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Phytoplankton growth rates in the Atlantic subtropical gyres
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Abstract

Reported estimates of phytoplankton growth rate (u) in the subtropical gyres range widely from 0.1-0.2 to 1-2
d-*. Dividing chlorophyll a (Chl a)-normalized photosynthesis (P?) by the phytoplankton carbon (C) to Chl aratio
(C:Chl a) yields an estimate of phytoplankton w. To reduce the current uncertainty regarding phytoplankton w in
the subtropical gyres, | have reviewed >230 determinations of Chl a—normalized photosynthesis (P®) and >40
determinations of phytoplankton C: Chl a obtained in surface waters of the eastern North Atlantic Subtropical Gyre
(NAST-E), the western NAST (NAST-W), and the South Atlantic Tropical Gyre (SATL). Means (95% confidence
intervals) of u were 0.26 (0.19-0.36), 0.51 (0.42-0.62), and 0.17 (0.13-0.22) d-* at NAST-E, NAST-W, and SATL,
respectively. These values are al significantly lower than the expected maximum w for phytoplankton living in the
warm, surface waters of the subtropical ocean. Thus, phytoplankton growth rates, and not only their biomass, seem
to be nutrient-limited in the oligotrophic ocean. A low phytoplankton w in the open ocean is consistent with our
knowledge of the relationship between elemental composition of the cells and their physiological state and agrees
with other ecological and biogeochemical observations in the subtropical gyres.

The oligotrophic subtropical gyres contribute significantly
to globa marine primary production and carbon (C) export
from the euphotic zone (Longhurst et al. 1995; Emerson et
a. 1997) and therefore play arole in regulating the exchange
of CO, between the oceans and the atmosphere. Although
our conceptual understanding of the functioning of the
planktonic community in these regions has greatly advanced
over the last decades, there is till considerable uncertainty
regarding the quantification of the different biomass com-
ponents and, more importantly, the fluxes of matter and en-
ergy through the microbial food web. In particular, the
growth rate (u) of phytoplankton must be known because
this rate sets an upper limit to the heterotrophic biomass that
can be sustained by a given amount of photoautotrophic bio-
mass (Cho and Azam 1990). Depending on whether phyto-
plankton w is closer to 0.1-0.2 d* or to 1-2 d%, totally
different views are possible on the functioning of microbial
communities and the variability of primary production in the
oligotrophic ocean (e.g., Goldman et al. 1979; Marafion et
al. 2000). Moreover, determining whether phytoplankton are
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growing at rates proximal to their theoretical maximum is
critical to predict the responses of the planktonic ecosystem
to potential changes in nutrient supply to the upper oligotro-
phic ocean. In his review of phytoplankton growth rates in
the open ocean, Eppley (1980) concluded that at least an
order of magnitude uncertainty existed in the rates of pri-
mary production in these regions. He ended by asking: ‘‘Are
specific rates of phytoplankton photosynthesis equivalent to
0.1-0.2 or to 1-2 doublings per day of phytoplankton car-
bon?’ (p. 240).

A brief review of the estimates of phytoplankton w in
surface waters of the oligotrophic gyres published during the
last two decades suggests that no straight answer can be
given to this question yet (Table 1). Reported rates range
from average values of ~0.2-0.3 d-* (Goericke and Welsh-
meyer 1998; Marafion et al. 2000) to average values near
(Malone et a.1993; Quevedo and Anadbn 2001) or well
above 1 d=* (Laws et al. 1987). Techniques used to obtain
these estimates vary: *C-based primary production rates
combined with phytoplankton C calculated from flow cytom-
etry and microscopy cell counts, microzooplankton grazing
experiments with the dilution method, and the labeling of
chlorophyll a (Chl a) with *4C, among others. However, there
is no obvious association between each particular technique
and the type of values obtained. Although this wide range
of estimates reflects, at least partially, the intrinsic variability
of phytoplankton dynamics in the central gyres (e.g., Karl
1999; Marafion et a. 2003), it should still be possible to
obtain an indication of the average phytoplankton p with a
narrower confidence interval. This requires that a sufficiently
high number of observations is available for large expanses
of the oligotrophic ocean. However, determining phytoplank-
ton growth rates in the sea is a difficult task, and most stud-
iesreport on just a few measurements conducted at particular
geographic areas, thus making generalizations difficult.

Phytoplankton n can be estimated simply by dividing the
rate of photosynthesis normalized to Chl a (P®) by the car-
bon to Chl aratio (C: Chl a) of phytoplankton (Eppley 1972;
Cullen et a. 1992). In the Atlantic Ocean, P® has been de-
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Table 1. Review of post-1980 estimates of phytoplankton growth rates (u, d-2) in surface waters of the subtropical gyres in the Pecific
Ocean and the Atlantic Ocean. The mean and range of reported values are given.

