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ABSTRACT: Significant advances in rapid non-destructive means of measuring the photosynthetic
energy conversion of phytoplankton in the ocean have been made 1n recent years. The new techniques
offer the potential to obtain detailed spatial and temporal information about photosynthetic rates that
cannot be achieved using more traditional methods. A study of a mesoscale coccolithophore bloom 1n
the Northeast Atlantic enabled the comparison of photosynthetic parameters derived from the Pump
and Probe Fluorometer (PPF) and "¥C photosynthesis vs irradiance (P vs I) incubations over a wide varn-
ety of biological, optical and physical conditions. A comparison of the photosynthetic characteristics
obtained from the instantaneous PPF and time-integrated "*C approaches demonstrated correlations
between parameters, although the absolute values were significantly different. Significant correlations
were observed for both I, and P, while the light-dependent rate constant a was not significant despite
a strong correlation between '*C-derived « and PPF measurements of the efficiency of photoconver-
sion, Ady,. The primary reason for the observed discrepancies in the absolute values derived from the
2 approaches were the spectral differences between the artificial light source used for the '“C incuba-
tions and the natural underwater light in which the PPF measurements were made. Future studies
must consider and correct, via normalization, for such spectral differences. Although the dataset was
limited, there was some indication that photoacchmation of the phytoplankton assemblage may have
occurred during the 2 h '¥C incubations that took place late in the day. The use of the PPF approach is
promising with regard to extending the measurement of photosynthetic characteristics on to the tem-
poral and spatial scales required for the development of more robust bio-optical models and to com-
plement currently available in situ measurement rates of physical and chemical parameters.
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INTRODUCTION

Since the 1950s, primary production has been
estimated by the incorporation of radioactive “C by
aquatic plants during photosynthesis under in situ con-
ditions in a wide range of marine ecosystems (Peterson
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1980). In addition, the '*C technique has been used
widely in laboratory and field studies to determine the
photosynthetic characteristics of algal cultures and
natural phytoplankton populations, and their re-
sponses to various conditions of nutrient, temperature
and light stress and adaptation (Lewis et al. 1984,
Sakshaug & Holm-Hansen 1986, Cullen & Lewis 1988).
The basic P vs I characteristics (P,, ¢, and I,: see Table
1) are regarded as measures of the photosynthetic
competence and adaptive state of a phytoplankton
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Table 1. Notation for biophysical terms used in the text

PS2 Photosystem 2

P Maximum photosynthetic rate at light
saturation

[od Initial slope of the Pvs [ curve; light-
dependent rate constant

1 Light saturation constant; intercept
corresponding to P, /o

Adp, Maximum change in the quantum vyield of
fluorescence

Ops2 Functional absorption of cross-section of PS2

Npe Ratio of PS2 reaction centres to chlorophyll

Minimum turnover time for steady-state
photosynthesis

ol Actual quantum yield of electron transport,
accounting for losses due to the thermal
dissipation and electron cycling around PS2

qp Photochemical quenching, a measure of the
fraction of open reaction centres under
ambient photon fluence rates

Fy. Fra In vivo fluorescence yield induced by a weak
probe flash in the dark (initial), and following
a saturating flash (maximal), measured in

dark-adapted state where non-photochemical

quenching is at @ minimum

FY, F', F'y, In vivo fluorescence yield induced by a weak
probe flash in the dark, under ambient light
and following a saturating flash, all measured
in hght-adapted state

F,, F' Variable fluorescence, difference between the
max and min fluorescence yield measured in

a dark-adapted and light-adapted state

assemblage. The '“C technique has provided ocean-
ographers with the means of estimating oceanic pri-
mary production locally, regionally and globally. How-
ever, the method is viewed as an imperfect tool, due to
physiological stress on phytoplankton during sam-
pling, manipulation and enclosure (Eppley 1980). the
time-consuming nature of the technique, and uncer-
tainties about what photosynthetic processes are being
measured (Williams 1993).

For decades, terrestrial biologists (see Govingee
1975) have exploited the fluorescence from photosys-
tem IT at 683 nm as a probe for photosynthetic energet-
ics, reactions and rates, yet these techniques have
been used relatively little by aquatic biologists until
recently. Pioneering work by Mauzerall (1972) and Ley
& Mauzerall (1982) has been carried forward by
Falkowski et al. (1986) leading to the development of
pump and probe fluorometry (PPF) and fast repetition
rate fluorometric (FRRF) techniques and measurement
protocols (Kolber & Falkowski 1992). Laboratory mea-
surements have been made of the photosynthetic com-
petence, capacity and adaptive state of algae grown

under light or nutrient stress (Falkowski et al. 1988,
1991, Kolber et al. 1988).

