant in the SCCC at the time of this study.

Surface samples were inoculated with NaH"“CO,
{final activity ca 5 uCi ml™") and 2 ml aliquots were
dispensed into acid-washed scintillation vials and in-
cubated (2 h} at in situ temperatures. Described here
for the first time, the Prézelin spectral photosynthetron
irradiated samples with a range of spectral irradiances
provided by an array of 75 W Cool Lux FOS8 tungsten
halogen lamps. These lamps were individually cen-
tered in a hight-tight fitting beneath a 2” (5 cm) square
glass bandpass interference filter (PTR Optics, Walt-
ham, MA, USA, and Corion Optics, Hollingston, MA,
USA). There were 13 different spectral filters, each
with 12.5 nm half-bandwidth, which were equally
spaced across the visible spectrum (with the half-
bandwidths centered from 400 to 700 nm) in 25 nm in-
crements. Above each filter, a water-cooled Plexiglas
chamber was aligned with a light-tight reflecting cone.
Within each chamber was a sample holder comprised
of 5 copper tubes with an inner diameter equivalent to
the outer diameter of 20 ml glass incubation vials. The
spectral integrity of the light reaching each sample
location was verified with the aid of a Li-Cor LI-1800
spectroradiometer. Irradiance levels within each sam-
ple could be modified by using various combinations of
neutral density Plexiglas discs between the glass vials
and the base of the incubation chamber. [rradiance
was measured with a Li-Cor LI-185A light meter and
an attached underwater quantum sensor which fitted
into each sample chamber so that light measurements
were made at the chamber base without light leaks
from above. Drift in mean irradiance measurements
during incubation was less than 5%. Following incuba-
tion, samples were filtered onto 0.4 um Nuclepore
filters, rinsed with filtered seawater, and placed in
scintillation vials with 5ml of scintillation cocktail (Li-
quiscint). Radioactive samples were counted at sea
with the aid of a LKB 1217 scintillation counter inter-
faced with an Apple Il microcomputer for data storage
and manipulation (Prézelin et al. 1989).

For chl max samples using the Lewis system, 1 ml
aliquots were incubated with 30 to 50 uCi ml~! of ¥C-
sodium bicarbonatein 7 ml glass scintillation vials. The
spectral characteristics of the interference filters were
identical to those described above, covering the visible
spectrum between 400 and 675 nm. At each wave-
length, samples were incubated at 8 different irradi-
ances. After 1 h, radioactive uptake was stopped by
acidification and excess radiolabel was driven off by
aerating samples on a shaking table for 1 h in a fume

hood (Lewis et al. 1985). Five ml scintillation fluor was
added and radiolabelled counts were made at sea.

For all C-action spectra, the light-limited slope
[a(AA,z)] of the spectral P-I relationships was deter-
mined by linear regression at each spectral bandwidth.
Data was plotted to show x1 standard error (SE) of the
a(AA, z) estimate (Lewis et al. 1985). Estimates of in situ
spectral production rates [P{AA,.z); Schofield et al.
1990] were derived for each photosynthetron wave-
band interval as a product of a(AA;,z) and Qy(AA,.z),

PAXiz) = aldA;z) - Qu(AA,2) (5)

where spectral Q4(AA,z), rather than AQy,(A4,z), val-
ues were used since « values are based on incident
radiation. Upper limits on P(AA; z) were imposed by not
allowing the integrated sum of all P(AA;z) to exceed
white light estimates of P(z) (Eq. 4) determined on rep-
licate samples. This was done since low light levels in
the spectral photosynthetron do not provide a spectral
estimate of the photosynthetic potential and nor do
they allow a means of measuring a light saturation
parameter. When the integrated sum of P(AA,z) ex-
ceeded P(z) the spectral production values were re-
duced in all wavebands without changing the wave-

length dependence.
13

P(2) = Ppo(2)-tanh [Quu(2)/1(2)] = 3, P(AX,2) (6)
i=1

This equivalence between P(z) and the sum P(AA;z)
has been shown to be true for light-limited laboratory
cultures of Synechococcus (Boucher pers. comm.) as
well as a diatom and prymnesiophyte species (Scho-
field et al. 1990). This approach allowed us to link
measurements of spectral photosynthesis to those de-
rived from broadband P-I measurements of primary
productivity. Using the approach for estimating the
daily vanability in P-I parameters and P(z) (see above),
it was possible to estimate hourly variations in P(AA, z)
and thereby provide simulated synoptic comparisons
of noontime productivity rates for different phyto-
plankton communities sampled over a single day.