Reference Method Region* ©(dh

Laws et al. 1987 Pigment labeling with #C NPTG 1.2(1.0-1.5)
Malone et a. 1993 14C uptake and phytoplankton C NAST-W 0.7(0.6-0.9)
Jones et a. 1996 Pigment labeling with *C NPTG 0.7

Goericke and Welschmeyer 1998 Pigment labeling with #C NAST-W 0.3(0.1-0.5)
Lessard and Murrell 1998 Dilution technique NAST-E 0.3(0.1-0.7)
Stelfox-Widdicombe et al. 2000 Dilution technique NAST-E 0.6(0.4-0.8)
Quevedo and Anadon 2001 Dilution technique NAST-E 0.7(0.5-1.3)

* NPTG, North Pacific Tropical Gyre; NAST-E, eastern North Atlantic Subtropical Gyre; NAST-W, western North Atlantic Subtropical Gyre.

termined over very large spatial scales in different tropical
and subtropical regions during the last decade (e.g., Hood
1995; Marafnon and Holligan 1999; Lorenzo et al. 2004),
which means that the existing dataset is representative of the
vast areas of the central gyres. In addition, the Bermuda
Atlantic Time-study Series (BATS) program has provided an
excellent coverage of the seasonal variability of P® in the
northwestern Sargasso Sea since 1989 (Steinberg et al.
2001).

Severa improvements also have taken place during the last
years concerning both the in situ determination of C:Chl a
(Buck et al. 1996; Goericke and Welschmeyer 1998; Veldhuis
and Kraay 2004) and the understanding of the physiological
basis for its variability (Geider et a. 1998; Maclntyre et a.
2002). Flow cytometry enables a more accurate determination
of the abundance of the picophytoplankton, which are the
dominant component of total photoautotrophic biomass in the
oligotrophic open ocean (Campbell et a. 1994; Buck et al.
1996). The combination of flow cytometry and light micros-
copy has been used successfully in severa surveys of the
subtropical gyres, yielding consistent estimates of C:Chl a
(Campbell et a. 1994; Buck et al. 1996; Marafion et al. 2000).
The *#C labeling of Chl a, another technique alowing the
estimation of C:Chl a (Redalje and Laws 1981), has pro-
duced estimates of this variable that are comparable to those
obtained with flow cytometry and microscopy (e.g., Goericke
and Welschmeyer 1998). Mechanistic models of phytoplank-
ton physiology, on the basis of knowledge of photoacclima-
tion processes (Geider et al. 1998), have proven able to re-
produce both the temporal (Lefevre et al. 2003) and the
latitudinal (Taylor et a. 1997) changes in C:Chl a. Findly,
laboratory cultures of the dominant picophytoplankton species
occurring in the central gyres, such as Synechococcus spp.
and Prochlorococcus spp., can be used to test the accuracy
of C:Chl a estimates obtained in situ (Moore et a. 1995; Liu
et al. 1999, Bertilsson et a. 2003).

To estimate phytoplankton growth rates in the oligotrophic
ocean, | present here a review of P& and C: Chl a measure-
ments collected in surface waters of three biogeographic
provinces in the Atlantic Ocean: the eastern North Atlantic
Subtropical Gyre (NAST-E), the western NAST (NAST-W),
and the South Atlantic Tropical Gyre (SATL). | concentrate
on surface (e.g., 0—20 m, where irradiance (E,) is higher than
0.5 X incident irradiance (E,) rather than water column val-
ues for a number of practical and conceptual reasons. More
P® and C: Chl a measurements are available for the surface

than for any other depth. During simulated in situ *“C ex-
periments, in situ temperature is always correctly reproduced
for the surface samples, because the incubator is easily re-
frigerated with water pumped from the surface. Cell photo-
damage as a result of exposure to bright light is less likely
when manipulating samples collected from the surface. Us-
ing only surface values makes comparison between studies
easier because it avoids the nonlinear effects of photoaccli-
mation irradiance on C: Chl a. Finally, the highest values of
phytoplankton w are typically measured in the upper few
meters (0—20 m; e.g., Laws et al. 1987; Jones et al. 1996;
Goericke and Welschmeyer 1998). My goal hereisto reduce
the current uncertainty regarding phytoplankton w in the ol-
igotrophic ocean and to see whether the available measure-
ments of PB and C: Chl a can help answer Eppley’s original
question: Are phytoplankton growing at rates near 0.1-0.2
or 1-2 d-*?

Methods

Approach—An estimate of w (d-%) attainable by a phy-
toplankton assemblage can be calculated as

w = PB/C:Chl a, (1)

where P® is the photosynthesis rate per unit Chl a (mg C
[mg Chl a] * d*) and C:Chl a is the carbon to Chl a ratio
(mg C [mg Chl a]-%). In the equation above, | follow the
recommendations of Kirchman (2002), who showed that the
most appropriate approach to calculating microbial growth
rates is simply dividing the production rate by the biomass.
A variation of Eg. 1 isto use the light-saturated, chlorophylI-
normalized photosynthesis rate (P2, mg C [mg Chl a]-* h-1)
instead of PB, thus obtaining an estimate of the maximum
potential growth rate (w,,) attainable by a phytoplankton as-
semblage:

u, = D X PB/C:Chl a. )

P& is usually measured in short-term (1-2 h) experiments
during which natural phytoplankton samples are incubated
with C under an irradiance gradient. P2 is the asymptote
of the photosynthesis-rradiance (P-E) curve, whereas the
initial slope of the curve («) represents the light-limited pho-
tosynthetic efficiency. In Eq. 2, P2 is multiplied by the du-
ration of the photoperiod (D) to convert hourly productivity
rates into daily rates. The short duration of P-E experiments
minimizes the effects of *C respiration, bottle confinement,
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and trophic losses such as microzooplankton grazing, thus
rendering estimates of C fixation that approach gross pho-
tosynthesis. In addition, P-E experiments are typically con-
ducted at noon or near the central hours of the day and
therefore give estimates of Pg, that are close to its daily max-
imum (Behrenfeld et al. 1998). Equation 2 seems then ap-
propriate to estimate the maximum potential growth rate of
a phytoplankton assemblage and thus is likely to overesti-
mate the realized, actual growth rates.

