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Abstract

Bio-optical variables for primary production (PP) computations were determined at the Azores Front (AF) (30–38�N

to 20–23�W) between 30 July and 21 August 1998. The area was characterized by the presence of a deep chlorophyll

maximum (DCM) atB100m and by high mesoscale variability in surface waters caused by the meandering eastern flow
of the Azores Current associated with the AF. The vertical distribution of the photosynthetic parameters was typical of

oligotrophic waters with high values of light-limited slope (aB) and maximum quantum yield (fm) at the DCM and high

values of the chlorophyll-specific maximum photosynthetic rates ðPBmÞ at the surface. Spatial variability in

photosynthetic parameters at the surface was high and comparable to that over larger spatial scales. Photosynthetic

parameters at the surface associated with contrasting hydrographic structures were significantly different but at the

DCM no significant differences were apparent. Although comparisons between the light absorbed by phytoplankton

(EzPUR) and the corresponding spectral light saturation parameters (EkPUR) indicted that photosynthesis was light-

limited during sunrise and sunset, integrated PP could be estimated using a simple light-saturated model (DLS model)

that considers the day length equivalent for saturating irradiance of photosynthesis and the vertical distribution of PBm
and chlorophyll concentration. This means that PP computations for modeling could be greatly simplified by ignoring

the spectral resolution and suggest that efforts in further research should be directed to characterize time and spatial

variations of PBm in these oligotrophic waters.

r 2004 Elsevier Ltd. All rights reserved.

Keywords: Photosynthesis; Light regime; Primary production; Azores Front
ing author. Tel.: +34-986-231930; fax: +34-

ess: luimar@iim.csic.es (L.M. Lorenzo).

e front matter r 2004 Elsevier Ltd. All rights reserve

r.2004.01.010
1. Introduction

Although it is generally assumed that photo-
synthesis at the deepest layers of the photic layer in
d.
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Fig. 1. Schematic representation of the origin and flow of the

AC (A) and detailed map of the study area south of Azores

Islands (B). In (A) are represented the AC, the Canary Current

(CC) and the North Atlantic Current (NAC). The shaded area

represents the meanders zone of the AC. Dashed rectangle is the

study area. In (B) circles correspond to CTD station and

numbered squares to the stations at which additional bio-

optical measurements were made.
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oligotrophic oceanic regions with a deep chlor-
ophyll maximum (DCM) is light-limited, very few
detailed studies on this topic have been made until
now (Morel et al., 1996). Light limitation is
frequently suggested because of the low light
found and the associated photosynthetic response
of phytoplankton at these depths, such as high
maximum quantum yields, low light saturation
parameter values and photo-inhibition when
phytoplankton is exposed to higher irradiances.
Because of these photo-physiological character-

istics, spectral models are usually applied to
estimate primary production (PP) from photo-
synthesis–irradiance relationships at these oceanic
regions (e.g. Morel, 1991; Morel et al., 1996;
Keywalyanga et al., 1992; Bouman et al., 2000b).
These models, which involve considerable compu-
tational time and effort, also require accurate
estimates of the spectral photosynthetic para-
meters and precise characterization of the spectral
light field is also needed. By contrast, more simple
light-saturated models that only need information
about photo-period, horizontal and vertical dis-
tributions of chlorophyll and light-saturated rate
of photosynthesis ðPBmÞ; could be advantageous
(e.g. Behrenfeld and Falkowski, 1997a, b). More-
over, while modeling PBm looks promising (Beh-
renfeld et al., 2002a, b), accurate prediction of fm
is more difficult (Babin et al., 1996). However,
before light-saturated models can be used with
sufficient accuracy, it is necessary to assess the
extent to which photosynthesis is light-limited in
the water column in these regions. If light
limitation is negligible, the spectral resolution of
calculating PP can be ignored without reducing
accuracy.
The Azores Front (AF), which is located at the

northern boundary of the North Atlantic sub-
tropical gyre, is an oligotrophic region with
enough spatial heterogeneity to assess the degree
of light limitation and the photosynthesis re-
sponse.
The AF is associated with the Azores Current