Dnax(AA;2) and ¢(AA,z): Estimates of maximum
spectral quantum vield ¢p,.,(AA, z) were calculated for
thirteen 25 nm waveband intervals by dividing a(AA,, z)
by phytoplankton absorption, such that

a{AA, z)

Pmax(BA;2) = m

(7)
Given the linearity of the dilution series for absorp-
tion data and the reproducibility of the spectral irradi-
ance measurements, the error in ¢, (AA;2) is most
likely associated with the errorin the a(AA; z) estimates
shown in plots of C-action spectra (Figs. 4 & 5).
Estimates of in situ spectral quantum vield [¢(AA; z}]
were derived from Eq. (1), where quantum yield can
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be derived from the real time production rates and
photosynthetically absorbed light of the phytoplank-
ton. Thus

P(AA,2)

Arz) = — e
AI) AQun(AA;,2) - 12000 ®)

where the ratio ¢(AA;2)/ dnax(BA,.2) indicated what
fraction of the quantum yield potential was realized at
any given time or location.

€(AA;,z): An estimate of the spectral dependency of
the radiation utilization efficliency (€) was calculated as

163.8 P(AA, 2)
€(Bdr,2) = -+ 100 9)
Ka(AAz) - Qq(AA,2)
where Ky(AA,z) is the spectral downwelling diffuse
attenuation coefficient, and 163.8 converts 1 mg C to
its energy equivalent in pEin (Morel 1978, Kirk 1983,
Smith et al. 1987).

RESULTS

Intensive vertical profiling of the physical properties
of the Watercolors '88 study area (Fig. 1) provided
hydrographic data which indicated the offshore flow of
the California Current (CC) from the north and near-
shore flow of Southern California Counter Current
(SCCC}) from the south, with episodic intrusions of up-
welled water flowing from the northeast near Pt. Con-
ception (Smith et al. 1990). The present study is based
on one east-west transect in the study area completed
between dawn and dusk of a single day. Three of the 4
transect stations (Stns 9.02, 10.02 & 11.01) were located
within the SCCC. The surface waters of the fourth sta-
tion (Stn 12.01) were hydrographically and biologically
similar to the other 3 stations, while the chl max com-
munity was hydrographically distinct and appeared to
represent a post bloom community of diatoms that sub-
ducted from upwelled waters off Pt. Conception (Smith
et al. 1990, unpubl. data). A comparison of the physi-
cal, chemical and production values for the 4 transect
stations is presented in Table 1.

Optical, hydrographic and phytoplankton commun-
ity characteristics of transect stations (Table 1)

Density contours (Smith et al. 1990) indicated verti-
cal stratification between surface and chl max phyto-
plankton communities at all stations on July 23 (Julian
day 205). Moving west along the transect, the depth of
the euphotic zone (1% light level) shoaled from 55 to
35 m (Baker et al. 1990). Surface samples (<2 m) were

exposed to light-saturating and photo-inhibitory levels
of Quar for most of the day, while chl max communities
experienced a diurnal oscillation in Qg that light-
saturated rates of photosynthesis for only a few hours
around midday (Boucher et al. 1990, Prezelin unpubl).

For surface communities along the east to west tran-
sect, water temperature fell 3.6 °C; salinity declined
from between 33.75 and 33.65 %, at Stns 9.02, 10.02 &
11.01 to 33.45 %0 at Stn 12.01; nitrate concentrations
rose from undetectable levels to 2 uM; and chl in-
creased 2-fold (Table 1). At the 3 SCCC stations, more
than 70 % of surface chl was attributable to phyto-
plankton communities (0.4 to 5.0 um) comprised mostly
of prymnesiophytes, cyanobacteria and green algae.
In contrast, abundant phycoerythrin (PE)-rich cyano-
bacteria dominated surface waters at Stn 12.01. The
>5.0 uym netphytoplankton communities were com-
prised largely of diatoms at all stations (Sloan & Bidi-
gare 1990).

The 3 chl max communities sampled within the
SCCC were all located at 25 to 30 m, at the 14 to 20 %
light level and near the 15 °C isotherm (Table 1).
Phytoplankton community compositions were similar
and resembled that of surface waters (Sloan & Bidigare
1990). There was an approximate 70 : 30 split of chl dis-
tribution between the 0.4 to 5.0 um and >5 um phyto-
plankton size fractions respectively. However, while
the chl biomass of these SCCC chl max communities
was essentially the same (0.74 + 0.08 mg chl m™3), chl
concentrations at the chl max were up to 5-fold higher
than surface values at the same locations. Within the
chl max at Stn 12.01, chl was about twice as abundant
as at SCCC stations and the phytoplankton community
was dominated by >5.0 um diatoms, with prymnesio-
phytes enriched in the 0.4 to 5.0 um size class (Sloan &
Bidigare 1990).