Note that common determinations of P& or PE do not in-
clude the production of dissolved organic carbon (DOC),
which represents a substantial fraction of total primary pro-
duction in oligotrophic environments and has profound im-
plications for the microbial ecology and the biogeochemistry
of the open ocean (Nagata 2000). However, insofar as DOC
production does not contribute to an increase in algal bio-
mass, it can be ignored for the purpose of determining the
effective growth rate of phytoplankton. Other approaches
used to determine phytoplankton w in the ocean do not con-
sider DOC production either, so the results presented here
will be fully comparable with those reported in the literature.

Data collection—To estimate w and w,,,, My approach was
to collect recent (post-1990) published and unpublished data
of P8, P&, and C:Chl a measured in surface waters (0—20
m) of three oligotrophic provinces in the Atlantic Ocean:
NAST-E, NAST-W, and SATL. Measurements of surface P
and PE were based on *#C uptake experiments described be-
fore (Maraion and Holligan 1999; Steinberg et al. 2001;
Lorenzo et a. 2004). All P data were obtained from long
(8-12 h) **C incubations that (1) started at dawn or early in
the morning, (2) ended at dusk, and (3) were conducted un-
der natural irradiance. Primary production experimentsin the
NAST-W province were conducted in situ (Steinberg et al.
2001), whereas those carried out in NAST-E and SATL were
conducted on deck with a set of incubators that reproduced
the irradiance and temperature conditions at the sampling
depth (Marafion et al. 2003). It has been found previously
that no significant differences exist between the production
estimates obtained from in situ incubations and those ob-
tained from on-deck incubations (Joint et al. 1993). P& was
aways determined in P-E experiments that lasted for ~2 h,
were conducted near midday, and were carried out inside
linear, temperature-controlled incubators.

Most of the P® and P2 data from NAST-E and SATL have
been obtained within the framework of the U.K. Atlantic
Meridional Transect and European Union Canary Islands-
Azores-Gibraltar Observations (CANIGO) programs (e.g.,
Marafién and Holligan 1999; Marafion et a. 2000; Lorenzo
et a. 2004), whereas P® data from NAST-W are monthly
measurements taken at the BATS station (NW Sargasso Sea)
from 1990 to 2000. In total, 234 measurements of P® and
P2 were used. Two points are worth mentioning in relation
to these productivity experiments with surface seawater.
First, the risk of cell photodamage during sample manipu-
lation was avoided because phytoplankton living in the up-
per 10—20 m of the subtropical gyres typically experience
irradiances above 60—70% of E,, and protecting the samples
from direct sunlight is normal practice during the preparation
of “C experiments. Second, contamination of the samples

by toxic substances was unlikely because modern protocols
of primary production include the use of acid-clean, nontox-
ic sampling and incubation bottles.

It is important to emphasize that P® and P, measurements
in NAST-E and SATL were conducted at different times of
the year (April-May and September—October) over large
spatial scales, in most cases spanning several thousand
miles. For its part, the BATS P® data used here adequately
reflect the seasonal variability of primary production in the
western Sargasso Sea. It is therefore reasonable to assume
that the present dataset of surface P® and Pg is representative
of the variability of phytoplankton photosynthesisin the sub-
tropical waters of the Atlantic Ocean. As explained below,
my approach to calculate u (or w.,) from data of P& (or P2)
and C: Chl a requires the use of the original data points for
each variable. Although individual P® data from station
ALOHA in the North Pacific subtropical gyre are abundant
and easily accessible, | have been unable to obtain original
C: Chl a data from that station. For this reason, estimates of
phytoplankton w in oligotrophic waters of the North Pecific
subtropical gyre are not attempted here.

For C:Chl a, | used atotal of 43 measurements obtained
in surface waters of the NAST-E, SATL, and NAST-W prov-
inces. In the case of NAST-E and SATL data, phytoplankton
C was estimated from cell abundances determined with a
combination of light microscopy, epifluorescence microsco-
py, and flow cytometry during cruises AMT-3 and AMT-4
(Zubkov et al. 1998; Maranon et al. 2000). Cell numbers
and biovolume data were converted into phytoplankton C
with conversion factors and cell volume-C relationships.
The average size of Prochlorococcus spp. and Synechococ-
cus spp. was estimated by size fractionation through 0.2-,
0.4-, 0.6-, 0.8-, and 1.0-um pore-size Nuclepore filters, as
explained in detail by Zubkov et al. (1998). Then, C biomass
was calculated by applying a carbon density factor of 0.35
pg C um=3 (Bjgrnsen 1986). The average biovolume of the
picoeukaryotes was measured with an image analysis system
connected to an epifluorescence microscope. Picoeukaryote
C biomass was calculated with the conversion factor 0.22
pg C pm=2 (Booth 1988). For nano- and microphytoplank-
ton, estimates of cellular C content for each species were
obtained by determining cell volumes according to Kovala
and Larrance (1966) and applying the cell volume-C rela-
tionship of Eppley et a. (1970). C: Chl a was then calculated
simply by dividing phytoplankton C by the Chl a concen-
tration, which was measured fluorometrically.