(AC) (Gould, 1985; Siedler et al., 1985), which
originates in the transition zone between the Gulf
Stream and the North Atlantic Current (Fig. 1)
and flows eastward at B34�N (Klein and Siedler,
1989). The AF and the meandering circulation of
the AC with its associated eddies (K.ase and
Siedler, 1982; Pingree, 1997) produce considerable
spatial heterogeneity in the hydrographic and
biological fields. In addition, the presence of a
DCM at B100m depth (Fasham et al., 1985)
determines strong vertical patterns in biological
and photo-physiological properties (e.g. Cullen,
1982; Babin et al., 1996). Although some of the
biological implications caused by this variability in
the Azores region has already been described (e.g.
Fasham et al., 1985; Kahru et al., 1991; Fern!andez
and Pingree, 1996; Gonz!alez et al., 2001), little
attention has been given to the photosynthetic
response of phytoplankton (Platt et al., 1983) and
bio-optical variability in this region.
In this paper, we present a detailed analysis

of the bio-optical variability and the photosyn-
thetic response in the Azores region during
summer, which allowed us to investigate whether
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photosynthesis was light-limited in the photic
layer. Specific attention was given to photosynth-
esis at the DCM where about a half of total
integrated PP of the water column occurred. The
performance of a simple light-saturated model for
carbon fixation in the region was assessed and
compared with the results from spectral estimates.
2. Methods

The region between 30–38�N and 20–33�W,
south of the Azores Islands (Fig. 1), was visited by
R./V. Hesp !erides during summer 1998 (30 July–21
August). Sampling was done along three large-
scale latitudinal sections (A–C) centered at ap-
proximately 22�W, 28�W and 32�W. Section C
was intensively sampled between 34�N and 32�W
to better characterize the variability of the zone
where the AC penetrates in the region. In addition,
a mesoscale section between 34�N and 23�W
(section E, Fig. 1) was also sampled. Sampling
was performed with a conductivity–temperature–
depth (CTD) equipped with fluorometer and
rosette with 24� 12 l Niskin bottles.
Bio-optical sampling was conducted at 17

stations (numbered squares in Fig. 1) where
photosynthetic parameters, phytoplankton ab-
sorption coefficients and spectral light field in the
water column were determined. For photosyn-
thetic parameters and phytoplankton absorption
coefficients samples were collected around midday
from 4 to 6 depths between the surface and the
DCM with at least two depths in the upper mixed
layer. Additionally, 2–4 samples were taken within
the DCM, two in the narrowest DCM profiles and
four in the widest. Water samples were collected
from the CTD up-cast and immediately trans-
ferred to black carboys to prevent light shock,
which might have been especially important for
the deepest samples.

2.1. Chlorophyll and phytoplankton absorption

coefficients

Chlorophyll a (Chl) concentrations were deter-
mined by fluorometry on 250ml samples after low
vacuum pressure filtration through 25mm What-
man GF/F filters and overnight extraction in 90%
acetone. In all, 257 Chl measurements were made
from 17 bio-optical stations and a further 16
hydrographic stations. The extracted Chl values
were used to calibrate the up-cast fluorescence
readings (FR) of the CTD (Chl=1.53�FR�0.02;
r2 ¼ 0:93), which allowed us to characterize the
vertical distributions of Chl along the sections.
Phytoplankton light absorption coefficients

ðaphðlÞ;m�1Þ were determined by filtering seawater
volumes of 2–4 l through 25mm Whatman GF/F
filters. The optical density spectra (400–750 nm) of
concentrated particles were measured on board
with a dual-beam spectrophotometer at 1 nm
bandwidth. A wet filter, moistened with filtered
seawater, was used as a blank. The optical density
of non-algal material was determined on the same
filter after pigment extraction following Kishino
et al. (1985). Absorbance at 750 nm was subtracted
from all other wavelengths in the spectra and the
pathlength amplification was corrected according
to Arbones et al. (1996). Although the work by
Moore et al. (1995) indicates that the use of
general algorithms might lead to overestimates of
absorption coefficients when Prochlorococcus and
Synechococcus are dominant, we decided do not
apply the specific algorithms for these organisms
because, especially for Prochlorococcus, the result-
ing maximum quantum yields were higher than the
theoretical maximum for the deepest samples. In
addition, absorption coefficients calculated using
the algorithm of Arbones et al. (1996) were always
less than 2% higher than those estimated using the
algorithm for Synechococcus.

2.2. Irradiance at the sea surface and in the water

column

The incident photosynthetic active radiation
(PAR) (l¼ 4002700 nm) irradiance during the
cruise was measured on deck with a Li-190SA
cosine-sensor at 1min intervals and integrated
hourly. Fig. 2 shows the mean and standard
deviation of PAR irradiance at the sea surface
for every hour during the cruise. The coefficient of
variation was higher at dawn and dusk (B80%)
when incident irradiance was low (mean=
25 mmolm�2 s�1) than at midday (B13%) when
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Fig. 2. Hourly mean and standard deviation of the incident

PAR at the sea surface during the cruise from 30 July to 21

August 1998.
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irradiance was high (B1900 mmolm�2 s�1). To
remove this daily variability and to facilitate
comparisons between stations and regions the hourly
average incident irradiance ð %E0þðtÞ; mmol m