A comparison of realtime vs noontime estimates of
photosynthetic parameters for surface and chl max
communities is provided in Table 1. As evidenced by
P(2)/ P4 values near 1.0, it appeared that surface
phytoplankton communities were light-saturated at
midday and photoinhibition effects were not evident
until later in the day (Boucher et al. 1990, Prézelin
unpubl.). For surface waters of the SCCC stations, mid-
day chl-specific production [P(z) chl '] was essentially
the same [i.e. 4.84 + 0.28 mg C (mg chl)™! h™!] at all
stations and 2.6-fold greater than those measured for
surface waters at Stn 12.01. This observation can be
linked directly to noontime estimates of light-saturated
photosynthetic potential, i.e. Pp,, chl"!. There was a
similar spatial variability in noontime estimates of
« chl™!. Noontime I, values varied 3-fold in surface
waters, i.e. around 420 pEin m™? s! at Stns 9.02 &
10.02, 261 uEin m % s at Stn 11.01, and 738 uEin m™?
s 'at Stn 12.01.
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Estimates of the noontime P(z) chl™! for chl max
communities (Table 1) were up to 7-fold lower than
similar estimates for surface communities at the same
station, in spite of the observation that these commun-
ities were photosynthesizing at or near light satura-
tion [i.e. noontime P{z)/P,,, ratios between 0.64 and
1). Compared to surface communities, chl max com-
munities were characterized by significantly lower
estimates for P, chl™! and I,. Between different chl
max communities, I, values steadily declined 2.6-fold
across the transect and were coincident with observa-
tions that chl maxima occur at lower light depths
across the transect. Along the same spatial gradient,
Prax chl™! values declined 2-fold. Estimates of P(z)
chl™! were highest in the chl max at Stn 10.02 [1.25
mg C (mg chl)™! h™') and 3-fold lower at Stn 12.01
[0.47 mg C (mg chl)™! h™1].

Absorption-based productivity parameters
apn(A,z) chl™! and a(AA,z) chl™!
Particle absorption spectra were corrected for de-

trital absorption and allowed direct comparisons of
the absorption properties for different phytoplankton
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communities. Chl-specific absorption varied 2- to 3-
fold in the surface phytoplankton communities, with
highest chl-specific absorption evident in the oligo-
trophic waters of the SCCC (Fig. 4). The majority of
the spatial variability in phytoplankton absorption
was attributable to the variations in the magnitude of
chl-specific blue light absorption (400 to 500 nm). In-
terestingly, chl-specific red light absorption [ap,(675)
chi~'] declined almost 4-fold along the transect of the
3 SCCC stations, from a high of 0.038 m® mg chl™' at
Stn 9.02t0 0.01 m? mg chl™! at Stn 11.01. The apn(675)
chl™! value for surface waters of Stn 12.01 was
0.006 m? mg chl™". The ag, chl™! for chl max communi-
ties (Fig. 5) varied 3-fold across the transect. Highest
a,n(A,2) chl™! values occurred at Stn 10.02, where the
chl max was in a higher light environment and at
warmer temperature than chl max communities at the
other 3 stations (Table 1). Lowest ayu(A,2) chl™! values
were observed for diatom-dominated chl max com-
munities at Stn 12.01, i.e. ap,(675) chl™' = 0.011 m?
(mg chl)™' and an a,, chl™' (425 to 450) = 0.028 m?
{mg chl)"!. There was no evident relationship be-
tween ayn(A,2) chl™'in the surface and chl max com-
munities.