In the case of NAST-W, | used the monthly C: Chl a data
measured by Goericke and Welschmeyer (1998) during an
annual cycle at the Ocean Flux program station, which lies
8 km north of the BATS station (Steinberg et al. 2001).
Goericke and Welschmeyer (1998) estimated phytoplankton
C with the Chl labeling method (Redalje and Laws 1981).
In this method, a sample is incubated with **C and the in-
corporation of the isotope into both particulate organic car-
bon (POC) and Chl a is determined. Assuming balanced
growth over the incubation period, the quotient between *C
in POC and *C in Chl a at the end of the experiment is
equal to the phytoplankton C: Chl a.

All measurements of C:Chl a used in this analysis were
collected either in repeated monthly samplings at a particular
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location during a full annua cycle (e.g., NAST-W data) or
during surveys over large spatial scales conducted at differ-
ent times of the year (NAST-E and SATL data). This means
that the resulting C: Chl a dataset should be representative
of the variability in cellular Chl a content of surface phy-
toplankton in the Atlantic subtropical gyres.

Although Chl a concentrations used to calculate C: Chl a
was measured with a Turner fluorometer in NAST-E and
SATL, in the case of the NAST-W province, it was measured
by high-performance liquid chromatography (HPLC; Goer-
icke and Welschmeyer 1998). It was then necessary to check
whether the two types of measurements agreed, thus allow-
ing the comparison of C: Chl a data from different provinc-
es. For a large dataset from the BATS station for the period
1990-2001, | found a good agreement between Chl a con-
centration measured with the Turner fluorometer (Turner
Chl) and Chl a concentration measured with HPLC (HPLC
Chl), as indicated by the model Il linear regression between
the two variables: (Turner Chl) = 0.98 X (HPLC Chl) —
0.0013, rz = 0.78, n = 1,786).

Satistical analyses—Given that the distributions of P8,
Pe, and C: Chl a were all nonnormal, | used bootstrap meth-
ods (Manly 1997) to calculate the mean and its 95% confi-
dence interval for each variable in each province. For each
group of n measurements of a particular variable in a par-
ticular province, | used random resampling with replacement
to obtain 2,000 bootstrap samples of size n. Then | calculated
the mean of each bootstrap sample and constructed the fre-
quency distribution of the 2,000 means. The mean of this
bootstrap distribution is an estimator of the true mean of the
population, whereas the 2.5 and 97.5 percentiles of the boot-
strap distribution give the limits of the 95% confidence in-
terval of the mean (Efron 1979). Two thousand randomiza-
tions proved sufficient to obtain smooth frequency
histograms, and increasing the number of bootstrap samples
to 3,000 did not affect the values of the obtained estimates.

To estimate the mean and 95% confidence interval of u,
100 means were randomly selected from the bootstrap dis-
tributions of P® and C: Chl a (each comprising 2,000 boot-
strap means). By dividing 100 means of P® by 100 means
of C:Chl a, an empirica distribution of 10,000 n values
was obtained. The mean and the 2.5 and 97.5 percentiles of
this distribution are estimates of the mean of w and its 95%
confidence interval. The same procedure was used for u,,,
but in this case, with the use of Pg instead of PB.

| checked the validity of this approach to estimate the
distribution of w from the bootstrap distributions of inde-
pendent measurements of P2 and C:Chl a by comparing
its results with direct determinations of phytoplankton
growth rate obtained from simultaneous measurements of
P8 and C: Chl a on the same samples. To do this, | used a
set of 12 measurements from the SATL province where it
was possible to determine simultaneously both P& and phy-
toplankton C: Chl a on the same samples. By dividing P?
by phytoplankton C: Chl a for each sample, a direct cal-
culation was possible of phytoplankton growth rates in
SATL. The mean and 95% confidence interval of this dis-
tribution of 12 direct measurements of u was 0.33 (0.27—
0.40) d=*. In addition, | combined all 12 determinations of

each variable into a pooled sample, which | then used to
obtain bootstrap distributions of 2,000 means of P® and C:
Chl a, as explained above. Then from each bootstrap dis-
tribution 1 sampled randomly 100 means of P& and 100
means of C:Chl a. By dividing 100 means of P® by 100
means of C:Chl a, | obtained an empirical distribution of
10,000 w vaues. The mean and the limits of the 95% con-
fidence interval of this simulated distribution of u was 0.32
(0.25-0.40), thus closely matching the values obtained
when direct measurements of P® and C: Chl a on the same
samples were used.

Results and discussion

Variability of P2 and PE—Chl a—normalized photosynthe-
sis (PP) at the surface varied widely between biogeographic
provinces (Fig. 1A). Means (95% confidence intervals) of
surface P® were 38.4 (29.3-49.5), 75.0 (67.4-83.2), and 19.7
(15.3-24.6) mg C (mg Chl a)~* d-* for NAST-E, NAST-W,
and SATL provinces, respectively (Fig. 2A; Table 2). The
differences in P® between paired provinces were in all cases
statistically significant (Mann—Whitney test, p < 0.001).
These differences in productivity agree with our knowledge
of the phytoplankton biomass, degree of thermal stratifica-
tion, and relative nutrient input to the euphotic layer in each
province.