The majority of field studies with the PPF (such as
Kolber et al. 1990) have revealed a strong relationship
between A¢,, (see Table 1) and environmental parame-
ters such as temperature and dissolved inorganic nitro-
gen concentration in the ocean. Geider et al. (1993)
assessed PPF measurements of maximum quantum
efficiency of photosynthesis in the western North
Atlantic from offshore (Sargasso Sea) to inshore
(Delaware Bay) observing variations in this parameter
in 3 oceanographic provinces of differing nutrient sta-
tus. Recently, Olaizola et al. (1996) provided a synoptic
study of this parameter across the North Atlantic and
were able to identify the importance of nutrient supply
in limiting production over large parts of the transect.
Fewer studies have attempted to relate conventional
(**C) and fluorescence-based measurements of pri-
mary production. In a paper ostensibly dealing with
measurements of nutrient enrichment and enhanced
productivity as a result of ‘eddy pumping’, Falkowski
et al. (1991) showed a strong correlation between fluo-
rescence-based productivity estimates and concurrent
radiocarbon-based production (using an on-deck incu-
bator) for 21 stations from the Northwest Atlantic and
the sub-tropical Pacific, suggesting that the PPF tech-
nique may be used to estimate photosynthesis in situ.
While other laboratory studies have successfully pre-
dicted photosynthetic parameters, such as I, from flu-
orescence-based measurements using phytoplankton
cultures (Kroon et al. 1993), no rigorous comparison of
fluorescence-derived and '“C estimates of photosyn-
thetic parameters has been attempted so far during
field studies (Kolber & Falkowski 1993).

Models that predict global primary productivity
based on chlorophyll and irradiance are often inaccu-
rate (Balch et al. 1992) and are not yet able to take
account of the natural variability in photosynthetic
parameters (Kolber & Falkowski 1993). Balch et al.
(1992) suggest that production algorithms may be
made more accurate by the inclusion of at least one
photoadaptive parameter, and Platt & Sathyendranath
(1993) have discussed the need to resolve better the
question of scale with respect to remotely sensed and
shipboard-collected data. Such requirements may be
met by the development of techniques to rapidly assess
the photosynthetic characteristics of the phytoplank-
tonic assemblage (Sathyendranath et al. 1995). The
recent development of a submersible FRRF (Kolber &
Falkowski 1992) has extended the range and sensitiv-
ity of fluorescence measurements permitting a larger
number of photosynthetic parameters to be measured
in situ, including Py, I, o, opsy and 1, (see Table 1). It is
in this context that PPF, FRRF and '*C methods con-
verge, allowing comparison of these methods.
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In this paper the results of field studies are presented
where measurements of photosynthetic parameters
(Pa, Iz, a) by PPF and radiocarbon incorporation were
taken quasi concurrently to allow comparison.

METHODS AND MATERIALS

Study area. The comparison of these techniques was
carried out, at 16 stations (Fig. 1), during a cruise to
study the biogeochemistry of coccolithophorids in the
NE Atlantic in June 1991 (see Holligan et al. 1993).

Sampling. Samples for primary production experi-
ments using radiocarbon-based measurements were
obtained using clean techniques (Fitzwater et al. 1982),
and manipulated, inoculated with 'C and analysed
following the procedures described in Joint et al.
(1993). In order to assess the photosynthetic character-
istics of the phytoplankton, experiments were carried
out using an artificial light gradient incubator (Joint &
Pomroy 1986). As the PPF technique provides mea-
surements which are both instantaneous and provide
estimates of gross primary production, the “C incuba-
tions were of short duration (2 h), in order to approxi-
mate gross primary production (Laws 1990) and mini-
mize any diel effects. The incubator design enabled
photosynthetic parameters to be estimated using 24
irradiances over an ecologically relevant range for this
region (3 pmol quanta m™? s™!' to > 1500 umol quanta
m? s7Y). The P vs I incubations were initiated within
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Fig. 1. Map of the study area showing locations of the stations
(A to P) at which intercomparisons were performed

15 min of water samples coming on board. Chlorophyll
a was analysed by in vitro fluorometry (Parsons et al.
1984)

