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a b s t r a c t

The southeast subtropical Pacific Ocean was sampled along a zonal transect between the coasts of Chile
and Easter Island. This remote area of the world’s ocean presents strong gradients in physical (e.g., tem-
perature, density and light), chemical (e.g., salinity and nutrient concentrations) and microbiological (e.g.,
cell abundances, biomass and specific growth rates) properties. The goal of this study was to describe the
phosphorus (P) dynamics in three main ecosystems along this transect: the upwelling regime off the
northern Chilean coast, the oligotrophic area associated with the southeast subtropical Pacific gyre and
the transitional area in between these two biomes. We found that inorganic phosphate (Pi) concentra-
tions were high and turnover times were long (>210 nmol l�1 and >31 d, respectively) in the upper water
column, along the entire transect. Pi uptake rates in the gyre were low (euphotic layer integrated rates
were 0.26 mmol m�2 d�1 in the gyre and 1.28 mmol m�2 d�1 in the upwelling region), yet not only driven
by decreases in particle mass or cell abundance (particulate P- and cell- normalized Pi uptake rates in the
euphotic layer were �1–4 times and �3–15 times lower in the gyre than in the upwelling, respectively).
However these Pi uptake rates were at or near the maximum Pi uptake velocity (i.e., uptake rates in Pi
amended samples were not significantly different from those at ambient concentration: 1.5 and
23.7 nmol l�1 d�1 at 50% PAR in the gyre and upwelling, respectively). Despite the apparent Pi replete
conditions, selected dissolved organic P (DOP) compounds were readily hydrolyzed. Nucleotides were
the most bioavailable of the DOP substrates tested. Microbes actively assimilated adenosine-50-
triphosphate (ATP) leading to Pi and adenosine incorporation as well as Pi release to the environment.
The southeast subtropical Pacific Ocean is a Pi-sufficient environment, yet DOP hydrolytic processes
are maintained and contribute to P-cycling across the wide range of environmental conditions present
in this ecosystem.
� 2016 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The biogeochemical cycling of phosphorus (P) in the ocean is
not well characterized despite its importance as an essential nutri-
ent for ocean productivity (Karl, 2000, 2014). Dissolved inorganic P
(usually found in the form of free phosphate, Pi) is generally con-
sidered to be preferred for microbial nutrition, but its concentra-
tions can be limiting in selected aquatic environments,
particularly in oligotrophic marine habitats (Krom et al., 1991;
Moutin et al., 2005; Dyhrman et al., 2007; Lomas et al., 2010). Dis-
solved organic P (DOP) concentrations often exceed those of Pi in
surface waters and could serve as alternative sources of P for
microbial nutrition (Paytan and McLaughlin, 2007; Karl and
Björkman, 2015). Although much has been learned over the past
decades about the chemical composition of marine DOP (Clark
et al., 1998, 1999; Kolowith et al., 2001; Young and Ingall, 2010;
Repeta et al., 2016) and its cycling (Björkman and Karl, 2003;
Lomas et al., 2010; Duhamel et al., 2011; Ruttenberg and
Dyhrman, 2012), much remains to be understood of its ecological
role and the complex interactions with the marine microbial com-
munity. Only a minor fraction of the compound classes that com-
prise DOP can be characterized by available methods (e.g., 31P
NMR), limiting the prediction of the potential bioavailability of
DOP (Karl and Björkman, 2015 and references therein). Yet, evi-
dence based on changes in the stoichiometric composition of dis-
solved organic matter with depth showed that DOP is
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preferentially remineralized relative to organic carbon (C) and
nitrogen (N), implying that it is mostly bioavailable (Clark et al.,
1998; Karl et al., 2001; Kolowith et al., 2001). In addition, an
increasing number of studies have shown that many micro-
organisms utilize DOP (see reviews in Dyhrman et al., 2007 and
Karl and Björkman, 2015), suggesting that the pool of DOP is more
dynamic than previously thought (Mather et al., 2008; Lomas et al.,
2010; Duhamel et al., 2011).

The objective of the BiG RAPA (Biogeochemical Gradients: Role
in Arranging Planktonic Assemblages) project was to investigate
the impact of elemental nutrient ratios (C, N, P, silicon, iron) on
marine productivity and microbial community composition in dif-
ferent trophic regimes in the southeast subtropical Pacific Ocean
during the austral summer. A zonal transect at approximately
25�S between Chile and Easter Island was conducted in order to
characterize the eutrophic layer associated with UP, the most pro-
ductive and dynamic region, located in the upwelling area off the
coast of Chile; GY, the most oligotrophic region located in the
South Pacific subtropical gyre (SPSG) off the coast of Easter Island;
and the transition zone (TR) in between, characterized by interme-
diary conditions to UP and GY (Fig. 1).

The southeast subtropical Pacific Ocean remains the most spar-
sely sampled region of the global ocean, in particular for biological
and biogeochemical parameters (Claustre et al., 2008). Yet, the
SPSG presents unique features that makes it a remarkable ‘‘end
member” of oceanic environments; it is the largest subtropical
anti-cyclonic gyre and has the lowest chlorophyll a (Chl) concen-
trations of the world’s oceans, atmospheric iron flux and dinitrogen
fixation rates are among the lowest and the SPSG has the ‘‘clearest”
marine waters on Earth, allowing for deep penetration of visible
sun light as well as ultraviolet radiation (Sverdrup et al., 1942;
Claustre and Maritorena, 2003; Morel et al., 2007; Tedetti et al.,
2007). Despite the low Chl and dissolved inorganic N concentra-
tions previously reported from this area (nitrate was undetectable
in the euphotic layer and only trace quantities (<20 nmol l�1) of
regenerated nitrogen—nitrite and ammonium—were detected;
Fig. 1. Top left corner: map of the South Pacific Ocean between New Zealand and South A
detail in the map below. Station locations (S1–S7) of the BiG RAPA cruise transect in the
View coastline. Stations 1 (near Chile) to 7 (near Easter Island) were sampled once on s
process stations (S1: upwelling (UP), S4: transition (TR), and S7: gyre (GY); occupied fo
Raimbault et al., 2008), Pi concentrations remain above
100 nmol l�1 and do not appear to limit primary production
(Bonnet et al., 2008; Moutin et al., 2008). However, published stud-
ies on the dynamics of P cycling in this part of the ocean is limited
to the BIOSOPE 2004 field campaign in which standing stocks of
dissolved and particulate pools of P were measured along with Pi
uptake rates (Duhamel et al., 2007; Moutin et al., 2008; Duhamel
and Moutin, 2009). Some information was also obtained on DOP
fluxes and bioavailability by analysis of alkaline phosphatase activ-
ity (Duhamel et al., 2011). No information is currently available on
the adaptation of microorganisms to ambient Pi and DOP
concentrations.