NAST-W, as observed at the BATS site, is characterized
by relatively strong winter mixing (see Steinberg et al. 2001)
and the frequent occurrence of mesoscale eddies (Siegel et
al. 1999), all of which lead to nutrient injections to the eu-
photic layer and an enhancement of primary production.
Similar nutrient enrichments are not usualy observed in
NAST-E. SATL is the most oligotrophic province in the At-
lantic Ocean (Longhurst et al. 1995), as aresult of the strong,
persistent thermal stratification and the extremely low rate
of nutrient supply to the photic layer. Compared to NAST-
E, SATL typically shows warmer surface temperature and a
deeper nitracline, which explains its lower productivity (Ma-
ranon et al. 2003). The light-saturated rate of chlorophyll-
normalized photosynthesis (P2) was aso higher at NAST-E
than at SATL (Figs. 1B, 3). P2 took a vaue of 4.4 (3.3-5.6)
mg C (mg Chl a)~* h-* at NAST-E, compared with 3.4 (2.6—
4.3) mg C (mg Chl @) * h™* at SATL. These differences,
however, were not statistically significant (Mann—Whitney
test, p > 0.4).

It is interesting to compare these P® values with those
measured in another well-studied oligotrophic province such
as the North Pacific Tropical Gyre. The average P® measured
at the surface of station ALOHA during 1990-2003 was
90.2 = 34.8 mg C (mg Chl a)-* d-*. This value is dlightly
higher than that measured at NAST-W (75.0 mg C [mg Chl
a]~* d*) but much higher than those measured at NAST-E
and SATL (38.4 and 19.7 mg C [mg Chl a]~* d?, respec-
tively). This comparison highlights that significant differ-
ences in productivity exist between different subtropical
provinces of the open ocean, even if they all can be broadly
regarded as oligotrophic.

Variability of C: Chl a—Phytoplankton C:Chl a at the
surface showed little variability between provinces (Fig. 1C).



Phytoplankton growth rates 303

23
NAST-E [o H i+ o
38
SATL ([T} e
126
NASTW | o T
A
0 50 100 150 200
Surface PB (mg C mg Chl a’! d'1)
26
NAST-E | ¢+ [ E— .
21
SATL | eHT i H
B
0 4 8 12
Surface PB;,, (mg C mg Chla! h'l)
5
NAST-E HIE
11
SATL o L
27
NASTW | T
C

0 50 100 150 200 250 300
Surface C:Chl a (mg C mg Chl a’!)

Fig. 1. Variahility of (A) the photosynthesis to Chl a ratio, P®;
(B) the light-saturated, Chl a-specific rate of photosynthesis, P2;
and (C) the phytoplankton C: Chl a in surface waters of the eastern
North Atlantic Subtropical Gyre (NAST-E), western NAST (NAST-
W), and South Atlantic Tropical Gyre (SATL) biogeographic prov-
inces. Circles indicate the 5th and 95th percentiles, bars indicate the
10th and 90th percentiles, boxes indicate the 25th and 75th percen-
tiles, the central continuous line represents the median, and the cen-
tral dashed line represents the mean. Numbers on top of the boxes
indicate the total number of observations in each dataset. P2 data
are not available for NAST-W.
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Fig. 2. Fregquency distributions of 2,000 bootstrap means of P&,
as obtained from original measurements in surface waters of (A)
NAST-E, (B) NAST-W, and (C) SATL biogeographic provinces.
Vertical dashed lines indicate the limits of the 95% confidence in-
tervals, and vertical continuous lines indicate the mean.

Means (95% confidence intervals) of surface C: Chl a were
147.0 (127.2-171.5), 145.9 (120.7-171.0), and 118.0
(102.9-134.2) mg C (mg Chl a)-* for NAST-E, NAST-W,
and SATL provinces, respectively (Fig. 4; Table 2). No sig-
nificant differences in C:Chl a existed between provinces
(Kruskal-Wallis test, p > 0.3). These C: Chl a values agree
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Table 2. Mean (95% confidence intervals) of the photosynthesis to Chl a ratio (P?), the light-saturated, Chl a—specific photosynthesis
(P8), and the phytoplankton carbon to Chl a ratio (C: Chl a) measured in surface waters of the eastern North Atlantic Subtropical Gyre
(NAST-E), the western NAST (NAST-W), and the South Atlantic Tropical Gyre (SATL) biogeographic provinces. Confidence intervals
were computed by applying bootstrap methods to the original measurements. n indicates the number of observations in each original data

set. See Methods for details on data sources and calculations.

Biogeographic province

NAST-E NAST-W SATL

P (mg C [mg Chl a]-* d?) 38.4(29.3-49.5) 75.0(67.4-83.2) 19.7(15.3-24.6)
n=23 n=126 n=38

P2 (mg C [mg Chl a]~* h™Y) 4.4(3.3-5.6) — 3.4(2.6-4.3)
n=26 n=21

C:Chl a (mg C [mg Chl a] %) 147.0(127.2-171.5) 145.9(120.7-171.0) 118.0(102.9-134.2)
n=>5 n=27 n=11

well with previous estimates reported for surface, oligotro-
phic waters of the subtropical gyresin both the Atlantic and
the Pacific Oceans (Table 3). It is remarkable that the vari-
ability between the different estimates shown on Table 3 is
relatively small, particularly in view of the fact that different
techniques and conversion factors were used on each study
to estimate C: Chl a. The consistency of the C: Chl a values
obtained in awide range of studies suggests that the reported
estimates are accurate.