The PPF used in this study was the instrument
described by Kolber et al. (1990) on loan from the
Oceanographic and Atmospheric Sciences Division,
Brookhaven National Laboratory. Definition of para-
meters and notation are presented in Table 1; data pro-
cessing and methods of analysis were as described by
Kolber & Falkowski (1993) with minor differences,
since only the submersible fluorometer was used; the
symbol [ for irradiance (PAR) rather than E is used in
order to maintain the convention for the photosynthetic
parameter /,. The PPF was attached to an extreme cor-
ner of the rectangular protective frame carrying a CTD
and water bottle rosette, thus minimising any shading
of the fluorometer by these attachments, and deployed
with the ship starboard beam to the sun, to minimize
ship shadow effects. PAR (400 to 700 nm) was mea-
sured in situ on each cast by a hemispherical sensor
(Aiken & Bellan 1986) fixed to the highest point of the
CTD frame. pre-calibrated against laboratory irradi-
ance standards and cross-checked throughout the
cruise, against the top-side, incident solar PAR sensors
(port and starboard) of identical design. The PPF mea-
surements were recorded on the CTD upcast, ensuring
adequate flushing of the upward facing sample
cuvette; water for the C-derived P vs I incubations
and for fluorometric analysis of chlorophyll a was sam-
pled from the same upcast, at either 7, 5, or 2 m near
the conclusion of the cast. Dark-adapted PPF signal
measurements (to calculate A¢,) were made at the
conclusion of each cast, using samples from the water
bottles (discrete depths typically 2, 5, 7, 10, 20, 30 m});
the PPF cuvette was flushed and filled with water
directly from each water bottle and the cells main-
tained in darkness until stable values were obtained
(dark adaptation time of 30 to 120 s).

Calculation of photosynthetic parameters. The Pvs ]
data obtained from the '“C experiments were fitted to
a model of the Pvs [ curve based on the mathematical
formulation of Smith (1936) using the fitting routine of
Lederman & Tett (1981). The photosynthetic character-
istics derived using this approach were assumed to
be representative of the phytoplankton assemblage
within the surface mixed layer.

The PPF measures the fluorescence signal (F') from a
phytoplankton assemblage in situ generated by a low-
intensity 'probe’ pulse preceding a high intensity
‘pump’ pulse which saturates photosystem 2 (PS2}); and
the signal (F,) from a second 'probe’ pulse delayed 60
to 100 us after the ‘pump’ when PS2 is totally saturated.
Corresponding measurements in the dark (dark-
adapted state) give Fy; and F,. From these measure-
ments, the variable fluorescence (F, = F,, — Fy) and (F',
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= Fn — F'), the maximum change of quantum vyield of
fluorescence A¢,, and photochemical quenching gp are
calculated (for further details see Kolber & Falkowski
1993).

In situ PPF photosynthetic measurements were
derived directly for I, and P,, and for o and A¢,,. by
indirect means; henceforth the parameters derived
from PPF measurements are denoted by the subscript
‘f', e.qg. Ly, Py o4 to differentiate these from the “C
measurements. Examples of the derived parameters
AQ, Ady {=Ayark), productivity (P) and measured PAR
are shown in Fig. 2; data are in 1 m binned averages
except for A¢,,, which has been fitted to the A¢,, dis-
crete measurements and interpolated (cubic spline).
Measurements of A¢ are characteristically low near the
surface (photo-inhibited or light saturated regime) and
increase with depth until a constant value Is reached
for depths (>10 m to 15 m) where photosynthesis is lin-
early related to incident PAR (Fig. 2). The inflection
point on the curve, or more accurately the point of
divergence between A¢ and A¢,, (as indicated by the
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horizontal arrow in Fig. 2), gives the depth of light sat-
uration with an uncertainty of +1 m; the value of PAR
at this depth gives the value of the light saturation
parameter Iy;.

Productivity (P) was calculated following the
approach of Kolber & Falkowski (1993) using:

Pi(z) = 1(2) Ops2 qpl(z) - Qelz) - - 112 (1)

gpr(z) was estimated as

qp(z) = AYAGy = (Fy -~ F')/(Fn - Fo) (2)
Ops2 was assumed to be 400 A? quanta™ (= 4 x 107!
m? quanta”!). gp(z), the photochemical quenching,

should be expressed as (F, — F')/(Fyn - Fy); however
the F; signal was not measured upon drawing the sam-
ple from the water bottle. This may have resulted in
some relaxation of the non-photochemical quenching,
leading to a 10 to 20 % underestimate of qp (Falkowski
& Kolber 1995). ¢.(z) was assumed to be 0.25 in the lin-
ear range of the Pvs I curve, where

12)- 6 qol2) < 1/, (3)
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Fig. 2. Representative vertical profiles of PPF measurements tor (A) a high light (Stn A), and (B} a low-light station (L). Profiles

are of (i) A$ calculated from F', and F’, (ii) A9, calculated from measurements of discrete water samples from each cast, (iii) calcu-

lated production (P) from A¢ and E(z) and (iv) observed PAR (umol quanta m “ s7!). The horizontal arrow indicates the estimated
depth of [, where A¢ and Ad,, diverge. (The units for P, are mol electrons chl™ time™)
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Fig. 3. Calculated primary production (P) vs PAR (umol quanta m™?s!) (@)
and Ao vs PAR (O) for (A) Stn A and (B) Stn L. (The units for P; are mol elec-

trons chl ! time™)