Figs. 4 & 5 also illustrate the variability in the spec-
tral dependency of light-limited slope of photosyn-
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Fig. 4. Comparison of surface detrital-corrected phytoplankton absorption [d,(4,2) chl™!, solid line] and light-limited slope of

photosynthesis [a(AA,z) chl™!, bars] for >0.4 um phytoplankton communities. Samples were collected at different times of the

day at 4 transect hydrocasts on July 23, 1988. Vertical lines indicate +1 SE of @(dA,z) chl™! values. Note scale changes.
na: not available
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thesis [a(AA;z) chl™!] at each location and provide a
direct comparison of the C-action spectra with the
phytoplankton absorption properties [apn(A,z) chl™ |.
Surface communities displayed a greater variability
in a(AA;z) chl™! than did chl max communities. High-
est bluegreen (400 to 500 nm} «a(AA;,z) values were
evident at Stn 9.02 and were up to an order of
magnitude greater than comparable measurements at
the other 3 stations. Within the SCCC, bluegreen
light absorption appeared to support the largest frac-
tion of a(AX;,z) chl™!. In contrast, a(AA;2) chl™! in the
Synechococcus-dominated surface community at
Stn 12.01 was equally supported by apn(A.z) chl™
attributable to chl and carotenoid absorption between
400 and 500 nm and phycobilin absorption between
525 and 600 nm.

The carbon action spectra for all chl max communi-
ties within the SCCC were generally similar in shape
and magnitude (Fig. 5a to c¢). The carbon action spec-
trum for the chl max at Stn 12.01 (Fig. 5d) differed from
the others in that bluegreen a{AA, z) chl~! values were
highest at wavebands not attributable to chl a absorp-
tion. The ratio of the bluegreen (450 to 525) to red (625
to 672) wavebands was 2-fold higher for the diatom-
dominated community then the SCCC chl max com-
munities.

AQun(AA;,z), AQpn(z) and P(AA,2)

Figs. 6 & 7 compare noontime estimates of in situ
light absorption [AQ,n(AA,2)] for the different phyto-
plankton communities. In surface waters (Fig. 6), the
spectral shape of AQ,(8A,z) closely resembled the
apn(A,z) chl™! spectrum (Fig. 4). Values of AQ(AA,2)
peaked in the blue region of the visible spectrum, and
varied 27% (range from 0.0037 to 0.0027 Ein m™3 h™!)
{Fig. 6). For chl max communities (Fig 7). AQun(AA;2)
more closely resembled the underwater light field than
the absorption properties of the phytoplankton (Fig. 5).
Highest AQpn(dA,z) values were centered at blue-
green wavelengths and no detectable red light absorp-
tion was evident (Fig. 7). For chl max communities
within the SCCC, AQ,,(AA, z) values varied 2- to 3-fold
(ranged from 0.0070 to 0.0020 Ein m™® 57!}, The lowest
AQyp(AA,z) values were observed in the chl max of the
postupwelled waters of Stn 12.01 (Fig. 7).

Spectral production was calculated according to
Eq. (6) and is presented in Figs. 6 & 7. In surface
waters, production rates were highest in the blue and
green wavelengths (400 to 475 nm) and ranged 3-fold
when P(AA;z) chl'! was integrated over Q,,,. Within
the surface waters, light absorbed between 400 and
500 nm accounted for 56 to 89% of in situ productivity
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Fig. 8. Comparison of the spectral relationship between
P(AA,z) chl™! and AQpn(AA;z) at all visible wavebands for
noontime normalized spectra for surface phytoplankton com-
munities sampled from 4 transect hydrocasts on July 23, 1988

rates (Fig. 6); light between 525 and 600 nm accounted
for 6 to 36% of the in situ productivity (Fig. 6); while 5
to 23% of the in situ productivity was driven by light
absorbed between 625 and 675 nm (Fig. 6). Chl-speci-
fic production rates were similar at the 3 SCCC stations
(9.02, 10.02, & 11.01) and were 2.7-fold lower at
Stn 12.01. At depth, carbon fixation was driven by blue
and green wavelengths and varied 3-fold when
P(AA;z) chl™! was integrated over Q,,,. Light absorbed
between 400 and 500 nm at the chl max accounted for
73 to 84 % of the fixed carbon, with the remaining 16 to
27 % of fixed carbon attributable to light absorbed be-
tween 525 and 600 nm (Fig. 7).

The spectral match between AQpn(AA,z) and
P(AA,z) chl™! values was consistently poor in surface
waters, and no significant linear relationship between
these spectral parameters was evident (Fig. 8). In con-
trast, a close linear correlation existed between these
parameters in the chl max communities (Fig. 9) with
an R? of 0.88 (n = 48). However, the linear relationship
between P(AA;z) chl™' and AQpn(AA,2) changed over
the day for chl max communities, primarily due to
diurnal changes in quantum efficiency (Prézelin
unpubl.).