�2 s�1Þ
was considered for all subsequent analysis and PP
computations.
The spectral incident irradiance at the sea

surface and the downwelling irradiance in the
water column were determined with a Licor Li-
1800UW spectroradiometer at all bio-optical
stations (midday). Measurements in the water
column were taken at 1, 10, 20, 40, 60, 80, 100
and 120m. Additional measurements of incident
spectral irradiance at the sea surface were taken
along the day light hours during the cruise. To
analyze the possible variations in the shape of the
incident spectrum along time and place during the
cruise, all the incident irradiance spectra E0þðlÞ
were divided by its integral to obtain the shape,
which were compared among them using regres-
sion analysis. Spectral shapes showed high corre-
lation ð0:72or2o0:99Þ with the slopes of the linear
regressions varying between 0.993 and 1.007,
which indicates that the shape (quality) of incident
irradiance spectra did not change significantly
along the day and during the cruise. The average
normalized incident spectra were compared with
the average normalized spectra just below the sea
surface. The correlation was also high (r2 ¼ 0:88)
and the slope of the linear regression was 0.999,
which means that the transmittance through the
air–water interface was constant along the spec-
trum wavelengths (Kirk, 1983). This implies that a
single spectral shape of incident light can be used
for the whole cruise.
The hourly mean spectra just below the sea

surface were estimated as

%E0�ðt; lÞ ¼ 0:97 %E0þðtÞ %EN0þðlÞ; ð1Þ

where %EN0þðlÞ is the average of the normalized
spectra at the sea surface and the constant 0.97 is
the transmittance at the air–sea interface (Kirk,
1983).
The scalar spectral irradiance at each hour and

depth in the water column was estimated from

%Ezðt; lÞ ¼ 1:2 %E0�ðt; lÞ exp½�KðlÞz	; ð2Þ

where KðlÞ (m�1) is the spectral attenuation
coefficient estimated from the profiles of down-
ward spectral irradiance at each bio-optical station
and 1.2 converts downward irradiance to scalar
irradiance (Kirk, 1983).
The hourly spectral irradiance absorbed by

phytoplankton at each depth in the water column
ð %EzPURðtÞ; mmol m

�3 s�1Þ is

%EzPURðtÞ ¼
Z 700

l¼400

%Ezðt; lÞ azphðlÞ dl; ð3Þ

where azphðlÞ (m
�1) is the phytoplankton spectral

absorption coefficient at each depth.

2.3. Photosynthesis–irradiance experiments and

daily water-column primary production

The photosynthesis–irradiance determinations
were carried out in linear incubators illuminated
with tungsten–halogen lamps (50W, 12V) and
refrigerated with thermostatic baths. From each
sampling depth 14 subsamples were collected in
75ml Corning tissue culture flasks and inoculated
with 3.70� 105 Bq (10 mCi) of NaH14CO3. For
each curve one bottle was covered with aluminum
foil and placed at the end of the incubator to check
dark carbon fixation. After the incubation time
(2–3 h), samples were filtered under low vacuum
pressure through 25mm Whatman GF/F filters
and exposed to HCl fumes for 6–12 h to eliminate
unincorporated inorganic 14C. The external stan-
dard and the channel ratio methods were used to
correct for quenching and determine dpm.
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The maximum irradiance used in the incubators
varied between B1200 mmolm�2 s�1 for samples
from the surface and B400 mmolm�2 s�1 for the
deepest samples. The irradiance at each position in
the incubator was checked regularly during the
cruise with a Li-Cor cosine-sensor LI-190SA.
Because the spectral quality of the incident light
did not change along the short incubators that
were used (see Arbones et al., 2000), the spectral
irradiance at each position in the incubators EðlÞ
was calculated by multiplying the normalized
spectrum of the tungsten–halogen lamps ENLðlÞ
and the corresponding PAR irradiance at each
location (Figueiras et al., 1999; Arbones et al.,
2000), where

ENLðlÞ ¼ ELðlÞ=
Z
l

ELðlÞ dl ð4Þ

and ELðlÞ is the lamp spectrum.
The PAR absorbed by phytoplankton (EPUR;

mmolm�3 s�1) at each location in the incubators
was estimated according to Dubinsky (1980) by
integrating the product of the spectral irradiance
by the phytoplankton spectral absorption coeffi-
cient:

EPUR ¼
Z 700

l¼400
aphðlÞ EðlÞ dl: ð5Þ

The broadband parameters, the light-limited
slope of the photosynthesis–irradiance curve aB

(mg C (mg Chl)�1 h�1 (mmolm�2 s�1)�1) and the
light saturation parameter EkPAR (mmolm