and calculated as
b, = 0'25/1(2)'Gp52'qp(2)"[p (4)

at irradiances exceeding I, (Kolber & Falkowski 1993),
where 1, (see Table 1) was calculated using the value
of Iy (in quanta m? s™!) from each upcast and Ops2- The
fraction of reaction centres, f, was calculated as

f = 1/0.65-(F,, - Fy)/F,, (5)

and ngs; was assumed to be 0.00125. Values of F; are
usually greatest (P, at depths slightly shallower than
the depth of I, and sometimes exhibit photoinhibition.
Representative PPF productivity vs PAR (P; vs I) curves
are shown in Fig. 3, and resemble the P vs [ curves
using "“C incubator methods. Since Iy is a quasi-inde-
pendent measurement, the product of o4 and Iy pro-
vides an alternative method of calculation of P, for
comparison with the *C measurements of P,

[ 06 The photosynthetic rate constant, o,
. was assessed from the slope of the linear
gy 2 0.5 part of the P vs I curves derived from the
PPF (Fig. 3). These low-light regime data
L o4 generally correspond to depths below
Ab 15 m, considerably deeper than the water
Lo used for C measurements at either 7, 5,
' or 2 m in a higher light regime. Values of
o2 Ad,, obtained at shallower depths corre-
o} ' sponding to water sampling depths for the
H“C method are a better, though not exact,
0.1 representation of photosynthetic rates at
these depths. The radiocarbon-derived
—T 00 parameters were normalised to chloro-
400 phyll a data to permit direct comparison
with the PPF approach (Eq. 1). Fluores-
06 cence-based estimates of phytoplankton
photosynthesis were converted to carbon-
based estimates using Eq. (13) in Kolber &
05 Falkowski (1993). As fluorescence-based
methods count electrons, the photosyn-
0.4 thetic quotient (PQ) used in this conver-
o sion was assumed to be 1.2 (Kolber &
- 03 Falkowski 1993). While greater than 2-
<.‘ fold varnations in this factor have been
- 02 observed in field studies of up to 24 h
oo | duration (see review in Geider & Osborne
Lo 1992), the use of short-term radiocarbon
| incubations minimised in vitro respiratory
! 00 losses of carbon (Kiefer & Reynolds 1992)
400 and thus the differences between these 2
approaches were probably minimal (see

'‘Discussion’).

RESULTS

Throughout the cruise there were 16 ‘co-incident’
deployments of the PPF and short-term "“C P vs ] incu-
bations (Table 2). Values of the photosynthetic para-
meters I, P, and o or Ad,, were obtained over a wide
range of conditions; ambient irradiances at the time of
sampling and chlorophyll a showed >10-fold and
>3-fold variations, respectively, in the period between
June 19 and 30 (Table 2). The attenuation coefficient
of the upper water column, K, varied from 0.120 to
0.227 m™' over the course of the cruise (Table 2).

Relationship between the two approaches

Values obtained for I and [, showed a significant
linear relationship (Fig. 4A) with ca 40% of the vari-
ance explained by the regression (Table 3). The slope
of the regression line (ca 0.28) indicated that there was



220 Mar Ecol Prog Ser 149: 215-226, 1997

Table 2. Sampling times, station positions and biological and physical data measured at time of sampling. K; denotes attenuation
coefficient (based on underwater PAR profiles); Photoinhib. denotes evidence of photoinhibition and was estimated from Pvs |
curves for both approaches (Y = ''C; Y, = PPF)

Date Stn Time of cast Lat. Long. Chla
(June) (GMT) (N) (W) (ng 1!
19 A 16:51 60°00’ 19°50° 1.02
20 B 15:33 61°40’ 19°57 1.02
21 C 15:04 63°11 21°3% 1.70
21 D 19:07 63°35 21°21 0.82
22 E 09:41 61°31" 22°35' 0.81
22 F 18:24 60°51" 22°39' 2.27
23 G 10:41 61°06’ 22°42' 0.96
23 H 18:56 61°06’ 22°43 0.77
24 I 14:57 60°54' 22°54' 2.62
25 J 12:34 60°54" 22°39 2.41
26 K 09:36 59°38' 20°57 1.30
27 L 16:47 61°12’ 15°08’ 2.40
28 M 14:50 61°10° 15°10° 2.56
28 N 19:16 61°07" 15°08’ 2.79
29 O 10:03 61°05' 14°55' 2.40
30 1% 16:07 61°00’ 14°42' 1.38

Ky PAR (pmol Photoinhib.
) (mh quanta m~%s7)
0.120 1511
0.227 1673 Y,
0.200 1511
0.136 1238 Y
0.204 278 Y
0.190 375 Y
0.210 1673
0.204 375 Y
0.217 1849 Yi
0.197 750 Y
0.142 370
0.192 413 Y
0.200 413
0.223 176
0.207 502
0.160 1673
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Fig. 4. Regression plots of (A) Iy vs I, (n = 14), (B) Py vs P, (n = 15), and

(C} o4 vs o (n = 15); and of (D) I, vs PAR (umol quanta m*s7}), (E} P, vs

PAR, and (F) @ vs PAR (umol quanta m%s7}) from both approaches, PPF

() and "C (o). Additional solid lines denote 95% confidence limits.