High C:Chl a values were to be expected because it is
well established from physiological studies that this ratio
tends to increase under conditions of high irradiance and low
nutrient concentration (Geider et al. 1998; Maclntyre et al.
2002). In tropical and subtropical regions of the open ocean,
an inverse relationship exists between phytoplankton abun-
dance and C: Chl a (Buck et al. 1996), illustrating the phys-
iological response of decreasing relative Chl a content in the
cells with increasing degree of oligotrophy. In addition, dif-
ferent models of phytoplankton physiology and water col-
umn dynamics predict C: Chl a values between 100 and 160
for the upper mixed layer of the open ocean at low latitudes
(Taylor et al. 1997; Lefevre et al. 2003). However, a more
rigorous test of the validity of the C: Chl a values reported
here comes from the comparison with C: Chl a measured in
the laboratory, virtually without experimental error, on cul-
tures of those species that dominate the photoautotrophic
biomass in the oligotrophic ocean, namely Prochlorococcus
spp. and Synechococcus spp. Several studies have shown
that the contribution of these two cyanobacteria to total pho-
toautotrophic biomass in the upper layer of the subtropical
gyres is typically >50-60% (Buck et al. 1996; Marafon et
al. 2000), reaching in some cases values >70-80% (Camp-
bell et al. 1994; Veldhuis and Kraay 2004). If the C:Chl a
determined in situ are accurate, they should coincide with
the C:Chl a measured on Prochlorococcus and Synecho-
coccus cultures, at least when growth conditions are similar
to those typica of the upper oligotrophic ocean (e.g., high
irradiance and low nutrient concentration). Unfortunately, a
similar type of comparison is not possible for the eukaryotic
pico- and nanophytoplankton living in the tropical ocean be-
cause their taxonomic composition at the species level is not
well resolved yet (e.g., Veldhuis and Kraay 2004).

Several reports are available in the literature that can help
constrain the variability in the C: Chl a of Prochlorococcus

and Synechococcus. The Chl a cell content of Prochloro-
coccus experiencing high irradiances (e.g., >400 pmol
quanta m=2 s7) is around 0.5 fg cell - (Moore et al. 1995;
Claustre et al. 2002). Combining this figure with the C con-
tent typically measured in Prochlorococcus (40-80 fg C
cell -, see Bertilsson et a. 2003 and references therein)
givesa C: Chl ain the range of 80—160. For Synechococcus,
Liu et al. (1999) have provided a comprehensive study on
the physiological characteristics of continuous cultures
growing under a range of nitrate supply rates. These authors
found that cellular Chl a concentration varied between 1 and
2 fg cell % Given that the C content of Synechococcus is
frequently within the range of 200-300 fg C cell -t (Kana
and Glibert 1987; Bertilsson et al. 2003 and references there-
in), the resulting C: Chl a is then 100—300. Despite this con-
siderable degree of variability, which reflects the physiolog-
ical plasticity of the cells in response to variations in growth
conditions, it seems clear that the C:Chl a tends to take
relatively high values (i.e., >100) in these two species of
cyanobacteria. Thus, the average C: Chl a in surface samples
of the subtropical gyres, measured by many different work-
ers and different experimental procedures, is also consistent
with our knowledge of the physiology of the dominant pho-
toautotrophs in these regions. This agreement, reinforced by
the consistency between in situ observations and model pre-
dictions, supports the use of the C:Chl a to estimate the
variability of phytoplankton growth rates in the subtropical

gyres.

Phytoplankton growth rates—The distribution of the es-
timated phytoplankton w in each biogeographic province re-
flected the differences in P® that were described above (Fig.
5). Phytoplankton u was 0.26 (0.19-0.36), 0.51 (0.42-0.62),
and 0.17 (0.13-0.22) d* at NAST-E, NAST-W, and SATL,
respectively (Table 4). These values are all smaller than the
maximum theoretical growth rates (~1.5 d-*) calculated by
Eppley (1972) for unicellular algae growing at the warm
temperatures (22—26°C) typical of surface waters in the sub-
tropical gyres. It could be argued that the low growth rates
estimated here are the result of the underestimation of C
fixation in “C uptake experiments that involve relatively
long (8-12 h) bottle incubations. If this were the case, we
would have expected u,, (on the basis of P% measurements
from 2-h incubations) to take much higher values than u and
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Fig. 3. Same as Fig. 2 but for P2, as obtained from origina
measurements in surface waters of (A) NAST-E, and (B) SATL
biogeographic provinces.

Table 4. Means (95% confidence intervals) for phytoplankton
growth rate (1) and maximum growth rate () in surface waters
of the eastern North Atlantic Subtropical Gyre (NAST-E), the west-
ern NAST (NAST-W), and the South Atlantic Tropical Gyre
(SATL) biogeographic provinces. u and u,, were calculated as P8/
C:Chlaand D X Pg/C: Chl a, respectively, where D isthe duration
of the photoperiod (h) and P® is the photosynthesis to Chl a ratio.
See Methods for further details on calculations.