The aim of the present study is to describe in greater detail the
dynamics of P cycling in the euphotic layer within the three differ-
ent regimes (UP, TR, GY) encountered in the southeast subtropical
Pacific Ocean. Dissolved and particulate P-pool concentrations
were analyzed and Pi and DOP turnover time were determined
by radiotracer techniques. The contribution of different size frac-
tions of the microbial communities to Pi and DOP uptake rate were
also measured. The adaptation of microorganisms to ambient P
concentrations was investigated by estimating their uptake kinetic
characteristics. Finally, the bioavailability of selected DOP sub-
strates to natural assemblages of microorganisms was evaluated.
2. Materials and methods

2.1. Sampling and hydrographic measurements

This work was conducted during the BiG RAPA cruise (18
November–14 December 2010). Sampling was performed on board
the R/V Melville in the southeast subtropical Pacific Ocean
between northern Chile and Easter Island (Fig. 1). Seven stations
(S1; near Chile to S7; near Easter Island) were sampled either once
on survey stations (S2, S3, S5 and S6; each occupied for one day) or
two to three times on consecutive days at process stations (S1:
merica, with a dashed-line box locating the sampling area that is described in more
southeast subtropical Pacific Ocean (November–December 2010), over Ocean Data
urvey stations (S2, S3, S5, and S6; occupied for one day) and two to three times on
r 3–4 days).
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upwelling [UP], S4: transition [TR] and S7: gyre [GY]). The photo-
synthetically active radiation (PAR) was determined using a Bio-
spherical (QSP- 2300, S/N 4644) sensor mounted on the rosette
system containing a CTD and ancillary sensors (temperature, con-
ductivity, pressure, oxygen and fluorescence). Seawater samples
were collected at 6 different depths corresponding to 50, 25, 15,
7, 3 and 1% PAR, respectively, in 12-l Niskin bottles attached to
the rosette system.When the chlorophyll maximum (CM) was dee-
per than 1% PAR, the CM was sampled instead (i.e., S4–S7, Table 1).
Except for particulate phosphorus (PartP) samples (see below),
subsamples were collected without pre-filtration into acid-
cleaned (10% HCl), ultra-pure water triple-rinsed (thereafter, clean)
and sample-rinsed polycarbonate bottles.

2.2. Analytical measurements

Chl was measured on 0.75- to 1-l samples collected by sequen-
tial filtration onto 2, 0.6 and 0.2 lm polycarbonate filters and kept
frozen (�20 �C) until analyzed. Samples were extracted in 100%
acetone for 7 d in the dark at �20 �C, then measured using a Turner
model AU-10 fluorometer (Optical kit P/N 10-037R (Ex 10-050R:
340–500 nm, Em 10-051R, >665 nm) before and after acidification
in order to correct for pheopigments (Strickland and Parsons,
1972).

Samples for picoplankton enumeration were fixed in a final
concentration of 0.2% (w/v) paraformaldehyde, flash frozen in liq-
uid nitrogen and stored at �80 �C. Microbial cell abundances for
non-pigmented (i.e., bacteria) and pigmented cells (i.e., picophyto-
plankton: Prochlorococcus, Synechococcus and photosynthetic
picoeukaryotes; the latter hereafter being referred to as picoalgae)
were determined using a BD InfluxTM flow cytometer as previously
described (Duhamel et al., 2012, 2014).

Samples for dissolved inorganic phosphate (Pi) determinations
were immediately analyzed on board using an auto-analyzer
(Technicon AutoAnalyzer II, detection limit of 10 nmol P l�1). Sam-
ples for PartP determinations were prescreened through 202-lm
Nitex� mesh to remove large particles and collected into clean
high-density polyethylene (HDPE) bottles rinsed three times with
sample, following the Hawaii Ocean Time-Series procedure. After
collection samples were vacuum filtered by serial filtration of
0.75–1-l samples onto 2, 0.6 and 0.2 lm polycarbonate filters
(<0.2 bars). The filters were placed into combusted and cleaned
glass tubes and kept frozen (�20 �C) until analyzed following the
standard protocol by Karl et al., (1991).
Table 1
Description of the study area: station (Stn) and cast (Cast) numbers, latitude (�S) and long
measured at a depth corresponding to 50% PAR: temperature (SST, �C), salinity (Sal), density
lg l�1), phosphate (Pi, nmol l�1), particulate phosphate (PartP, nmol l�1), phosphate turnov
[3H] adenosine-50-triphosphate turnover time (H-ATP TT, d).

Stn Cast Latitude
(�S)

Longitude
(�W)

Depth (m)

CM 50%
PAR

1%
PAR

SST
(�C)

Sal rh

1 4 20�5.76 70�47.99 17 6 42 14.96 34.72 25.016
1 15 20�5.00 70�47.99 24 24 n.d. 14.67 34.67 25.717
2 21 21�10.64 76�34.35 50 10 65 17.94 34.95 25.249
3 25 22�15.65 82�20.87 n.d. 12 n.d. 17.92 34.83 25.164
4 29 23�27.50 88�46.08 112 14 94 18.74 35.27 25.295
4 32 23�27.50 88�46.08 110 14 n.d. 18.71 35.27 25.297
4 37 23�27.50 88�46.09 120 15 95 18.62 35.24 25.302
5 44 24�33.61 94�43.48 125 15 n.d. 19.65 35.43 25.182
6 50 25�33.07 100�8.13 125 17 113 20.69 35.56 25.011
7 57 26�14.92 103�57.50 180 14 94 21.53 35.80 24.956
7 61 26�14.89 103�57.64 165 15 106 21.62 35.84 24.963
2.3. Phosphorus uptake

Pi and ATP uptake rates were determined using the following
tracers: 32Pi (orthophosphoric acid, carrier free, MP Biomedicals
#64014L, 267 TBq mmol�1) and [c-33P]ATP (adenosine-50-tripho
sphate, >90% ATP [c-33P], #35020, 111 TBq mmol�1, hereafter G-
ATP) as well as [3H]ATP (adenosine-50-triphosphate, ATP [2,8-3H],
#24009, 1.67 TBq mmol�1, hereafter H-ATP), respectively. The
two forms of radiolabeled ATP, G-ATP or H-ATP, were used to test
if microorganisms consume ATP as a source for P and/or a source
for nucleosides (adenosine), respectively. Samples were incubated
for several hours in 75-ml polycarbonate bottles in on-deck, blue-
shielded Plexiglas (Arkema 2069, 1/400 thickness) incubators cooled
with running surface seawater. Bottles were placed into mesh bags
approximating the PAR level at which samples were taken: 50, 25,
15, 7, 3 and 1% PAR (or CM when deeper than the 1% PAR). After
incubation, 10-ml seawater samples were filtered onto 2, 0.6 and
0.2 lm polycarbonate filters at low pressure (<0.6 bars). For sam-
ples incubated with G-ATP, the filtrate was collected in a separate
set of tubes to determine ATP hydrolysis (see below). Filters were
rinsed 3 times with 0.2 lm filtered seawater from the same sam-
pling location. The tubes containing the filtrates to determine
ATP hydrolysis were removed prior to rinsing the filters. For whole
water total radioactivity, 100 ll was collected from each incuba-
tion bottle. Samples for total activity and filters were transferred
into 6.5-ml HDPE scintillation vials. A 4-ml aliquot of scintillation
cocktail (Ultima GoldTM LLT, Perkin Elmer) was added to the scintil-
lation vials and samples were counted on a Beckman LS6500. The
linearity of the P uptake over the incubation time was checked reg-
ularly by subsampling incubations four times over the course of an
experiment and determining particulate radioactivity.