Quantum yield
Cbmax(A/\irZ)' (ﬁ(A/\,-,Z), and G(A/\,-,ZJ
Estimates of the maximum spectral quantum yield

[bmax(AA,2), mol C Ein™!] were derived for surface
waters (Fig. 10} and the chl max (Fig. 11). Values for
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Fig. 9. Comparison of the spectral relationship between
P(AA;z) chl™! and AQun(AA,2) at all visible wavebands for
noontime normalized spectra for chl max phytoplankton com-
munities sampled from 4 transect hydrocasts on July 23, 1988

bmax(AA, 2) were spatially variable and often increased
with depth. Values rarely approached the theoretical
maximum for carbon fixation (0.125 mol C Ein™!). Ex-
ceptions were noted at blue wavelengths for surface
communities at Stn 9.02 (Fig. 10a) and wavelengths as-
sociated with phycobilins at Stn 12.01 (Fig. 11d). Val-
ues of dpax(AA,z) at 425 and 475 nm at Stn 9.02 were
too high and probably attributable to errors associated
with low biomass and low photosynthetic activity at
the time of early morning sampling. For this reason all
parameters derived from a(AA\,z) chl™! are suspect at
425 and 475 nm in the surface waters of Stn 9.02. From
east to west along the transect, the spectral signature
of @mex(AA,2) in surface communities shifted from
wavelengths dominated by chl absorption to those
dominated phycobilin absorption. There were no evi-
dent trends in the spectrally averaged ¢m,«(AA, 2) with-
in the SCCC. At the depth of the chl max, ¢uma(AA,2)
values ranged between 0.020 and 0.076 at the 3 SCCC
stations (Fig. 11a to c) and were significantly higher at
most wavebands at Stn 12.01 (Fig. 11d). There were no
trends in the variability in the spectral shape of
bmax(BA, Z) between the chl max communities across
the transect.

For all depths and locations, ¢{AA;,z) values were
always significantly lower than measured o;,.(AA; 2)
values. However, ¢(AA;z) and ¢, (AA, 2) spectra had
similar spectral shapes within any given phytoplank-
ton community (Figs. 10 & 11). In surface waters,
${AA,z) values rarely exceeded 0.01 mol C Ein! and
showed a similar spatial variability as ¢,,..(AA,2). At
the chl max, #(AA;,z) values ranged between 0.003 and
0.020 mol C Ein! for the 3 SCCC stations and were
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Table 3. Comparison of different real-time estimates of relative photosynthetic efficiency at 4 transect stations sampled across the
Southern California Bight on July 23, 1988. See Table 2 for definition of symbols

Surface

Cast no.: 9.02 10.02 11.01
achl™! 0.007 0.013 0.012
a(AA,z) chl™! 0.038 0.030 0.017
&, chl™! 0.045 0.019 0.012
Qrarl2) 0.2 3.1 42

Iy (2)

s (P-1) 0.004 0.010 0.025
Grx (AA,2) 0.025 0.022 0.040
d(Ar,,2) 0.010 0.006 0.009
oA 40% 27% 23%

L(zs, (AL Z)

Chl max

12.01 9.02 10.02 11.01 12.01
0.010 0.007 0.009 0.006 0.006
0.010 0.031 0.038 0.039 0.036
0.007 0.019 0.029 0.027 0.021

0.1 2.0 1.1 0.6
0.023 0.008 0.005 0.006 0.008
0.025 0.041 0.030 0.044 0.055
0.016 0.015 0.004 0.003 0.043

36% 13% 7% 79%

highest at the post-upwelling station. It is also noted
that ¢(AA,z) approached ¢, (A4, 2) in the early morn-
ing (Stn 9.02) and late evening (Stn 12.01) {Table 3}
when these communities were clearly light-limited [i.e.
P(z} <€ P, Table 1].

Lastly, spectral production values were recast to pro-
vide the first known estimates of the spectral radiation
utilization efficiency [e(AA, z)] (Fig. 12). Highest values
of €(AA;,z) were observed for bluegreen light in the sur-
face waters, with 425 to 475 nm wavebands accounting
for up to 80% of the utilized radiation. In surface
waters bluegreen e€(AAX;,z) values at SCCC stations ap-
proached 0.2%, while similar estimates were only
0.03% at Stn 12.01 (Fig. 12a). Maximum values of
€(AA,z) in the chl max communities were similar to the
surface waters; however unlike the surface communi-
ties maximum values of €(AA,z) were observed in the
wavebands associated with accessory chlorophylls (b,
¢) and carotenoid absorption.