�2 s�1),
which are only given for comparison purpose with
values reported previously for other open ocean
oligotrophic regions, were obtained by fitting the
data to the models of Webb et al. (1974) or Platt
et al. (1980) depending if photo-inhibition was
observed or not, respectively. Similarly, the
photosynthetic parameters for light absorbed by
phytoplankton were estimated using the same
models.
Without photo-inhibition

PBz ¼ PBm½1� expð�aBPUR EPUR=PBmÞ	 ð6Þ

and with photo-inhibition

PBz ¼PBS ½1� expð�aBPUR EPUR=PBS Þ	

� expð�bBPUR EPUR=PBS Þ; ð7Þ
where the subscript PUR denotes the light
absorbed by phytoplankton (mmolm�3 s�1).
Because the light-saturated rate of photosynthesis
PBm (mg Cmg Chl

�1 h�1) is wavelength indepen-
dent (Pickett and Myers, 1966) it can be obtained
by fitting the data to broadband or to light
absorbed by phytoplankton without distinction.
PBm was estimated for the cases with photo-
inhibition following Platt et al. (1980) when
qP=qE ¼ 0: The light saturation parameter for
light absorbed by phytoplankton is EkPUR ¼
PBm=a

B
PUR (mmolm

�3 s�1).
The maximum quantum yield of carbon fixation

(fm; mol C fixed (mol photons absorbed)
�1) was

derived from

fm ¼ 0:0231 Chl aBPUR; ð8Þ

where 0.0231 converts milligrams of carbon to
moles, mmol photons to moles and hours to
seconds. Note that the units of aBPUR are mg
C (mg Chl)�1 h�1 (mmolm�3 s�1)�1 because light
absorbed by phytoplankton is considered (Eq. (5)).
Daily water-column PP (mg Cm�2 d�1) down to

the 0.1% surface irradiance depth was estimated at
each bio-optical station by combining chlorophyll
concentration, hourly spectral light field, the
phytoplankton absorption coefficients and the
photosynthetic parameters for the light absorbed
by phytoplankton. Integration was carried out at
hour intervals using the trapezoid rule.
Table 1 shows the main symbols and units used

throughout the text.
3. Results and discussion

3.1. Hydrographic scenario

The AF, which can be identified by the location
of the 16�C isotherm at B200m depth (Gould,
1985), was observed at the three large sections
A–C (Fig. 3). The transition between northern
temperate and subtropical regimes is defined by
the region where the 16�C isotherm uplift is higher
(Gould, 1985; Siedler et al., 1985). The elevation of
the 16�C isotherm at stations 30, 14 and 6 in
sections C, B and A, respectively, illustrate how
the AC meanders as it flows eastward. The
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Table 1

Main symbols, definitions and units used in the text

Symbol Definition; units

Light

azphðlÞ Phytoplankton spectral absorption coefficient at each depth in the water column; m�1

DL Day length; h

DLS Day length for saturating conditions of photosynthesis; h
%E0þðtÞ Hourly average incident PAR irradiance at the sea surface; mmolm�2 s�1

%E0þmax Maximum incident PAR irradiance at the sea surface; mmolm�2 s�1

%E0�ðt; lÞ Hourly average spectral irradiance below the sea surface; mmolm�2 s�1

%Ezðt; lÞ Hourly average spectral irradiance at each depth in the water column; mmolm�2 s�1

%EzPURðtÞ Hourly average irradiance absorbed by phytoplankton at each depth in the water column; mmolm�3 s�1

KðlÞ Spectral attenuation coefficient for the water column; m�1

Phytoplankton biomass

Chl Chlorophyll concentration; mgm�3

ChlDCM Integrated chlorophyll concentration at the deep chlorophyll maximum; mgm�2

Chltot Integrated chlorophyll concentration in the photic layer; mgm�2

Photosynthesis–irradiance relationships

aBPUR Chlorophyll-specific, initial slope for light absorbed by phytoplankton; mg C (mg Chl)�1 h�1 (mmolm�3 s�1)�1

bBPUR Chlorophyll-specific, coefficient of photo-inhibition for light absorbed by phytoplankton; mg C (mg

Chl)�1 h�1 (mmolm�3 s�1)�1

EkPUR Light saturation index for light absorbed by phytoplankton; mmolm�3 s�1

fm Maximum quantum yield for carbon fixation; mol C (mol photons)�1

PBm Chlorophyll-specific, light saturated rate of photosynthesis; mg Cmg Chl�1 h�1

PBs Chlorophyll-specific, light saturated rate of photosynthesis in the absence of photo-inhibition; mg Cmg Chl�1 h�1

PBz Chlorophyll-specific, photosynthetic rate at each depth in the water column; mg Cmg Chl�1 h�1