The units for Py, (P, and a (o) are mgC (mg chla)™! h™! and mg C
(mg chla)™' h™! (umol quanta m~*s™!}"!, respectively

a discrepancy between the 2 measurements of
I, suggesting a systematic error in one or both.
A significant relationship was also observed
between P, and P, (Table 3), although the
percentage of the variance explained by the
relationship was not as high as for I,. As
observed for [, and I, most values of P, were
higher than the corresponding values for Py
(Fig. 4B). The product of «; and I provides an
alternative estimate of P, (denoted here as
P.') for comparison with the "“C measure-
ments of productivity. These P.;* data showed
a significant relationship with P, with a similar
proportion of the variance being explained by
the relationship as for P,; and P,, (Table 3).
There was no correlation between measure-
ments of o and ¢ (Fig. 4C). However, a com-
parison of A¢,, data (2 to 7 m) from PPF and «
(discrete depths 2, 5, 7 m) revealed a signifi-
cant relationship with 55% of the variance
explained by the linear regression (Table 3).
These 2 parameters are not identical measures
of photosynthetic rates but are expected to be
linearly related (Kolber & Falkowski 1993)
with an offset in Ad,, expected; the slope of the
regression relationship was ca 7 (Table 3).

Relationship with PAR

The relationships between both I, and I
and PAR were significant (Fig. 4D, Table 4), as
were those between Py, P, and ¢o; and PAR
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(Figs. 4E, F, Table 4). In contrast, neither P, nor 500
o showed a significant relationship with PAR 400
(Figs. 4E, F, Table 4). As was the case for o, Ady,
was not correlated with PAR (Table 4). Iy 300
200
100
Relationship with time of day and date 0
(bloom status)
The variations of all 3 parameters, I, P, and
o, derived from both techniques, with date S
(used as a proxy for bloom status) and time of 4
day for all 16 deployments are shown in Fig. 5. Py 3
While there was considerable variability in the 2
data obtained during this study, there are gen-
eral patterns common to I, derived from both !
approaches and to a lesser extent to P,. I 0
derived from both approaches showed a down-
ward trend with date suggesting that the photo-
synthetic activity of the phytoplankton assem- 0.03
blage was decreasing over the duration of the
cruise (Fig 5A). A similar trend was evident for 0.02
P..; plotted against date (Fig. 5B). PPF data from «
Fig. 5B and to a lesser extent Fig. 5A suggest 0.01 -
that the data points obtained on June 30 are
outliers. There were no observable trends for o 500

derived from the 2 techniques with bloom status
(Fig. 5C). The values of both I and P, were
generally lower, and displayed less variability,
than those measured by the C method, indi-
cating a systematic difference or possibly an
error in one or both measurements. Generally
the values of o were slightly higher than, and
displayed less variability with date than was
observed for o and date (Fig. 5C).

Plots of the magnitude of the photosynthetic parame-
ters against time of day (Fig. 5SD-F) generally dis-
played more variability than observed for bloom status
(Fig. 5A-C). There was no evidence of diel periodicity
in P, or avalues (Fig. 5E, F), but I, values derived from
both approaches were relatively low in the morning
and exhibited a mid-afternoon peak (albeit with some
noise). In the perniod towards evening, however, [y

Table 3. Regression analysis of a comparison of photosyn-

thetic parameters derived from the 2 techniques. In all cases

n = 15 (Stn P excluded). “denotes regression significant at
p < 0.05; P, denotes the product of oy and Iy

Parameter

Relationship re
Iy 15.22 + 0.275 [, 39.6%
P 0.664 + 0.242 P,, 27.2 9"
o, Not significant
P 0.034 + 0.132 P, 24.8%"
Ay, 027 +670c 55.0%"

18 20 22 24 26 28 30 32

8

10 12 14 16 18 20

Date of June Time of Day

Fig. 5. Parameters derived from PPF (@) and C (o) plotted against
date of June, (A) I, (B) Py, (C) o; and against time of day (end of

upcast) for (D) I, (E) P, and (F) o

decreased whereas values of I, remained high (Fig.
5D), suggesting a possible artifact in one or both of
these measurements.