DISCUSSION

Phytoplankton exhibit a high degree of physiological
plasticity which enables them to optimize production
and growth in highly varlable regions of the ocean (cf
Stewart 1974, Morris 1980, Platt 1986, Prézelin et al.
1991}). Photosynthetic adaptation in most phyto-
plankton is clearly reflected in measurable changes in
cellular bio-optical properties {i.e. absorption, fluor-
escence, quantum vyield, light-saturation requirements
for photosynthesis and photoinhibition, etc.) (cf. Préze-
lin 1981, Richardson et al. 1983, Prézelin & Boczar
1986, and others) that are key components in current

B) Chlmax

Spectral radiation utilization efficiency (€ (ak;,z), %)

wavelength (nm)

Fig. 12. Comparison of noontime estimates of spectral radia-

tion utilization efficiency [e(AA, #),"«| for surface and chl max

phytoplankton communities sampled from 4 transect hydro-
casts on July 23, 1988
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bio-optical models of primary production. Currently
there is a need to quantify the natural variability in the
bio-optical properties of phytoplankton, especially
those related to the light utilization efficiencies. The
quantitative relationships between spectral and non-
spectral estimates of these bio-optical parameters need
to be defined for natural phytoplankton communities.
This will allow production models to incorporate the
spectral properties of phytoplankton which will
increase the ability of production models to accom-
modate changes in phytoplankton composition, pig-
mentation and quantum yield (Smith et al. 1989b).

Hydrography and community state

Variability in and between the phytoplankton com-
munities appeared to be linked to the hydrographic
variability within the transect. The oligotrophic and
vertically stratified water columns of the SCCC at the
east end of the transect (Stns 9.02 & 10.02) were popu-
lated with picoplankton communities. Despite their
designation as low productivity environments the
phytoplankton in these waters had chl-specific photo-
synthetic rates which exceeded those found in the
colder nutrient-rich waters to the west (Table 1}. The
relatively high assimilation rates we observed are
similar to those recently reported for picoplankton-
dominated communities of warm oligotrophic waters,
including the subtropical gyre of the North Pacific
(Laws et al. 1987), the eastern Banda Sea (Gieskes et
al. 1990), the Sargasso Sea (lturriaga & Marra 1988,
Prézelin & Glover 1991), and a warm-core eddy in the
Northwest Atlantic (Prézelin et al. 1986). Taken alone,
the high chl-specific photosynthetic rates of picoplank-
ton can be interpreted as either an indication of rapid
growth (cf. Glover et al. 1988, Prézelin et al. 1989)
and/or an indication of high light adaptation accompa-
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nied with a decline in cellular chl (cf. Prézelin et al.
1981). Higher chl-specific photosynthetic rates were
accompanied by higher ,;, (A) chl™' and AQ,(z) values
(Table 4). Furthermore these phytoplankton main-
tained quantum yields equal or exceeding those in
phytoplankton communities localized within more
nutrient-rich and colder waters to the west {Table 4).
This suggests the phytoplankton communities in the
SCCC were metabolically active and were bright-light
adapted.

Horizontal gradients in temperature and nutrients
along the transect corresponded to a shift in phyto-
plankton communities. The change was evident at
Stn 12.01, where there was a shift to a Synechococcus-
enriched community mixed with net-phytoplankton in
surface waters and the presence of a large community
of diatoms within the chl max. Compared to the other
transect stations, there was a significantly smaller
AQph{z) in both surface and chl max communities at
Stn 12.01 (Table 4). Decreased chl-specific absorption
may indicate enriched intracellular pigment concen-
trations along with a corresponding package effect (cf.
Kirk 1983). The photosynthetic physiology however
suggested that the phytoplankton at Stn 12.01 were
physiologically stressed even though detectable levels
of nitrate were available (Table 1). The light-saturated
surface phytoplankton had assimilation rates of <2 mg
C (mg chl)"' h™!, yet had a higher light requirement for
photosynthesis (/) than any other community sampled
(Table 1).