Biogeographic province

NAST-E NAST-W SATL
p(d?)  0260.19-0.36) 051(0.42-0.62) 0.17(0.13-0.22)
e (1) 0.35(0.24-0.47) — 0.35(0.26-0.46)

approach the maximum theoretical growth rates. For the rea-
sons explained before (see Methods), u,, is an indicator of
the maximum potential of a phytoplankton assemblage to
increase its biomass and is likely to overestimate the actual
growth rate. However, u,, took values that, although some-
what higher than u, were still low (range 0.2-0.5 d%; Fig.
6; Table 4) and well below maximum theoretical growth
rates. The data presented here thus strongly suggest that not
only the standing stocks of phytoplankton but their growth
rates as well are limited in the surface layer of the subtrop-
ical gyres, most likely as a result of the low supply of nu-
trients. Similarly low estimates of phytoplankton p have
been reported before for the subtropical gyres (see Table 1).
Unlike previous studies, though, the present analysisis based
on numerous measurements that were obtained by different
techniques over wide temporal and spatial scales. In addi-
tion, bootstrap techniques allowed to quantify the variability
in w, and the resulting confidence intervals were all rela-
tively narrow. These facts make the present estimates of phy-
toplankton p particularly robust and broadly representative
of the Atlantic subtropical gyres.

Knowledge of C:Chl a alone already suggests that phy-
toplankton inhabiting the surface waters of the subtropical
gyres must grow at rates well below 1 d-*. With C:Chl a
in the range of 120-150 mg C (mg Chl a)~*, P® and P,
would have to be >120-150 mg C (mg Chl a)-* d-* and
10-12 mg C (mg Chl a)~* h=1, respectively, for u or u,, to
approach 1 d-*. Such high assimilation numbers are rare in

Table 3. Review of measurements of phytoplankton carbon to chlorophyll a ratio (C:Chl a) in surface oligotrophic waters of the
subtropical gyres in the Pacific Ocean and the Atlantic Ocean. The mean and, where available, the range of the reported values are given.

n indicates the number of observations in each original data set.

Reference Region* C:Chl a n
Furuya 1990 NPTG 108 10
Campbell et al. 1994 NAST-W 128 23
Caron et a. 1995 NAST-W 98(40-193) 10
Buck et al. 1996 NAST-E 180 12
Jones et a. 1996 NPTG 156 —
Goericke and Welschmeyer 1998 NAST-W 146(45-266) 27
Veldhuis and Kraay 2004 NAST-E, NATR 165(97-194) 5
This study NAST-E 147(117-194) 5
This study SATL 118(70-180) 11

* NATR, North Atlantic Tropical Gyre; NPTG, North Pacific Tropical Gyre; NAST-W, western North Atlantic Subtropical Gyre; NAST-E, eastern NAST;

SATL, South Atlantic Tropical Gyre.
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the subtropical gyres of the Atlantic Ocean. At the BATS
station, surface P® values >120 mg C (mg Chl a)~* d-* were
measured in <15% of the ~130 visits made during the pe-
riod 1990—2000 (Fig. 1A). During two 13,000-km latitudinal
transects in the Atlantic Ocean, in which 150 P-E experi-
ments were conducted, Marafion and Holligan (1999) found
Pe > 10 mg C (mg Chl a)~* h-* only in temperate waters
and in the upwelling region off Mauritania. Behrenfeld and
Falkowski (1997) plotted >1,000 determinations of the max-
imum chlorophyll-specific C fixation rate (P5,), which is an
analogue of P2, as a function of sea surface temperature.
They found that, across a sea surface temperature range from
—1°C to 28°C, the highest median values of P, were 67
mg C (mg Chl a)~* h~* and occurred at temperatures <20°C.
Moreover, Cullen et al. (1992), in their review of the rela-
tionship between photosynthetic parameters and relative
growth rate in phytoplankton cultures, found that the highest
measured values of P2 were 6-8 mg C (mg Chl a)~* h-2.
With these laboratory and field results in mind, it does not
seem plausible to expect that phytoplankton in the oligotro-
phic gyres normally have photosynthetic efficiencies suffi-
ciently high to sustain growth rates near 1 d-*. However,
different literature reviews show that u estimates well above
2 d* have been reported frequently for the open ocean (Ep-
pley 1972; Goldman et a. 1979; Gasol et al. 1997). Are
these high turnover rates possible in surface waters of the
subtropical gyres? Even if the C:Chl a takes a value of
around 100-120 (i.e., the lower bound of the 95% confi-
dence intervals in Fig. 4), a u of 25 d* impliesa P® > 25
mg C (mg Chl a)~* h=%, which is the theoretical maximum
for light-saturated photosynthesis (Falkowski 1981) and is
rarely measured either in optimal laboratory conditions
(Glover 1980) or nutrient-rich coastal waters (Hood et al.
1991). Furthermore, the confidence intervals shown on Fig.
5 indicate that phytoplankton growth rates >0.6 d—-* must be
infrequent in surface waters of the oligotrophic ocean. When
reviewing the literature for estimates of w in the open ocean,
these confidence intervals might serve as a guide to assess
the validity of extreme values, especialy if they are consis-
tently yielded by particular experimental approaches or per-
sistently obtained in specific surveys. Similarly, the mean
and range of w shown on Fig. 5 can be useful to constrain
phytoplankton-mediated fluxes in biogeochemical budgets of
the open ocean, given that measured rates must be compat-
ible with the available estimates of algal standing stocks and
biomass turnover rates.