The suggestion of diel periodicity for I, was investi-
gated further by comparing values obtained on June
21,22, 23 and 28, when sampling was conducted at the

Table 4. Regression analysis of photosynthetic parameters,

derived from the 2 techniques, and PAR (at the time of the

CTD upcast). In all cases n = 15 (Stn P excluded). “denotes
regression significant at p < 0.05

Parameter Relationship r

Ly 30.2 + 0.0502 PAR 65.6"4°
I 132.9 + 0.0924 PAR 42.6"%
P 0.51 + 0.00702 PAR 80.6 %"
P, 1.36 + 0.000643 PAR 14.7%
Yy 0.010 + 0.000003 PAR 38.0 %"
o Not significant

Ay Not significant

Pt 0.135 + 0.001 PAR 66.6"0"
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same station at different times of day (Table 2). On
June 21, values of I, were higher in mid-afternoon than
in early evening for both techniques (Fig 5A). This
trend was also observed on June 28 tor I but not for /.
On June 22, similar values of [, were noted from sam-
ples drawn before 10:00 h and after 18:00 h (Fig. 5A),
whereas on June 23 samples drawn after 10:00 h
exhibited a higher I; than at ca 19:00 h (Fig. 5A).
Although there was no evidence of diel periodicity for
P, or Py, (Fig. 5E}, on June 21-23 and 28, P, values
from late morning/mid afternoon were higher than
those in the evening (Fig. 5B). In general, the opposite
trend was noted for P,,.

Plots of I, and P, vs PAR indicated that they were
functionally related to incident light (Fig. 4D, E). Thus
some of the variability observed in Fig. 5D, E may
be light-related; regression analysis showed that a
greater percentage of the variance is explained for the
PPF measurements vs PAR than for “C vs PAR
(Table 4). The relationship between o and both time of
day and PAR was not significant (Fig. 5F, Table 4). It
was evident from these analyses that PAR is a forcing
function of I, and P,,.

DISCUSSION

A comparison of Iy, o, (or A9,,) and P,, obtained from
the 2 techniques indicated that the correlative relation-
ships between the estimates varied considerably,
being strongest between [, and I, A¢, and o and
weakest for o and o (Table 3). These changes in the
percentage of the variance explained by the 2
approaches may be due to methodological considera-
tions (including any assumptions in calculation steps)
or artifacts between 2 radically different techniques for
measuring production, based on different time scales.
I, appears to be a more independent measurement of
the irradiance at which photosynthesis is saturated (i.e.
the change from linearly proportional to I to indepen-
dent of I), and the value of I;; obtained depends only on
the accuracy of measurement by the PPF of one para-
meter (Kolber & Falkowski 1993). Assessment of «
depends on chlorophyll a estimates, and comparison of
values of this parameter derived from *C and PPF
techniques absolutely requires that the measurements
are done on the same water sample. The P, parameter
is again dependent on the value of the chlorophyll a
biomass and the value Is very sensitive to the measure-
ment of this independent parameter (Kolber & Fal-
kowski 1993). As observed (Fig. 4B), the variability in
P, will be greater than in P, partly because of vari-
ability in the measured value of chlorophyll, whereas
P, 1s independent of this measurement, normalized as
per Eq. (12) (Kolber & Falkowski 1993). However, it

must be noted that in all comparisons photosynthetic
performance at different depths is being contrasted
(see ‘Results’).

I

There were obvious patterns common to I, and Iy
which provided convincing evidence that the 2 tech-
niques were essentially measuring the same basic
property or characteristics of the phytoplankton
assemblage in this region. Laboratory culture studies
have vyielded good agreement between I, values
derived from oxygen evolution measurements and
those obtained from fluorescence data (Kroon et al.
1993). In the present study, values of [;; were generally
considerably lower than those measured by the '“C
method (Fig. 4A), indicating a systematic difference or
possibly an error in one measurement. Estimates of the
magnitude of error which could be attributed to known
differences between the techniques is presented in
Table 5. The underwater PAR measurements (on the
CTD frame) which were used to calculate the values of
Iy and P, were known to be about 20% less than the
surface shipboard measurements, accounting for some
of the difference. It is also possible that the selection of
I, (1.0 m) from the PPF profiles based on the location
of a point of inflection (see Fig. 2) may introduce some
error into the calculation of /i, particularly if the depth
of I is shallow, and thus contribute to the observed off-
set (Fig. 4A). Other systematic differences such as the
use of conversion factors (photosynthetic quotients—
see 'Methods’) and different incubation periods were
likely to have little effect on the magnitude of the
observed values for these techniques.