Utilization of light by phytoplankton

The present study showed that values for spectral
and nonspectral ¢ rarely approached comparable esti-
mates for ¢n., (Table 4) which, in turn, was routinely
less than half the theoretical upper limit of ¢, (0.1 to

Table 4. Comparison of midday values derived for several bio-optical production parameters determined at 4 transect stations
sampled across the Southern California Bight on July 23, 1988. See Table 2 for definition of symbols

Stn Qpar A, (A)chl™ AQun P(AA) Pchl! E(AN)
(WEin m2s7) fm? (mg chl)™!| (Ein m~? h™1 (mol C Ein™Y) [mg C {mg chl)"' h™!] (%)

Surface
9.02 1222 0.036 0.026 0.002 4.55 0.039
10.02 1367 0.030 0.025 0.003 5.01 0.050
11.01 1271 0.011 0.017 0.010 4.98 0.058
12.01 1272 0.010 0.015 0.003 1.74 0.019

Chl max
9.02 194 0.021 0.018 0.003 0.67 0.047
10.02 276 0.042 0.028 0.003 1.30 0.090
11.01 193 0.023 0.011 0.002 0.68 0.071
12.01 69 0.018 0.015 0.003 0.47 0.079
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0.125 mol C Ein™!). These findings are consistent with
other recent field studies (Bannister & Weidemann
1984, Lewis et al. 1985, 1988, Kishino et al. 1986, Cleve-
land et al. 1989). For productivity models assuming a
constant ¢, near the theoretical maximum, the pres-
ent study would suggest they would overestimate rates
of in situ photosynthesis by as much as 7- to 10-fold.

Variability in é,,,, can be related to several physical
and biological parameters. Cleveland et al. (1989) sug-
gested that ¢, is proportional to the availability of
inorganic nitrogen. Laboratory studies have demon-
strated that nutrient stress can reduce reaction center
activity without reducing light-harvesting capabilities
(Kolber et al. 1988} and ¢.. decreases when nitrogen
is limited (Welschmeyer & Lorenzen 1981, Cleveland &
Perry 1987). Another factor which can affect ¢y, is
light intensity. Over short time scales (hours to days)
bright light (and/or UV light) can lead to photoinhibi-
tory uncoupling of electron transport in photosynthetic
membranes which leads to decrease in ¢, (ct. Powles
1984). Over longer time scales (days to weeks) phyto-
plankton may adapt to bright light by increasing cellu-
lar concentrations of photoprotective pigments which
can lower photoinhibiton stress (Demmig et al. 1987}
but will result in a lower ¢, (Bidigare et al. 1989).
During the Watercolors ‘88 cruise, a significant portion
of apn(A) chl~!was attributable to photoprotective pig-
ments (Prézelin et al. 1990, 1991) which had a large im-
pact on the temporal and spatial contours of ¢, (Pré-
zelin et al. 1990, unpubl.). In situ ¢y, has been shown
to be sensitive to temperature gradients (Tilzer et al.
1985) and diurnal periodicity in algal bioclogy (cf. Pré-
zelin 1991). For the data presented here no single
environment factor could account for the spatial varia-
bility in ¢qa. We are pursuing analyses of the entire
Watercolors ‘88 data base to assess to what extent the
synergistic interaction of different environmental and
endogenous variables regulate the quantum yield.

We have demonstrated that changes in algal com-
munity can be accompanied by significant shifts in the
spectral properties of phytoplankton. For instance,
photosynthetic action spectra were clearly sensitive to
the presence of cyanobacteria. As in the recent study
of Vernet et al. {1990), we found that the known pres-
ence of phycoerythrin in phytoplankton samples (Bidi-
gare pers. comm.) could not be resolved in the ag,(A)
chl~! spectra and it was the high quantum yield in the
wavelengths associated with the phycobiliproteins
which maintained photosynthetic rates. This is one
example where taking into account the spectral de-
pendence in ¢(z) provided general information on
community structure which could not be provided by
nonspectral and empirical productivity models.

Similarly, the attenuation of Q,,, led to depth-depen-
dent changes in the spectral signatures of light absorp-

tion and radiation utilization efficiency. These spectral
effects provided direct evidence of the importance of
the accessory pigments in optimizing productivity
deep in the euphotic zone. Studies have demostrated
that chl is less effective as a light-harvesting pigment
at greater optical depths (Smith et al. 1989b, Laws et al.
1990). Here, chl absorption accounted for only 20 to
40 % of AQ,, within chl max communities. A similar
shift toward accessory pigmentation is seen in the
spectral measurements of radiation utilization effi-
ciency. Chl accounted for up to 80 % of the utilized
radiation in surface waters, compared to less than 40 %
at the chl max where light absorption by accessory pig-
ments was most pronounced.