Primary production

PP Daily water-column primary production; mg Cm�2 d�1

PPDCM Primary production at the deep chlorophyll maximum; mg Cm�2 d�1
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horizontal distributions of the thermohaline
properties at the surface and at the depth of
the DCM (B100m) illustrate the presence of
mesoscale features in the region (Fig. 4). The
structure of the AF was clearly perceptible in
the distributions of temperature and salinity at
the depth of the DCM. Meandering was also
evident in the distribution of salinity at the surface
but not in that of temperature. North–South
gradients of temperature and salinity existed at
the depth of the DCM with warmer and saltier
water to the South whereas the 16�C isotherm
was present at the northeast of the sampling
area. This type of North–South gradient also
occurred in the salinity distribution at the surface
while the temperature distribution showed an
East–West gradient. The seasonal heating of
western waters and the influence of colder waters
of the NW African upwelling probably modified
the general North–South gradient to that observed
with colder waters at the eastern side (Fig. 4).
We can conclude that the hydrographic situation
that we found agrees with that described by
Alves and Colin de Verdi"ere (1999), who indicated
that the mesoscale structure associated with the
AC is developed by the abrupt slope of the
thermocline, which results in meanders and eddies
at both sides of the AF that give rise to antic-
yclonic eddies in the north and cyclonic in the
south. Further detailed description on the hydro-
graphic field during the cruise can be found in
P!erez et al. (2003).
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3.2. Chlorophyll

Chlorophyll concentrations at the surface were
very low (o0.1mgm�3), which are characteristic
of extremely oligotrophic open ocean waters
(Menzel and Ryther, 1960). The DCM was present
in the three regions: temperate (North), transi-
tional (AF) and subtropical (South) (Fig. 5), and,
as was previously reported for other oligotrophic
environments (Cullen and Eppley, 1981), the depth
of the DCM was associated with the depth of the
nitracline (r2 ¼ 0:76; slope=1.02, nutrient data
not shown). The highest Chl concentrations at the
DCM (B1mg Chlm�3) were found at the south-
ern stations of section C. The other two sections
had lower values, with maxima (B0.7–0.8mg
Chlm�3) north of the AF region. Chl values in
the DCM, south of the AF in section C were
considerably higher (5–10 times) than those pre-
viously reported for the region during the summer
(Fasham et al., 1985; Kahru et al., 1991), when the
highest Chl concentrations were found in the
temperate waters north of the front. Chl levels in
the DCM were slightly higher than those given by
Fern!andez and Pingree (1996), who also observed
enhanced concentrations associated with the AF
during early spring.
The depth-integrated Chl concentration (mean

40710mg Chl m�2) in the photic layer for the 17
bio-optical stations (Fig. 6), showed a distribution
that reflected the Chl concentration at the DCM
(Fig. 5) and the meandering structure of the AF.
Chl at the DCM (ChlDCM) and total integrated
Chl (Chltot) were related, as would be expected:

Chltot ¼ 14:69ð75:06Þ þ 0:95ð70:18ÞChlDCM
ðr2 ¼ 0:66; Po0:001Þ; ð9Þ

where the DCM was defined as the layer that
showed a steady increase–decrease in the Chl
concentration above and below of the maximum
Chl value of the water column.
The DCM accounted for 67713% of total

integrated Chl, which was similar to that
(61.573.5%) reported by Marañ !on et al. (2000)
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over the large-scale AMT-3 section from 40�N to
40�S during September–October 1996.
The highest values (>50mg Chlm�2) were

found at the northern stations of section A and
at both ends of section C, whereas values dropped
to o30mg Chlm�2 in the central part of the
sampling area (Fig. 6), which coincided with the
stronger intrusion of southern waters (Fig. 4) with
low Chl levels at the DCM (Fig. 5).

3.3. Photosynthetic parameters: vertical variability

The photosynthetic parameters varied with
depth at all stations (Fig. 7). The Chl-specific
maximum photosynthetic rate ðPBmÞ and the broad-
band light saturation parameter ðEkPARÞ decreased
with depth from mean values of B3mg Cmg
Chl�1 h�1 and 200 mmolm�2 s�1 at the surface to
o1mg Cmg Chl�1 h�1 and o30 mmolm�2 s�1 at
the depth of the DCM. The broadband light-
limited slope (aB) and the maximum quantum
yield (fm) showed a similar tendency (a