The main discrepancy between the observed values
probably arose from the different spectral quality for
the 2 measurements, the W-halogen lamps used for the
MC incubations having a higher red to blue photon

Table 5. Factors which could account for the observed dis-

crepancies between [, and Iy, and between P, and P, Esti-

mated discrepancy is % over- or under-estimation of values

derived from PPF technique relative to those derived from *C

technique. PQ denotes photosynthetic quotient. Differences

in sampling depths will mainly influence the estimation of
o and oy

Factor Estimated
discrepancy

Data conversion using PQ Minimal

Location of PAR sensors ca 20% less

Spectral differences between light sources ca 200 % less
Selection of I, from profiles +10%
Differing 'incubation’ periods ca 20% less




Boyd et al.: Comparison of P-I characteristics

ratioc than incident light and differing from the
spectrum of the natural underwater light in which
the PPF measurements were made. As a conse-
quence of the coccolithophore bloom, the in-water
transmission spectrum in this study was charac-
terised by a high blue content and was nearly uni-
form from 400 to 550 nm. In contrast, the spectrum
of the W-halogen lamp is centred at close to 700
nm. The major photosynthetic pigments measured
during the cruise (chlorophylls and carotenoids)
absorb light at up to 500 nm (Bidigare et al. 1990, C.
Trees, this cruise, pers. comm) and from 650 to 700
nm (chlorophylls only). In order to quantify these
spectral differences, a normalisation procedure was
carried out, in which the in-water transmission
spectra (obtained at 410, 450, 490, 520, 560 and 630
nm using optical sensors fitted to the CTD and as
described by Aiken & Bellan 1990) was interpolated
and compared with that of the lamp. The ratio of the
quanta absorbed in seawater to those absorbed by
the lamp is ca 2. On this basis, the magnitude of Py
and Iy will be ca 0.5 of P, and I, (Table 5). Differ-
ences of this magnitude are observed (Fig. 4).

Alpha

Py,

The values of P, derived from the 2 approaches
exhibited a significant relationship (Table 3), which
indicated that the 2 techniques were essentially
measuring the same basic property of the resident
microalgal population. In assessing variability of
the P, data sets, it should be noted that the calcula-
tion of P, is obtained from 2 parameters which are
measured, and 2 which are assumed (0ps; and np,:)
and thus assigned the same value for all stations,
which reduces the variability of P, (Kolber & Fal-
kowskil 1993). In addition, Emiliania huxleyi has not so
far been used in a lab-based evaluation of the PPF
technique. However, despite the assumptions used in
(Eq. 8) of Kolber & Falkowski (1993) concerning bio-
logical variability in ny,. this parameter is thought to
vary considerably less than others such as A¢,, (Kolber
& Falkowski 1993). After consideration of the likely
effect of the spectral differences between the light
sources used (Table 5), there was reasonable corre-
spondence between the range of values noted for P,
and Py.

«
In contrast to both P, and I, there was no significant

relationship between values of a and o4 (Fig. 4C). The
photosynthetic rate constant at low light a is derived
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Fig. 6. Regression plots of (A) Ady, vs «, (B) Ad,, (@) and a (O) vs
PAR (umol quanta m™* s7!). Additional solid lines denote 95%
confidence limits. (Ad,, is dimensionless)

from the slope of the linear part of these curves. The
sampling of phytoplankton from different depths may
be responsible in part for the lack of a relationship
between o and o the o values were derived from
water samples from 2, 5, or 7 m whereas o; were for
depths generally greater than 15 m. Thus o; was deter-
mined from water column measurements, with poten-
tially different phytoplankton 'samples’ at each depth,
even though the phytoplankton assemblage is proba-
bly ‘constant’ through the surface mixed layer. In the
present study, the particle mixed layer depth (derived
from beam attenuation measurements) was ca 20 m
(Holligan et al. 1993) indicating that most of the data
used to estimated oy were obtained in the mixed layer
between 15 and 20 m depth (Fig. 2). Therefore, A, is
a more appropriate measurement of local photosyn-
thetic rates at the shallow depths and the comparison
with o was better as shown in Fig. 6A. Note that in
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Fig. 6B, both o and A¢,, from the PPF are poorly corre-
lated with incident PAR, which suggest that some other
factor, such as nutrient availability, may exert more
control over both o and Ao, than PAR itself.

Comparison with other P vs I data from
the North Atlantic

Sathyendranath et al. (1995) recently presented a
map of the station positions of P vs | experiments con-
ducted in the North Atlantic. Although they use a
dataset of >1800 Pvs [ experiments in their analysis, all
of these were obtained in the western Atlantic (west of
the 40°W meridian) The NE Atlantic was the focus of
the recent Joint Global Ocean Flux Study North
Atlantic Bloom Experiment (Ducklow & Harris 1993);
however few attempts were made to directly assess the
photosynthetic characteristics of the phytoplankton
during these studies (Boyd et al. unpubl.). The magni-
tude and range of the P vs [ characteristics obtained in
the present study compare favorably with those from
the post-diatom bloom and diatom bloom studies in the
vicinity of 47°N, 20°W during late spring 1989 and
1990, respectively (Boyd et al. unpubl.), but are less
than those estimated by Kiddon et al. (1995) based on
dissolved oxygen productivity measurements and a
modelling approach. Kiddon et al. (1995) suggest that
these physical and procedural differences between
their study and 'conventional’ P vs [ data will likely
limit the ability to compare datasets. Both the small P
vs I database for this region and the differing estimates
of the magnitude of P vs [ characteristics emphasize
the need for improved temporal and spatial resolution
for Pvs I datasets from this region.