Comparisons of white light [« chl™!] and spectrally
averaged [&(AA,z) chl™!] light-limited slopes of photo-
synthesis indicated « chl™! values were routinely lower
by 30 to 80 % in surface waters and 75 to 85 % at the
chlmax {(Table 3). The difference between spectral and
nonspectral « estimates was particularly pronounced
for diatoms. White light estimates of ¢,,,, would sug-
gest the diatoms had quantum yields very similar to
the other chl max communities. However, estimates of
spectrally averaged dyq.(AA;z) would suggest diatom-
dominated communities had quantum yields twice as
high as picoplankton-dominated chl max communities
(Table 3). In laboratory studies it has been demonstra-
ted that the photosynthetic action spectra of phyto-
plankton match spectral growth irradiances (Bidigare
et al. 1989, Schofield et al. 1990). Likewise, fleld stud-
ies have documented that « chl™! (Prézelin et al. 1989)
and in situ production rates (Kiefer & Strickland 1970,
Takahashi et al. 1989, Prézelin & Glover 1991} are sen-
sitive to the spectral output of the incubation lamps.
These observations suggest that white light incuba-
tions give minimum estimates of quantum yield and
that the lower values are likely related to the spectral
bias of the tungsten light source used in photosyn-
thetrons. This bias can be estimated by weighting
a(AA,z) chl™! by the tungsten light field in the white
light photosynthetrons [ Q4{AA;P-1)] such that

. . —1
1) - a(A);z) chl™” (10}

_ - af
r(P'I}

o = 2QuldA,P-
Qpa

This should compensate for any spectral bias in the
tungsten light field and ap, chl™! should be directly
comparable to a chl™' (Table 3). Despite these
‘corrections’ a significant discrepancy was still evident,
especially for chl max measurements. Emerson en-
hancement effects inherent in a C-action spectra
would increase this discrepancy further by up to
30% (Schofield et al. 1990). One testable hypothesis
explaining the discrepancy is that pigmentation and
photosynthetic activity are regulated by the presence
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of spectrally dependent photoreceptors (i.e. phyto-
chrome and/or blue light receptors}. The importance of
photoreceptors in photosynthetic regulation in green
algae and higher plants is well documented {cf. Senger
1987, Gilmartin et al. 1990). Phytoplankton may use
the relative amount of red light (or the relative amount
of red to blue light) as a cue that signals cells that the
total irradiance is also increasing (as is true for any
water column). Then the ever-present strong red light
component of the tungsten light field in a white light
photosynthetron would simulate bright light conditions
and a chl~!values would be reduced on the time scale
of hours as part of an overall photoadaptive strategy to
increased irradiances (Richardson et al. 1983). This
possible explanation of the regulation of the quantum
yield can be tested by seeing whether or not increases
in background red light can regulate spectral quantum
yields.

The above observations are consistent with other
studies which suggest optimal estimates of bio-optical
parameters are those determined under light fields
that best simulate in situ conditions (Prézelin et al.
1989, Laws et al. 1990). It appears advisable to at least
filter red light out of white light incubators, although
simulation of underwater spectral irradiance can be
impractical at sea. The significance of these findings to
productivity estimates depends upon the question
asked. The overall impact of these differences on esti-
mates of integrated water column productivity is small
in water columns where the majority of phytoplankton
activity is light-saturated (cf. Prézelin & Glover 1991).
As the discrepancy increases between white light and
the in situ light field, the estimates of quantum vyield,
alpha, I, and thus the predictive capabilities of bio-
optical models deteriorate. As has been previously
shown (Prézelin et al. 1989) this discrepancy will be
greatest at any depth or location where AQ,, is domi-
nated by green light absorption. Improvements in the
spectral output of incubator lights used to define
broadband biological parameters will improve our
understanding of the photophysiology of phytoplank-
ton. This combined with modeling efforts based on the
wavelength-dependent properties of phytoplankton
will improve the general ability to predict the tem-
poral/spatial variability in ocean primary productivity.

The combined results of the present study support
that view that all measures of in situ photosynthetic
light utilization efficiencies (1) are temporally and spa-
tially variable within a hydrographically defined water
mass, (2) are spectrally dependent, and (3) exhibit a
spectral plasticity that can be associated with changes
in phytoplankton community composition and photo-
physiology. By linking spectral and nonspectral meas-
urements in the same study, it has also been possible to
illustrate pathways and limitations of different esti-

mates of light utilization efficiency. Lastly, the study
strengthens arguments that fully spectral models of
phytoplankton productivity are conceptually more
realistic and have more general applications than
those that are not (Smith et al. 1989b), by providing
insights into community composition as well as how
phytoplankton utilize in-water spectral irradiance.
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