2.4. Uptake of Pi released by ATP hydrolysis

The assay was based on hydrolysis of 33Pi from [c-33P]ATP and
measured both release of 33Pi and uptake of released 33Pi as
described elsewhere (Ammerman and Azam, 1985, 1991a,b;
Ammerman, 1993). In brief, 9-ml of the 0.2 lm filtrate from
samples used to measure ATP uptake (see above) was mixed with
1-ml of an activated charcoal slurry (20 mg charcoal ml�1 in 0.03 N
H2SO4) and subsequently filtered through a 0.45-lm filter (Milli-
pore HA). A 1-ml aliquot of this filtrate was then analyzed by scin-
tillation counting as described above. Killed samples were
prepared to assess abiotic hydrolysis of ATP, which was negligible.
itude (�W), chlorophyll maximum depth (CM, m), 50% and 1% PAR depths (m). Data
anomalies (rh), total microbial cell abundance (Cell, �106 cell l�1), chlorophyll a (Chl,
er time (Pi TT, d), [c-33P] adenosine-50-triphosphate turnover time (G-ATP TT, d) and

50% PAR data

Cell
(�106 cell l�1)

Chl
(lg l�1)

Pi
(nmol l�1)

PartP
(nmol l�1)

Pi
TT (d)

G-ATP
TT (d)

H-ATP
TT (d)

1660 0.336 784 58 33 3 110
2020 0.790 1650 63 n.d. n.d. n.d.
1310 0.315 492 65 31 15 48
870 n.d. 440 34 31 n.d. n.d.
621 0.098 340 29 43 25 88
680 n.d. 330 22 60 n.d. n.d.
560 0.071 344 16 76 40 59
410 n.d. 280 16 92 n.d. n.d.
350 0.035 224 11 112 24 92
260 0.022 210 8 151 25 55
266 0.023 210 9 138 21 84
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2.5. Phosphorus uptake kinetic experiments

Seawater collected at a depth corresponding to 50% PAR
(Table 1) was amended with 5–7 different concentrations of either
Pi or ATP in order to investigate the P uptake kinetics of 32Pi or
G-ATP (i.e., Michaelis-Menten Kinetics). The incubation experi-
ments received Pi amendments of 25, 150, 750, 2500 and
5000 nmol l�1 at UP and of 10, 25, 50, 75 and 150 nmol l�1 at TR
and GY, with an additional amendment of 300 nmol l�1 at TR; or
ATP amendments of 10, 20, 50, 100 and 150 nmol P-ATP l�1 with
additional amendments of 250 and 200 nmol P-ATP l�1 at UP and
GY, respectively. A control with no addition was also prepared.
To calculate the kinetic parameters (see below), the total Pi or
ATP concentration (i.e., initial + added) was taken into account.

2.6. Bioavailability factors

The relative bioavailability of different organic P compounds
was determined by calculating their bioavailability factor (BF) as
previously described by Björkman and co-authors (Björkman and
Karl, 1994; Björkman et al., 2000). BF is estimated from the isotope
dilution effect of 32Pi uptake caused by the competition from
selected DOP sources. Five different DOP compounds were used
in separate incubations to asseses their respective BF: glucose-1-
phosphate (G1P), glucose-6-phosphate (G6P), guanosine-50-
triphosphate (GTP), adenosine monophosphate (AMP) and ATP.
Seawater collected at a depth corresponding to 50% PAR was
amended with 300 nmol l�1 of either G1P, G6P, GTP, AMP or ATP.
Additionally, three controls were prepared: a control using organic
substrate without P was amended with 300 nmol l�1 glucose (Glc),
a positive control was amended with 300 nmol l�1 phosphate (Pi)
and a negative control was unamended. Samples were then incu-
bated with 32Pi as described above.

2.7. Calculation and statistical analysis

The 32Pi or ATP turnover times (TT, h) and Pi uptake rates
(nmol l�1 h�1) were calculated as follows: TT = RT/RF; uptake
rate = S/TT, respectively, using the radioactivity on the filter per
unit incubation time (RF, Bq l�1 h�1), the total tracer added (RT,
Bq l�1) and the Pi concentration (S, nmol l�1). Uptake rates were
corrected for isotope dilution induced by either the ambient or
added 32Pi concentration. Total ATP hydrolysis, uptake of Pi
released by ATP hydrolysis and the fraction of coupled uptake of
Pi released by ATP hydrolysis were calculated as follows: ATP
hydrolysis (% h�1) = 100 � [(Rf + Rfe)/Rt]/t; uptake of Pi from ATP
(% h�1) = 100 � (Rf/Rt)/t; fraction of coupled uptake of Pi released
by ATP hydrolysis = 100 � [Rf/(Rf + Rfe)], using the radioactivity on
the filter, in the filtrate after charcoal extraction and the total sam-
ple (Rf, Rfe, Rt, respectively, dpmml�1) and t, the incubation time.

The Pi and ATP uptake kinetic parameters were calculated using
Prism 6 (GraphPad Inc.). Kinetic parameters, Km and Vmax, were
derived from non-linear regression using the Michaelis-Menten
enzyme kinetics model V = Vmax � S/(Km + S) with V the P uptake
velocity (nmol l�1 d�1), Vmax the maximum P uptake velocity
(nmol l�1 d�1, which shortens in response to increased substrate
limitation), Km the Michaelis-Menten constant (i.e., the substrate
concentration where half-maximum uptake velocity is reached,
nmol l�1, reflects the relative ability of microorganisms to use
low levels of substrate) and S the total substrate concentration
(Pi or ATP, nmol l�1). Note that Vmax is biomass-dependent while
Km is not (e.g., Button, 1985).

The bioavailability factor (BF) was calculated as follows: BF =
(TE � TN)/(TP � TN), where TE = Pi pool turnover time in the
experimental treatment (tested substrate added), TN = Pi pool
turnover time in the negative control (no addition) and TP = Pi pool
turnover time in the positive control (Pi added). In theory, BF
ranges from 0 to 1, with a value of 0 corresponding to an unavail-
able substrate and a value of 1 corresponding to a P compound that
has a bioavailability equal to that of Pi.