Olaizola et al. (1996) presented data on variations in
the fluorescence-based maximum quantum efficiency
of photosynthesis along a transect from the Canary
Islands to the West Atlantic, north of 40°N. Although
the aims of their study were different to, and their sta-
tions were considerably further south than, those in the
present study, the magnitude of values of A¢,, derived
from the PPF in this study (see Fig. 2) were comparable
to those reported by Olaizola et al. (1996). The ob-
served values suggest that the coccolithophores in the
present study were physiologically stressed corre-
sponding to the decline of the bloom (Holligan et al.
1993).

Diel periodicity/evidence of photoacclimation?
In the present study, a comparison of diel variations

in Iy and P, on 4 days when more than one measure-
ment was made at one station, supported the initial

suggestion of diel periodicity for I, and in addition
revealed that while values of P, declined later in the
day, the magnitude of P, increased with time. Diel
variations in I, and P, have been observed for marine
phytoplankton (MacCaull & Platt 1975, Prezelin &
Sweeney 1977, Putt & Prezelin 1985), and are associ-
ated with the endogenous periodicity of the phyto-
plankton (Prezelin & Sweeney 1977).

Prezelin & Matlick (1980) noted that [, exhibited a
diel periodicity increasing in the morning and decreas-
ing in the early evening. In the present study, Iy
decreased in the period towards evening suggesting a
relaxation from non-photochemical quenching (Greene
et al. 1994), while the values of [, remained relatively
high (for example see June 23 in Fig. 5A). It is possible
that for I, the irradiance measured, late in the day,
was not representative of the adaptive state of the
phytoplankton at 5 to 10 m depth. However, it is more
likely that the I, determined for the “C technique was
overestimated, and that the 2 h incubation may have
slowed down this relaxation due to photoacclimation to
higher irradiances in the artificial light gradient incu-
bator, comparable to those observed earlier in the day.
The higher values of P, noted in the early evening may
also have been due to such experimental artifacts.
Time scales of photoadaptation of this order have pre-
viously been observed for microalgae (Henley 1993).
Photoinhibition was seldom observed in the PPF pro-
files but was noted 6 times in the “C dataset, usually
when relatively low ambient irradiances had been
recorded (see Table 2} and may thus provide evidence
of photoadaptation to high light conditions within the
incubator superimposed on the photosynthetic period-
icity on these time scales.

The general decline in /, and P, derived from both
techniques over the course of the study (Fig. 5A, B)
concurs with Fernandez et al. (1993) and Holligan et al.
(1993), who observed a decline in the activity of the
coccolithophorid bloom over a wide area, based on
rates of calcification, photosynthesis and inferred from
satellite imagery over this time.

Regressions of photosynthetic parameters with PAR

Regressions of photosynthetic parameters with PAR
(at the time of the upcast) generally showed stronger
relationships with PPF than "“C. However the selection
of a PAR value at the time of the upcast may be inap-
propriate since photosynthetic parameters such as P,
are variable and dependent on the previous irradiance
exposure (Neale & Marra 1985). They suggested that
irradiance history includes 2 primary time scales of
light history effects, including a short (<2 h) scale
which reflects direct effects of high light on light har-
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vesting and electron transport. The time scale of the
light history used in the present study may be more
appropriate to the instantaneous PPF measurements
than to the time integrated “C data.

CONCLUSIONS

Despite several uncertainties, such as spectral differ-
ences between light sources, photoacclimation, or the
assumption of PQ values, involved in comparing these
2 radically different techniques, there is reasonable
correlation between the datasets for P, I, and for A,
and a. Correction for spectral differences, via spectral
normalisation, explained the majority of the ca 3-fold
differences between the absolute values derived for
the 2 techniques. These findings demonstrate that key
photosynthetic rate parameters can be derived in situ,
rapidly, and without the experimental artifacts caused
by prolonged incubations. A rapid vertical profiling
system of this nature or one towed in undulating mode
behind a research vessel (e.g. Aiken & Bellan 1990)
will permit surveys of photoadaptive parameters on
time scales matching the recent advances in the tem-
poral extents of multidisciplinary in situ measurement
systems and provide ground truth data for the formula-
tion, development and validation of basin scale models
needed to more accurately estimate primary produc-
tion over wide spatial scales (Balch et al. 1992).
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