B vs. fm;
r ¼ 0:95) and increased with depth and mean
values below the DCM wereB4 times higher than
those at the surface. PBm and EkPAR showed the
highest variability at the surface, whereas aB and
fm exhibited the least variability. The spectral
light saturation parameter EkPUR did not exhibit
such clear tendency as EkPAR to decrease with
depth, although mean value below 80m depth was
B3 times lower than that above this depth. PBm and
EkPAR were significantly higher (Po0.001) at the
surface than at the DCM (Table 2) and aB and fm
values were significantly higher at the DCM
(Po0.001). There was no significant difference
between EkPUR values at the surface and at the
DCM (P=0.09).
This pattern of high PBm and EkPAR values and

low values of aB and fm at the surface, and vice
versa at the DCM, is characteristic of stratified
oligotrophic seas (Babin et al., 1996; Bouman et al.,
2000a) and has been commonly interpreted as
photo-acclimation of phytoplankton to the light
field in the water column (Falkowski, 1980; Cullen
et al., 1992). Higher fm values at the DCM than at
the surface have been attributed to a lower fraction
of non-photosynthetic pigments in the phyto-
plankton at the DCM (Marra et al., 2000; Bouman
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et al., 2000a), and implies that a high portion of
the light absorbed at the DCM is channeled to
photosynthesis. Nevertheless, the possible influ-
ence of nutrient concentrations on fm should not
be disregarded. Nutrient limitation can also cause
low fm values (Cleveland et al., 1989; Lindley
et al., 1995). In this study, the nitracline was near
to the DCM (see above) and fm values were
negatively correlated with the distance from the
nitracline (r ¼ �0:57; Po0:001; depth positive),
which can suggest nutrient limitation at the surface
waters. In this sense, Babin et al. (1996)
showed that both factors (nutrient limitation and
contribution of non-photosynthetic pigments)
could account for the 50% the variability observed
in fm:

3.4. Photosynthetic parameters: horizontal

variability at the surface and at the DCM

When the photosynthetic parameters were
analyzed according to the observed horizontal
hydrographic gradients (Fig. 4), it was found
that there were no significant differences (0:17o
Po0:40) between surface samples to the north and
the south of the 36.7 isohaline, which is approxi-
mately the center of the salinity gradient at the
surface (see Fig. 4). However, significant differ-
ences were found in surface samples east and west
of the 25�C isotherm, with higher PBm; a

B and fm
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values (Po0:01) in the western warmer waters
(Table 2). In contrast, the broadband and the
spectral light saturation parameters were similar at
both sides of the 25�C isotherm (Table 2;EkPAR;
P ¼ 0:47;EkPUR; P ¼ 0:12). This reflects the covar-
iation between PBm and a

B (r ¼ 0:81; Po0:001) and
between PBm and fm (r ¼ 0:77; Po0:01) and also
suggests that, although the phytoplankton assem-
blages at both sides of the front showed different
PBm; a

B and fm values, they were acclimated to the
rather regular light regime in the region during the
cruise (Fig. 2). The highest values of PBm at the
surface were found along sections B and C
(maximum of 6.35mg Cmg Chl�1 h�1 at station
17) whereas section A showed values B1.0mg
Cmg Chl�1 h�1. The same pattern was observed in
aB (maximum value at the surface of 0.036mg
Cmg Chl�1 (mmolm�2 s�1)�1) and fm (maximum
of 0.057mol C (mol photons)�1) at station 35 in
section C and the lowest values in section A. In the
absence of significant variations of light and
nutrient concentration, the reactions that deter-
mine PBm are strongly influenced by temperature
and because surface western waters were warmer
than eastern waters, a positive relationship be-
tween PBm and temperature would be expected at
the surface. However, PBm did not covary with
temperature at the surface but was negatively
correlated with the depth of the nitracline
(r ¼ �0:56; Po0:05; depth positive), which sug-
gests that nutrient supply from below the nitra-
cline may exert a control on variations of PBm:
Negative relationships between PBm and depth of
the nitracline have also been reported in other
studies (e.g. Marañ !on and Holligan, 1999). De-
spite significant correlations between aB and fm
with PBm; the correlation between aB and fm at the
surface with the depth of the nitracline was not
significant. The range of variation found in values
of PBm; a

B and fm at the surface in western and
eastern waters at the AF region was similar to that
reported over larger spatial scales (Keywalyanga
et al., 1998; Marañ !on and Holligan, 1999) and
highlights the importance of accurate character-
ization and resolution of spatial variability of
photosynthetic parameters for their application in
PP models (e.g. Morel et al., 1996).
By contrast, there were no differences

(0.10oPo0.91) between the photosynthetic para-
meters at the northern, frontal and southern
waters at the depth of the DCM (Table 2), which
is probably consequence of phytoplankton accli-
mation to the relatively stable conditions at this
depth (Venrick, 1982).
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Table 2

Mean and standard deviations of PBm (mg C (mg Chl)
�1 h�1), aB(mg C (mg Chl)�1 h�1 (mmolm�2 s�1)�1), EkPAR(mmolm

�2 s�1), fm(mol
C (mol photons)�1) and EkPUR (mmolm

�3 s�1) at the surface and at the DCM and for different domains in the Azores Front