Integrated values are between the surface (i.e., 0 m) and either
1% PAR depth (Stn UP) or the CM depth when 1% PAR was shal-
lower than the CM (i.e., Stn GY and TR; Table 1). Values averaged
over the euphotic layer (Zeu average values) correspond to the
mean of data recorded at the 6 sampled light level depths (i.e.,
50, 25, 15, 7, 3 and 1% PAR). Results are reported as mean ± stan-
dard deviation (SD; number of observations: n). We used Prism 6
for the statistical analysis. Significance is reported where
p 6 0.05. Flow cytometry data were analyzed using FlowJo 7 soft-
ware (Tree Star, Inc.). Section plots were drawn using Ocean Data
View (ODV 4) with MATLAB default color scale, gridded field 45
per mille x and y scale-length and auto adjust color mapping.
3. Results

3.1. Description of the study area

The temperature and salinity measured at 50% PAR depth (i.e.,
within the mixed layer, except at S1 and S2 where the mixed layer
was only a few meters deep) increased by 6.7 �C and 1.12, respec-
tively between S1 and S7 (Fig. 1, Table 1). S1 and S2 presented the
largest vertical variability in temperature, salinity, potential den-
sity and oxygen (Fig. 2). In particular, at S1, oxygen concentration
decreased from �280 lmol l�1 in the surface, to <2 lmol l�1 below
100 m, but was >55 lmol l�1 in the top 43 m (i.e., Zeu). At S2 and
S3, oxygen concentration also decreased with depth but stayed
above 15 and 180 lmol l�1, respectively, in the upper 200 m and
was >240 lmol l�1 within the Zeu at S2C21. The 50% PAR depth
was more variable between S1 and S3 (5–12 m) than S4–S7
(15 ± 1 m, Table 1). The depths of the 1% PAR and CM increased
between S1 and S7, ranging from minimum values of 42 and
17 m, respectively, at S1 to maximum values of 106 and 180 m,
respectively, at S7. The CM was shallower than 1% PAR at S1 and
S2 but was deeper from S3 to S7. The 1% PAR was located below
the nutricline at S1, a few meters above the nutricline at S2 and
was well above after S3 (Fig. 2).
3.2. Microbial abundance and biomass distributions

Total microbial cell abundances (i.e., non-pigmented bacteria
plus picophytoplankton) decreased �8-fold along the transect,
ranging from 2020 � 106 cell l�1 at S1 to 260 � 106 cell l�1 at S6,
at the 50% PAR depth (Table 1). Non-pigmented bacteria, Prochloro-
coccus, Synechococcus and picoalgae abundances were highest in
the upper layer of the euphotic zone and decreased with depth
within the top 100 m at S1 and S2 (Fig. 3). Prochlorococcus distribu-
tion at stations in or near the upwelling did not co-vary well with
Chl distribution, as contributions from larger phytoplankton are
expected to be more important to the Chl signal in productive
waters. Yet, the maxima in Prochlorococcus and picoalgae cell
abundances tended to be progressively deeper along the east-
west transect, likely contributing to the deepening in CM observed
in oligotrophic stations between S4 and S7 (Fig. 3F). The concentra-
tion of total Chl also showed strong gradients from 1.34 to
0.022 lg l�1 within the Zeu with the minimum values at 50% PAR
at S7 and maximum values between 50 and 7% PAR at S1 (Fig. 3F).
Zeu integrated Chl at S7 was nearly half of that at S1 (Table 2). On
average more than half of the Chl at S1 (24–89%, mean = 61 ± 24%,
n = 12) was in the >2 lm size fraction while this size class con-
tributed approximately one quarter (7–31%, mean = 25 ± 9%,
n = 12) at S7 (Fig. 4). In contrast the 0.2–0.6 and 0.6–2 lm fractions



Fig. 2. Hydrological section along the BiG RAPA transect. (A) Temperature (�C), (B) potential density anomaly, (C) oxygen (lmol l�1), (D) salinity (Practical Salinity Scale
1978), (E) phosphate (Pi, lmol l�1) and (F) Nitrate + Nitrite (lmol l�1). The black dots are for measured points. Note that the missing data on plot F compared to E are due to
values below the detection method for Nitrate + Nitrite (DL = 0.1 lmol l�1). The stars represent the measured 1% PAR depth.

Fig. 3. Depth profiles of A: non-pigmented bacteria, B: Prochlorococcus, C: Synechococcus, D: picoalgae, and E: total picophytoplankton cell abundances (�106 cell l�1), and F:
total chlorophyll a concentration (total Chl, lg l�1) along the longitudinal transect. The sampling locations are identified by black dots.
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Table 2
Zeu (m) integrated values of chlorophyll a (Chl, mg m�2), phosphate (Pi, mmol m�2), particulate phosphate (PartP, mmol m�2), and phosphate uptake rate (Pi uptake,
mmol m�2 d�1), for stations (Stn) and casts (Cast).

Stn Cast Zeu (m) Chl (mg m�2) Pi (mmol m�2) PartP (mmol m�2) Pi uptake (mmol m�2 d�1)

1 4 0–42 32.1 64 2.6 1.28
2 21 0–65 25.4 37 4.0 0.83
4 29 0–112 18.6 38 2.9 0.92
4 37 0–120 13.6 42 1.9 0.47
6 50 0–125 8.8 29 1.6 0.25
7 57 0–180 11.4 38 1.7 0.26
7 61 0–165 11.8 35 1.5 0.26

Fig. 4. Depth profiles (in meters, left y-axis; and as a fraction of PAR (%), right y-axis) of chlorophyll a (lg l�1, top 8 plots) and particulate phosphorus (nmol l�1, bottom 8
plots), for the size fractions >2 (grey bars), 0.6–2 (white bars) and 0.2–0.6 lm (black bars). Stations (S) and cast (C) numbers are given for each plot. Note that for S1–S2 and
S4–S7, the bottom depths are 1% PAR and CM, respectively.
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contained most of the Chl at S7 (mean = 43 ± 15% and 32 ± 18%,
respectively) whereas these smaller size classes contributed
13 ± 9% and 26 ± 16% of the Chl at S1, respectively. The longitudinal
distribution of total PartP also showed wide variations ranging
from 7.7 to 87.5 nmol l�1 in the Zeu with minimum values at 50%
PAR at S7 and maximum values between 50 and 7% PAR at S1.
Zeu integrated PartP at S7 was �1.7-fold lower than at S1 (Table 2).
Similar to Chl, the >2 lm fraction contributed a larger proportion
of PartP at S1 (20–64%, mean = 38 ± 12%, n = 12) but was closely
followed by the 0.2–0.6 lm fraction (20–54%, mean = 37 ± 11%,
n = 12), illustrating the contribution of heterotrophic bacteria and
potentially detritus to PartP in the smallest size fraction. Although
total PartP concentrations were lower at S7 than at S4 (t-test,
p < 0.05), the relative contribution of the 3 size fractions was not
significantly different between those stations (t-test, p > 0.05;
48 ± 5, 25 ± 3, 27 ± 5% for 0.2–0.6, 0.6–2, >2 lm, respectively).
3.3. Pi and ATP turnover

Pi pool turnover time ranged from 25 to 220 days (Fig. 5).
Although Pi concentrations decreased from S1 to S7 (784–
210 nmol l�1 at 50% PAR at S1C4 and S7C61, respectively, Table 1),
the turnover times of Pi and G-ATP were increasingly longer (by
factor of 4.2 and 7 between S1C4 and S7C61 at 50% PAR, for Pi
and G-ATP, respectively) while H-ATP turnover time shortened
(by a factor 1.3 between S1C4 and S7C61 at 50% PAR; Table 1
and Fig. 5). Pi turnover times were longer below 3% PAR at S1
and S2 (t-tests p < 0.05), where a sharp increase in Pi concentration
was observed (Fig. 2), but there was no statistical differences at
other stations (t-tests; Fig. 5), where Pi concentrations were more
uniformwithin the euphotic layer. At all stations, turnover times of
G-ATP were significantly more rapid than those of Pi (Zeu average
values of the Pi to G-ATP turnover time ratio was 14 ± 7 and



Fig. 5. Depth profiles (in meters, left y-axis; and as a fraction of PAR (%), right y-axis) of phosphate (Pi, circles), [c-33P]ATP (G-ATP, squares) and [3H]ATP (H-ATP, triangles)
turnover time (d). Stations (S) and cast (C) numbers are given for each plot. Note that for S4–S7 the bottom depths are CM and not 1% PAR.
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6.2 ± 2.0 at S1C4 and S7C61, respectively) and H-ATP (Zeu average
values of the H-ATP to G-ATP turnover time ratio were 2.6 ± 0.4
and 3.8 ± 0.6 at S1C4 and S7C61, respectively) (ANOVA, p < 0.05,
Fig. 5).