The results of the present analysis contradict the frequent-
ly held view that phytoplankton w in the oligotrophic ocean
is high (=1 d*) and, furthermore, that it is not limited by
nutrient availability (e.g., Harris 1984; Gasol et a. 1997).
The conceptual basis for this view comes, ultimately, from
the work of Goldman and collaborators (Goldman et al.
1979; Goldman 1980). These authors discovered, through a
series of elegant experiments with continuous cultures of
different species of eukaryotic phytoplankton, that the Red-
field proportions for cellular C, N, and P are attained only
when cells grow at a rate close to maximum . and nutrient
sufficiency is approached. In those cultures growing at rates
<20% of their maximum p, typical molar C: N were as high
as 1520 (Goldman 1980). The common observation that
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Fig. 4. Same as Fig. 2 but for the C: Chl a, as obtained from
origina measurements in surface waters of (A) NAST-E, (B) NAST-
W, and (C) SATL biogeographic provinces.

the molar C:N of particulate organic matter (POM) in the
open ocean takes values in the range 67 (e.g., Sterner and
Elser 2002 and references therein) has led to the conclusion
that phytoplankton grow at a rate close to their maximum
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growth rates, which would imply absolute values of u >
1ld-

The validity of this conclusion depends criticaly on the
extent to which the C:N of POM in the oligotrophic ocean
realy reflects the C: N of living phytoplankton. It is now well
established that photoautotrophic biomassis aréatively minor
component of POM in unproductive marine waters, being fre-
quently outweighed by detrital and bacteria biomass (e.g.,
Cho and Azam 1990; Caron et a. 1995; Veldhuis and Kraay
2004). This is illustrated, for instance, in the northwest Sar-
gasso Sea by both the high average POC:Chl a (434 + 32
mg C [mg Chl a]~%) and the lack of correlation between Chl
a and POC concentrations (r = 0.12, p > 0.15, n = 127)
observed at the BATS station during the period 1990-1999.
Given that heterotrophic bacteria are characterized by low C:
N (~4-5; eg., Nagata 1986; Fagerbakke et a. 1996), their
biomass contribution could well mask the elemental compo-
sition of phytoplankton and lead to a total POM C:N near 7.
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For example, simple calculations show that if the C biomass
of bacteria having aC:N = 4.5 is the same as the C biomass
of phytoplankton having a C:N = 16 (indicative of strong
nutrient limitation of w), the C:N of total microbial biomass
will still be 7. The contribution of detrital matter, which might
represent >50% of total POC in oligotrophic waters (Cho and
Azam 1990; Caron et a. 1995; Veldhuis and Kraay 2004) can
push the total POM C:N toward even lower vaues, if the
low C:N (<6) measured in detrital particles of the oligotro-
phic Mediterranean Sea (Mostgjir et a. 1998) are widespread
in the open ocean. Ironicaly, the origina experiments of
Goldman and coworkers yielded also a result that, when con-
sidering the present review of C: Chl a, supports the concept
of dow phytoplankton growth in the oligotrophic ocean.
These authors showed that the C: Chl a was inversely related
to u, so that cultures growing at rates below 0.2-0.3 d—* typ-
icaly had C:Chl a > 120 (Goldman 1980). This is precisely
the kind of C:Chl a values that have been measured in the
subtropical gyres.

It must be emphasized that the present analysis does not
imply that phytoplankton w in the oligotrophic gyres is a-
ways slow. There is abundant evidence to support the exis-
tence of events of nutrient enrichment in the open ocean that
lead to enhanced rates of primary production and, presum-
ably, phytoplankton growth rates as well. These events can
be caused by severa mechanisms, including eddy- or inter-
nal wave-induced nutrient pumping and atmospheric depo-
sition of nutrients, among others. What the present analysis
does suggest is that in a “normal’ state of affairs, phyto-
plankton growth in the oligotrophic ocean is slow, so that
photoautotrophic biomass turns over no faster than approx-
imately once every 3—4 d. The limitation of growth rates by
nutrient supply is consistent with the observation of en-
hanced physiological condition in phytoplankton following
experimental nutrient additions to surface waters in the sub-
tropical gyres (Graziano et al. 1996; Mills et al. 2004).

The present review of P8, P2, and C:Chl a measured in
surface waters of three biogeographic provinces in the sub-
tropical Atlantic Ocean strongly suggests that phytoplankton
grow at rates well below maximum growth rates. Slow
growth rates (=0.5 d%) in the oligotrophic ocean are con-
sistent with the existing knowledge on the relationship be-
tween elemental composition and physiological state in phy-
toplankton. Embracing the concept of slow-growing
phytoplankton in the oligotrophic ocean is the only way to
reconcile the concurrent observations of both high C: Chl a
and low assimilation numbers. It also fits with measurements
of low turnover rates (<0.2 d—*) of heterotrophic biomassin
the oligotrophic ocean (Zubkov et a. 2000). Furthermore,
the view that photoautotrophic biomass in the open ocean is
characterized by high C:N agrees with the recurrent bio-
geochemical observation of higher rates of C consumption
than could be expected on the basis of N supply rates and
the Redfield ratio (e.g., Sambrotto et al. 1993). The relative
constancy of the POM C:N from coastal to open ocean re-
gions would thus reflect, rather than a permanently high phy-
toplankton turnover rate, the increasing trend in the contri-
bution of nonphotosynthetic material to total biomass as the
productivity of the system declines (Buck et al. 1996; Gasol
et al. 1997). This trend, it can be hypothesized, would be

coupled to increasing phytoplankton C: N, in turn indicative
of progressively slower, nutrient-limited growth rates.
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