Layer Domains PBm aBm EkPAR fm EkPUR

Surface Total 2.9072.47 0.01670.012 2067134 0.02670.019 0.3870.43
DCM Total 0.8870.60 0.04470.024 28720 0.09170.038 0.2070.17

Surface West 4.0972.37 0.02470.011 175787 0.04070.015 0.2170.12
Surface East 0.9370.30 0.00670.004 2347186 0.00970.008 0.5870.57

DCM North 1.1170.85 0.04170.025 32718 0.09570.039 0.2070.14
DCM Front 0.5870.30 0.04370.031 28729 0.07670.043 0.2270.25
DCM South 0.9970.39 0.05070.019 21710 0.10970.024 0.1870.08

Note: West and East waters were separated at the surface by the 25�C isotherm. North, Front and South regions were by the uplift of

the 16�C isotherm in sections A–C (see Fig. 3).
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3.5. Primary production

Daily water-column PP (mean 3467170mg
Cm�2 d�1) ranged from 173 to 664mg Cm�2 d�1.
The meandering structure of the AF with intru-
sions of several other water bodies with different
photo-physiology characteristics has an influence
on the resulting PP (Fig. 8). The lowest values
(o200mg Cm�2 d�1) occurred east of the sam-
pling area, where the photosynthetic parameters at
the surface were lower. The highest PP values
(>500–600mg Cm�2 d�1) were recorded toward
west and at the northern part of section B where
photosynthetic parameters were higher at the
surface. PP was also >500mg Cm�2 d�1 at station
41 (see Fig. 1) where there was an influence from
northern waters (see Fig. 4). These PP values were
slightly higher than the values reported by Jochem
and Zeitzschle (1993) at 33�N, 21�W during the
post spring bloom (0.1–0.35 g Cm�2 d�1) and were
similar to those determined during summer (0.26 g
Cm�2 d�1) by Frazel and Berberian (1990). In
contrast, they were lower than the values measured
at 26�W (0.3–0.9 g Cm�2 d�1) during spring by
Fern!andez and Pingree (1996).
PP at the DCM (mean 178788mg Cm�2 d�1)

represented a significant fraction (54717%) of the
total integrated PP and 71% of the variability in
PP could be explained by a single linear relation-
ship with PP at the DCM. The explained
variability increased to 92% when PBm at the
surface was included in the relationship

PP ¼ 35:02ð76:73ÞPBm þ 1:58ð70:21ÞPPDCM
ðr2 ¼ 0:91; Po0:001Þ ð10Þ

which indicates that an additional 20% of the
variability in PP was caused by variations in PP at
the surface layers associated with the East–West
variability in PBm values. Marañ !on and Holligan
(1999) also found that variations in PBm at the
surface could account for 30% of the variability of
PP in two large-scale AMT transects between
50�N and 50�S.
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3.6. Photosynthesis and light regime in the water

column: is carbon uptake light-limited?

The case that we present here for the AF region
during summer, where PP at the DCM was
responsible for a half of the total PP and caused
71% of its variability, provides an opportunity to
asses the influence of light limitation at the deepest
layers of the photic zone.
To investigate if light limitation occurs in the

AF region, daily mean light absorbed by phyto-
plankton ( %EzPUR) was compared with the corre-
sponding spectral light saturation parameter
(EkPUR) for the photic layer and for the DCM in
particular. Light limitation will occur when
%EzPURoEkPUR (Figueiras et al., 1999). Photic layer
and DCM mean values of these two variables are
given in Table 3. %EzPUR was significantly higher
than EkPUR in the photic layer but there was no
significant difference between %EzPUR and EkPUR at
the DCM. This could imply that photosynthesis
was not light-limited in the whole photic layer.
Therefore, if photosynthesis was not light-

limited, PP computed considering the whole
spectral resolution should be equal to PP estimated
according to

PP ¼ DL
Z Z0:1%

Z¼0
PBmðzÞChlðzÞ dz; ð11Þ

where DL is the day length in hours (15 h).
However, PP computed using Eq. (11) was
overestimated by B77% (Fig. 9), which indicates
that light limitation should be actually occur-
ring at some depths and/or light hours. An examina-
tion of hourly pair values of EzPUR and EkPUR
showed that photosynthesis was light-limited
Table 3

Mean and standard deviations in the photic layer and at the

DCM for the spectral light saturation parameter EkPUR
(mmolm�3 s�1) and daily mean light absorption by phytoplank-

ton %EzPUR (mmolm
�3 s�1)