3.4. Pi and ATP uptake

Pi uptake rates ranged from 52.9 nmol l�1 d�1 at S1C4 (17 m) to
1.3 nmol l�1 d�1 at S7C57 (39 m) and were dominated by the 0.2–
0.6 lm fraction (whole dataset average: 46 ± 10% of total Pi uptake,
Fig. 6). PartP normalized uptake rates (the ratio of Pi uptake to
PartP concentration) and cell normalized Pi uptake rates (the ratio
of Pi uptake to cell abundance) also decreased from S1 to S7 (by
�3-fold at 50% PAR) and thus decreases in rates were not only dri-
ven by decreases in particle mass or cell abundance (Fig. 7). Verti-
cal variability in Pi uptake was larger at S1 and S2 than for the
other transect stations (Fig. 6), following similar trends observed
for PartP (Fig. 4). The contribution of the 0.6–2 lm fraction to Pi
uptake was highest at S1 and lowest at S7 (Zeu average: 40 ± 9
and 21 ± 8% of total Pi uptake, respectively), but did not show a
consistent trend along the transect. Interestingly, the contribution
of the >2 lm fraction to Pi uptake was highest at S7C61 (Zeu aver-
age: 32 ± 5% of total Pi uptake, Fig. 6, ANOVA, p < 0.05, t-tests
p < 0.05 except for S1 which was not significantly different), simi-
lar to its contribution to PartP (Zeu average: 28 ± 6% of total PartP,
Fig. 4).

Total Pi uptake integrated over Zeu decreased greatly from S1 to
S7 (1.28 and 0.26 mmol m�2 d�1, respectively, Table 2). There was
no significant difference in the Zeu average contribution of the frac-
tion >2 lm to Pi uptake between S1 and S7 (t-test, p > 0.05,
27 ± 8%, n = 18), although there were significant variations among
stations sampled along the transect (ANOVA, p < 0.05, Fig. 6). The
average contribution of the fraction 0.2–0.6 lm to Pi uptake within
the Zeu significantly increased from 33 ± 7 (S1C4) to 47 ± 5%
(S7C61) while the contribution of fraction 0.6–2 lm significantly
decreased from 40 ± 9 (S1C4) to 21 ± 8% (S7C61). However, the
contribution of the 0.6–2 lm fraction to total Pi uptake was not
statistically different between stations from S4 to S7 (ANOVA,
p > 0.05, n = 30).

The total (i.e., the sum of the three size fractions in Table 3) frac-
tion of coupled uptake of Pi released by ATP hydrolysis was larger
at S1 than S7 and was lower at 1% PAR (6.9 and 1.9%, respectively)
than at 50% PAR (11.7 and 4.1%, respectively), although it did not
vary widely between 50 and 3% PAR depths. The fraction of cou-
pled uptake of Pi released by ATP hydrolysis was dominated by
the 0.2–0.6 lm fraction at all stations and depths of Zeu (average:
62 ± 11% of the total (>0.2 lm), n = 36, Table 3). When pooling all
the data (all stations and depths of Zeu), the >0.6 lm fraction was



Fig. 6. Depth profiles (in meters, left y-axis; and as a fraction of PAR (%), right y-axis) of phosphate uptake rates (Pi uptake rate; nmol l�1 d�1) for the size fractions >2 (grey
bars), 0.6–2 (white bars) and 0.2–0.6 lm (black bars). Stations (S) and cast (C) numbers are given for each plot. Note that for S1–S2 and S4–S7, the bottom depths are 1% PAR
and CM, respectively.

268 S. Duhamel et al. / Progress in Oceanography 151 (2017) 261–274
responsible for over a third (38 ± 11%, n = 36) of the coupled uptake
of Pi released by ATP hydrolysis. At 50% PAR, the 0.2–0.6 lm frac-
tion took up 2.5–6.8% of the Pi released by ATP hydrolysis over the
entire transect, while the >2 lm fraction took up only 0.3–0.8%.
3.5. Kinetic response to increasing Pi or ATP

The relatively high ambient Pi concentrations and long turnover
times measured along this transect suggest that Pi was potentially
at biologically saturating levels relative to Pi requirements for
growth. This was also illustrated in the low and variable kinetic
responses to increased Pi additions, making the determination of
Km unreliable (high calculated uncertainty, Table 4). Vmax for Pi
uptake (>0.2 lm) had a smaller associated uncertainty than Km,
but could only be measured at two stations in the transition sec-
tion of the transect where it was 10.84 ± 3.28 and
5.20 ± 1.52 nmol l�1 d�1, at S4C32 and S4C37 respectively. The Pi
uptake rates at ambient Pi concentrations at S4C32 and S4C37
(5.61 and 3.64 nmol l�1 d�1 at 50% PAR depth, respectively, data
obtained in the control with no Pi addition used to measure the
Pi uptake kinetic parameters in Table 4) were lower than Vmax

(10.84 ± 3.28 and 5.20 ± 1.52 nmol l�1 d�1, respectively) but in
the range of values within the 95% confidence interval (Table 4).
For the station sampled in GY, the dataset did not fit the
Michaelis-Menten model used to calculate the kinetic parameters,
suggesting that ambient Pi was already saturating microbial Pi
uptake.