Layer EkPUR %EzPUR P

Photic layer 0.2470.27 0.7170.76 o0.001
DCM 0.2070.17 0.2170.13 0.96

Note: P values are the probabilities of t-tests for paired samples.
(EzPUR=EkPURo1) at dawn and dusk at all
stations, with limitation lasting for longer periods
of time at the DCM (Fig. 10). For all stations,
carbon fixed under light-limited conditions oc-
curred during 47% of the time. A similar situation
has also been observed by Morel et al. (1996) in
oligotrophic regions.
This interpretation could be biased due to the

photoadaptation that phytoplankton undergoes
during 2–3 h incubations (Lewis and Smith, 1983;
Lewis et al., 1984; Lizon and Lagadeuc, 1995),
which mainly occurs through changes in the
maximum photosynthetic rate and the initial slope
resulting in higher values of the light saturation
index than in those obtained with shorter (20–
30min) incubations. If this photoadaptation took
place during our incubations, therefore, the EkPUR
values should be in fact lower and, consequently,
the periods of time and places with light limitation
(EzPUR=EkPURo1) should be actually less.
Because light limitation seems to be important

in this region, the light influence on carbon
fixation was further analyzed by re-computing
spectral PP under different levels of incident
irradiance (Fig. 11). PP varied little and slowly
for irradiance levels above 50% of the actual
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value, where PP was still 82%. The level of
incident irradiance, analogous to the light satura-
tion parameter, below which PP diminished
noticeably was 18molm�2 d�1 (34% of the actual
incident irradiance) and corresponded with a PP
value of 232mg Cm�2 d�1 (67% of the actual
value). PP changes were especially low (maximum
change 6%) at irradiances between 80% and 130%
of the actual value. These slight variations in PP
caused by significant changes of incident irradi-
ance above the actual value suggest that produc-
tion during the light-limited hours at dawn and
dusk (Fig. 10) was a small fraction of the total
production; otherwise higher increases of PP
should be expected. To asses this, PP was
computed using Eq. (11) but substituting the day
length DL (15 h) with the day length for saturating
conditions DLS when EzPUR=EkPUR > 1 (8 h,
which is 53% of the DL). Good coincidence was
obtained between PP calculated using Eq. (11)
with DLS and that estimated with spectral
resolution (Fig. 12), which further suggests that
production under light-limited hours was a low
part of the total PP. This is explained by the
photosynthetic response of phytoplankton at the
DCM, where more than a half of PP took place
and light limitation was stronger. The high
maximum quantum yields and the low maximum
photosynthetic rates (Table 2) determine that
carbon fixation moves from near zero to saturated
values and vice versa very quickly during changes
in irradiance during sunrise and sunset.
Although this result was obtained without

considering the diel variability in photosynthesis
and remains untested in other oligotrophic regions
of the ocean and at different seasons, this method
offers an accurate and simple tool for estimating
PP in this area. Whereas spectral models require
accurate measurements or estimates of many
variables, including the variability in maximum
quantum yield, Eq. (11) only requires modeling
vertical profiles of PBm and chlorophyll, because the

day length for saturating conditions DLS can be
easily estimated by dividing the total incident
irradiance during day light hours by the maximum
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incident irradiance when photosynthesis is satu-
rated:

DLS ¼

R sunset
t¼sunrise

%E0þðtÞ dt

%E0þmax
: ð12Þ

There has been considerable progress in pre-
dicting vertical profiles of chlorophyll (e.g. Platt
and Sathyendranath, 1988; Morel and Berthon,
1989) and modeling PBm commences to be success-
ful (Behrenfeld et al., 2002a, b), which will
ultimately add to the utility of the DLS model to
estimate integrated PP. However, as it has been
recognized by Behrenfeld et al. (2002b), spectrally
resolved models are still necessary to estimate
acclimation irradiances in the water column.
4. Conclusions

While the vertical variability of the photosyn-
thetic parameters in the heterogeneous region of
the Azores Front during summer was that typical
of oligotrophic waters, the horizontal variability at
the surface was similar to that found over larger
spatial scales in the Atlantic Ocean. Integrated
primary production varied by a factor of 4 with
91% of this variability due to variations in
primary production at the deep chlorophyll max-
imum (71%) and the maximum photosynthetic
rate ðPBmÞ at the surface waters (20%). Despite the
fact that photosynthesis was light-limited in the
photic layer at dawn and dusk, primary produc-
tion could be accurately estimated by a simple
light-saturated model that considers chlorophyll-
specific maximum photosynthetic rate ðPBmÞ and
chlorophyll concentration in the photic layer and
the day length equivalent to saturating irradiance
of photosynthesis. This suggests that modeling
primary production in stratified oceans with
permanent DCM could be greatly simplified by
ignoring the spectral resolution and indicates that
further effort should be focused on characterizing
and predicting the spatial and temporal variations
in chlorophyll-specific maximum photosynthetic
rates in these vast oligotrophic oceanic regions.
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