In the case of ATP, both Vmax and Km gave reliable estimates as
ATP turnover increased substantially with increasing additions of
ATP (Table 4). Vmax decreased from S1 to S7 (0.51 ± 0.04–
0.10 ± 0.01 nmol l�1 d�1, respectively). Km values were 2.93 ± 0.98
and 6.28 ± 1.04 nmol l�1 at S1 and S7, respectively, which are all
substantially higher than dissolved ATP concentrations previously
reported in other marine environments (Azam and Hodson, 1977;
Nawrocki and Karl, 1989; Björkman and Karl, 2005). Size fraction-
ated data showed that at S1 the 0.2–0.6 lm fraction presented
higher Vmax than the larger size classes while the reverse was true
at S4 and S7 (Table 4), even after biomass normalization. Yet the
Km for the 0.2–0.6 lm fraction was consistently lower than for
the largest size fractions.
3.6. Bioavailability factors

The bioavailability of the different DOP substrates tested (G1P,
AMP, GTP, G6P and ATP) varied among stations and did not show
a trend along the transect as for other parameters reported here



Fig. 7. Depth profiles of A: particulate phosphorus (PartP) normalized Pi uptake rate (Pi uptake rate to PartP concentration ratio, >0.2 lm fraction, d�1). B and C: cell
normalized Pi uptake rates (Pi uptake rate to PartP concentration ratio, >0.2 lm fraction, amol cell�1 d�1). D: Zeu averaged PartP normalized uptake rate (d�1) per size fraction
(>2 lm: grey bars, 0.6–2 lm: white bars and 0.2–0.6 lm: black bars).
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(Fig. 8). All substrates tested had their highest BF values at S1
(except for AMP at S3C25), indicating that the DOP substrate tested
in this study may be more bioavailable to the microbial communi-
ties in the upwelling than at the more oligotrophic stations. BF val-
ues for DOP substrates were among the lowest at S4C43 (all <0.16).
4. Discussion

4.1. Characteristics of the BiG RAPA study area

The BiG RAPA transect showed large changes in surface salinity
and temperature, Chl and cell abundance (Table 1), as would be
expected when sampling from coastal to open ocean ecosystems.
There were also large changes in the vertical distribution of Chl
with the CM varying from a minimum of �17 m at S1C4 to a max-
imum of�180 m at S7C57, following the 25.5 isopycnal (Fig. 2) and
in the 1% PAR depth, which ranged from �42 m to �113 m, illus-
trating increasing oligotrophy from east to west. Similar trends
were observed along the BIOSOPE transect which also sampled
southeast subtropical waters from Chile to Easter Island, although
at locations south of the BiG RAPA transect (most coastal stations
at 72�W, 34�S and 70�W, 20�S for BIOSOPE and BiG RAPA, respec-
tively) and extended north-west to the Marquesas Islands
(Claustre et al., 2008). The BIOSOPE project defined the central part
of the gyre as starting west of 100�W, since at this location there
are two eastward flowing current veins (Stramma et al., 1995)
and a strong salinity gradient that separates the most oligotrophic
waters from the transition zone between the SPSG and the coastal
upwelling of Chile (Claustre et al., 2008). In the present study, S7
(i.e., GY) was west of 100�W and separated from S6 by a front of
salinity and is thus considered to be part of the SPSG (Fig. 2). As
previously observed, this area presented very low microbial abun-
dances and Chl concentrations throughout Zeu but peaked below
the 1% PAR at depths down to 180 m (Figs. 3 and 4). Yet, the CM
reached even greater depths (�195 m) during the BIOSOPE tran-
sect at a station west of 120�W (STB7), where the ‘‘clearest” natural
waters were defined (Morel et al., 2007). While S4–S7 presented
similar depth patterns of microbial and physical parameters, S1–
S3 were quite variable. Indeed, variability at UP is illustrated by
the differences in Chl and PartP profiles between S1C4 and S1C15
(Fig. 4). This spatial variability is likely to be driven by changes
observed in the depth of the oxygen minimum relative to the 1%
PAR (the oxygen minimum was below 50 m at S1C4 and S1C15
while 1% PAR depth was 42 m and 83 m, respectively).

Flow cytometric enumeration of picophytoplankton revealed
that Synechococcus dominated at UP but greatly decreased west-
wards (total abundances integrated over Zeu were �50-fold greater
at UP than at GY), being replaced by Prochlorococcus in the more
oligotrophic stations with maximal abundance at the CM (Fig. 3).
Picoalgal abundance followed a similar pattern of distribution to
that of Prochlorococcus but total abundances integrated over Zeu
decreased �4-fold between UP and GY while it increased �50-
fold for Prochlorococcus. Worden et al. (2004) showed that at a
Pacific Ocean coastal site in the Southern California Bight, Syne-
chococcus may be numerically dominant not only because of high
growth rates but also because grazing pressure on this group is
lower than on Prochlorococcus and picoalgae. Here we found that
at the coastal site UP, the 0.6–2 lm fraction, previously showed
to be dominated by Synechococcus (Duhamel et al., 2007), could
potentially grow �2 times faster than the smaller and larger
microbes (Fig. 7D). Other factors that could explain Synechococcus
dominance over Prochlorococcus in nutrient-rich coastal waters
include Synechococcus capacity to tune its phycobilisome antenna
systems to acclimate to changing temperatures and its lower sus-
ceptibility to copper toxicity than Prochlorococcus (for review see
Biller et al., 2015). Applying the carbon conversion factors deter-
mined by Grob et al. (2007) during the BIOSOPE transect (29, 60,
730 fg C cell�1 for Prochlorococcus, Synechococcus and picoalgae,
respectively), we found that Prochlorococcus, Synechococcus and



Table 3
Total ATP hydrolysis (% h�1), uptake of Pi released by ATP hydrolysis (% h�1), and fraction of coupled uptake of Pi released by ATP hydrolysis (%) per stations (Stn), casts (Cast) and
sampling depth (as % PAR). Values are reported for various size fractions.

Stn Cast % PAR Total ATP hydrolysis Uptake of Pi released by ATP hydrolysis
(% h�1)

Fraction of coupled uptake of Pi released
by ATP hydrolysis (%)

(% h�1) 0.2–0.6 0.6–2 >2 lm 0.2–0.6 0.6–2 >2 lm

1 4 50 10.86 0.74 0.47 0.06 6.83 4.33 0.53
25 12.07 0.90 0.40 0.04 7.43 3.33 0.35
15 11.24 0.99 0.37 0.06 8.83 3.28 0.54
7 10.95 0.74 0.21 0.08 6.74 1.93 0.77
3 7.93 0.37 0.13 0.04 4.68 1.60 0.44
1 7.25 0.24 0.21 0.05 3.31 2.86 0.73

4 29 50 4.36 0.12 0.03 0.01 2.71 0.77 0.32
25 3.93 0.12 0.03 0.01 3.01 0.79 0.35
15 4.66 0.17 0.05 0.01 3.70 0.97 0.30
7 4.18 0.11 0.07 0.02 2.67 1.67 0.48
3 3.90 0.12 0.07 0.01 3.02 1.72 0.32
1 3.57 0.18 0.06 0.02 4.99 1.64 0.47

4 37 50 2.48 0.08 0.02 0.01 3.04 0.76 0.37
25 2.56 0.12 0.02 0.01 4.66 0.83 0.29
15 2.60 0.13 0.03 0.01 5.09 1.05 0.36
7 2.66 0.14 0.04 0.01 5.12 1.42 0.34
3 2.66 0.14 0.04 0.01 5.37 1.32 0.36
1 1.91 0.00 0.00 0.00 0.05 0.04 0.06

6 50 50 2.78 0.11 0.05 0.02 3.93 1.85 0.55
25 2.41 0.07 0.03 0.01 2.82 1.09 0.40
15 2.34 0.03 0.03 0.02 1.36 1.38 0.80
7 2.71 0.10 0.05 0.02 3.78 1.92 0.56
3 2.43 0.03 0.05 0.01 1.38 1.94 0.58
1 2.41 0.08 0.04 0.02 3.47 1.63 0.72

7 57 50 2.57 0.10 0.04 0.02 4.06 1.63 0.77
25 2.54 0.12 0.04 0.02 4.90 1.67 0.80
15 2.42 0.08 0.04 0.02 3.51 1.66 0.76
7 2.88 0.12 0.06 0.02 4.14 2.23 0.61
3 2.75 0.09 0.05 0.02 3.45 1.78 0.57
1 2.32 0.05 0.02 0.00 2.27 0.72 0.18

7 61 50 4.82 0.12 0.05 0.03 2.50 1.08 0.53
25 4.84 0.10 0.06 0.02 2.09 1.22 0.38
15 4.75 0.12 0.07 0.02 2.43 1.51 0.50
7 4.81 0.11 0.07 0.02 2.18 1.52 0.47
3 4.81 0.11 0.06 0.02 2.29 1.26 0.41
1 4.41 0.06 0.02 0.01 1.26 0.53 0.12
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picoalgae represented on average 1, 37 and 62%, respectively, of
the total integrated picophytoplankton carbon biomass at UP and
79, 1 and 20%, respectively, at GY. In a separate study from the
BiG RAPA cruise, Rii et al. (2016) showed that picoalgae con-
tributed to 36–48% of euphotic zone depth-integrated picophyto-
plankton primary productivity (14C-primary productivity derived
from flow cytometric sorting of radiolabeled cells). The large con-
tribution of picoalgae to primary production and picophytoplank-
ton carbon biomass suggests that they potentially also make a
large contribution to P uptake rates and export along the transect.
As was observed for picophytoplankton, non-pigmented bacteria
abundance decreased substantially from UP to GY, but they still
dominated total picoplankton abundance (96 ± 3% and 79 ± 5%,
respectively). Hence, bacteria may have an important role in P
cycling as indicated by the dominant contribution of the 0.2–
0.6 lm fraction to total Pi uptake rate (Fig. 6 and Table 4).

4.2. P stocks, turnover time and DOP bioavailability

As for microbial abundance and Chl concentration, PartP
decreased from east to west and was about 6 times lower at GY
than at UP. Although Pi also greatly decreased, it remained rela-
tively high along the BiG RAPA transect, even in the oligotrophic
GY (Pi > 210 nmol l�1) as previously observed by Moutin et al.
(2008). As a consequence, the turnover times of Pi remained rela-
tively long (>248 d), suggesting that microorganisms were Pi-
replete or the demand for P was low. Results from kinetic param-
eters for Pi uptake indeed showed that Pi was at saturating concen-
tration at GY (Table 4) and cell normalized Pi uptake rates were
significantly lower at GY than at UP (t-tests p < 0.05, Fig. 7). Yet,
ATP was utilized by microorganisms both for the Pi and for adeno-
sine, and the estimated turnover times were shorter than for Pi (G-
ATP > 3 d, H-ATP > 48 d, Table 1). These findings suggest that while
Pi turnover is strongly affected by Pi concentrations, there is no
effect on G-ATP turnover, supporting the claim that ATP processing
is independent of Pi concentration (Ammerman and Azam, 1985,
1991a; Björkman et al., 2012). These results also support previous
findings based on alkaline phosphatase activity as a proxy for DOP
utilization, which suggested that microorganisms use DOP for their
P nutrition even in the Pi-replete SPSG (Duhamel et al., 2011). In
the present study, the total ATP hydrolysis rates varied between
10.86 and 1.91% h�1 (average 4.4 ± 2.8% h�1) along the entire tran-
sect and upper water column, suggesting that the ambient dis-
solved ATP pool turned over relatively rapidly (9–52 h, 29 ± 12 h)
in comparison to the particulate fraction, indicating that dissolved
ATP is a bioavailable pool of P in the southeast subtropical Pacific
Ocean.

The relative utilization of DOP compared to Pi is likely to
depend on the composition and energy density of the DOP and,
possibly, the redox state of P. In order to evaluate the bioavailabil-
ity of a range of DOP compounds compared to that of Pi, we per-
formed bioassays as described in Björkman and Karl (1994). DOP



Table 4
Kinetic (Vmax, nmol l�1 d�1; and Km, nmol l�1) parameters for ATP and Pi uptake. The best-fit values are given along with the 95% confidence intervals. Parameters verifying the
goodness of fit (n = number of data, r = correlation coefficient) are also given. No-fit (NF) means that the dataset did not fit the Michaelis-Menten model used to calculate the
kinetic parameters.

Station Fraction Best-fit values 95% confidence intervals Goodness of fit

Vmax Km Vmax Km n r

ATP S1C15 >0.2 0.51 ± 0.04 2.93 ± 0.98 0.38–0.63 0.0–6.0 5 0.98
0.2–0.6 0.30 ± 0.03 1.55 ± 0.79 0.22–0.38 0.0–4.1 5 0.94
0.6–2 0.16 ± 0.02 10.24 ± 3.42 0.12–0.21 0.7–19.7 6 0.95
>2 0.12 ± 0.02 17.13 ± 8.44 0.06–0.17 0.0–40.6 6 0.93

S4C32 >0.2 0.35 ± 0.03 30.15 ± 6.64 0.26–0.43 13.1–47.2 7 0.99
0.2–0.6 0.11 ± 0.03 18.34 ± 11.11 0.03–0.19 0.0–737 6 0.94
0.6–2 0.38 ± 0.39 165 ± 222 0.0–1.40 0.0–737 7 0.96
>2 1.22 ± 2.79 761 ± 1866 0.0–8.40 0.0–5559 7 0.99

S4C37 >0.2 0.13 ± 0.02 7.21 ± 4.09 0.07–0.19 0.0–18.6 6 0.93
0.2–0.6 0.04 ± 0.01 0.63 ± 1.04 0.02–0.06 0.0–3.5 6 0.70
0.6–2 0.05 ± 0.01 7.23 ± 3.45 0.03–0.07 0.0–16.8 6 0.96
>2 0.03 ± 0.01 28.96 ± 22.22 0.0–0.07 0.0–90.6 6 0.95

S7C68 >0.2 0.10 ± 0.00 6.28 ± 1.04 0.09–0.12 3.4–9.2 6 0.99
0.2–0.6 0.02 ± 0.005 1.18 ± 2.03 0.01–0.04 0.0–6.8 6 0.77
0.6–2 0.04 ± 0.01 4.39 ± 3.97 0.02–0.07 0.0–15.4 6 0.88
>2 0.04 ± 0.01 11.10 ± 5.79 0.02–0.06 0.0–27.2 6 0.96

Pi S4C32 >0.2 10.84 ± 3.28 239 ± 200 2.42–19.27 0.0–752.7 7 0.62
0.2–0.6 NF NF NF NF NF NF
0.6–2 6.21 ± 1.14 631 ± 196 3.28–9.13 127–1136 7 0.96
>2 3.62 ± 1.75 1174 ± 784 0.0–8.12 0.0–3190 7 0.91

S4C37 >0.2 5.20 ± 1.52 169.5 ± 164 0.98–9.43 0.0–626 6 0.57
0.2–0.6 6.72 ± 7.01 1085 ± 1550 0.0–26.2 0.0–5389 6 0.77
0.6–2 NF NF NF NF NF NF
>2 NF NF NF NF NF NF

S7C68 All NF NF NF NF NF NF

Fig. 8. Bioavailability of selected substrates to natural assemblages of microorgan-
isms at several stations sampled in the subtropical south Pacific. Samples were
amended with exogenous compounds: G1P = glucose-1-phosphate, AMP = adeno-
sine-1-monophosphate, GTP = guanosine-50-triphosphate, G6P = glucose-6-phos-
phate, ATP = adenosine-50-triphosphate, Glc = glucose. Bioavailability factor (BF) is
measured by the isotope dilution of 33Pi uptake relative to a positive control sample
with an equivalent inorganic phosphorus (Pi) addition, the assumed preferred
substrate, and a negative control with no exogenous substrate. BF ranges from 0
(i.e., unavailable substrate) to 1 (substrate availability equivalent to that of Pi, see
method for further details). Negative BF values result from a slight enhancement in
Pi uptake rates in incubations with exogenous substrates relative to the negative
controls.
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concentrations measured in near surface waters in an area proxi-
mate to the present study (BIOSOPE cruise) varied from 440 to
175 nmol l�1, in the upwelling and in the center of the gyre,
respectively (Moutin et al., 2008). Considering that BF are calcu-
lated in reference to a Pi amended control and the relatively high
concentrations of tested DOP substrate added, results should not
be affected by ambient DOP concentration (for details, see method
section). Using this approach, Björkman and co-authors found that
nucleotides were the most readily utilizable of the DOP com-
pounds tested in their studies in Hawaiian coastal waters and in
the North Pacific Subtropical Gyre (Björkman and Karl, 1994;
Björkman et al., 2000). Here, AMP, GTP and ATP presented BF val-
ues generally higher than glucose-phosphate substrates G1P and
G6P. Yet, the BF for the same DOP compounds varied among sta-
tions, indicating that variations in the community composition
may influence the bioavailability of DOP compounds to natural
microbial communities. This result is in accordance with previous
findings interrogating the availability of dissolved organic matter
to different microbial assemblages (Judd et al., 2006; Jurgensone
and Aigars, 2012). However, compositional differences in DOP can-
not be completely ruled out along the transect, and the impact of
that factor is unknown, but is probably of lesser importance than
community composition.
4.3. Role of microbes in the southeast Pacific P cycling

Size fractionated PartP showed that the 0.2–0.6 lm fraction
represented a larger contribution to total PartP in the GY than at
UP (Zeu average: 48 ± 5% and 37 ± 11%, respectively), illustrating
the increasing importance of smaller sized organisms to biomass
in oligotrophic environments. Although total PartP concentration
and Pi uptake rates greatly decreased from east to west (by a max-
imum of �8 and �17-fold, respectively, at 50% PAR), the relative
contribution of the three size fractions did not change significantly
between S4 and S7, revealing that the role of the smaller-sized
microbes was similar between TR and GY. The organisms were
found to realize their maximal Pi uptake rates at or near ambient
Pi concentrations, implying that Pi supply was not limiting com-
munity production and could support the microbes’ requirements
from UP to GY. As microorganisms were not Pi limited, particulate
Pi normalized uptake rates can be used as a proxy for specific
growth rates (l, Duhamel et al., 2007) and can only provide a lower
constraint on l. As any proxy for specific growth rate, this
approach presents potential biases (in particular the fraction of
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detrital matter is unknown) and should be interpreted with cau-
tion. Yet, compared to using carbon-based proxies, this approach
does not rely on conversion factors (e.g., carbon to Chl ratio) and
provides an evaluation of specific growth rate for both autotrophic
and heterotrophic organisms. As expected, Pi normalized uptake
rates were higher at UP than in the rest of the transect and
decreased from east to west, implying that microbial cell growth
was higher in the most productive part of the transect (UP) and
decreased with increasing oligotrophy (UP > TR > GY). As previ-
ously found in the southeast subtropical Pacific, the >2 lm fraction
showed lower particulate Pi normalized uptake rates than the
smaller fractions, suggesting that picoplankton-sized cells (0.2–
2 lm) grew faster than the larger cells over a wide range of trophic
conditions (Duhamel et al., 2007). Yet, at some depths at S7, the
>2 lm size class showed Pi normalized uptake rates close to or
even higher than those for the smaller fractions, suggesting that
less abundant but larger cells were important contributors to pro-
ductivity at GY.

We also investigated the potential role of DOP as a source of P
for microbial nutrition along the BiG RAPA transect. To date, there
are no studies reporting uptake rates and kinetic parameters for
DOP utilization by microbes in this part of the world’s oceans.
ATP is often used as a model substrate to estimate microbial DOP
utilization for its convenience as a commercially available DOP
compound (Ammerman and Azam, 1985; Bentzen & Taylor,
1991; Lomas et al., 2010; Orchard et al., 2010; Björkman et al.,
2012; Duhamel et al., 2012). However, as any model substrate, it
may not be representative of all DOP compounds that are utilized
by the microbial communities and interpretations are limited to
the smaller range of DOP compound sizes and to relatively
bioavailable substrates (Fig. 8). ATP, like the majority of DOP com-
pounds, is considered to be hydrolyzed outside the cell before
uptake of the Pi or other moieties, as most bacteria do not take
up intact ATP (Bengis-Garber and Kushner, 1982; Ammerman
and Azam, 1985). Ammerman and Azam (1991a) showed that
ATP uptake is distinguishable from alkaline phosphatase activity
by its substrate specificity to 50-nucleotides and by its lack of inhi-
bition by Pi. Yet, the coupled uptake of Pi released into the ambient
water by ATP hydrolysis was inhibited due to isotope dilution
(Ammerman and Azam, 1991a). Here we also found no effect of
Pi addition on ATP turnover. The uptake rate of G-ATP did not sat-
urate at ambient ATP concentration and increased significantly
with the addition of ATP, suggesting that microorganisms had
the potential to take up larger quantities of Pi from ATP if it was
present in higher concentrations. Yet, the Vmax and Km of G-ATP
were much lower than for Pi (Table 4), indicating that microorgan-
isms are adapted to low ATP concentration, which they turned over
more rapidly than Pi (Fig. 5). The Vmax of G-ATP at 50% PAR
decreased by �5-fold between S1 and S7 (Table 4) and remained
low in comparison to Pi uptake rates at ambient concentration
(46.5 and 15.2 times lower at UP and GY, respectively, Fig. 6), sug-
gesting that Pi uptake from ATP was a small fraction of total P
uptake at ambient concentration. Yet, the Km values for G-ATP
uptake were much lower than those estimated for Pi uptake, sug-
gesting that microbes had higher affinity for ATP than for Pi at both
stations. Consequently, the contribution of P uptake from ATP rel-
ative to Pi uptake is expected to be higher in low Pi environments
than in high Pi environments. In the low-Pi Sargasso Sea, Lomas
et al., (2010) found that ATP uptake was lower than Pi uptake,
but with a larger contribution of ATP uptake in the fall than in
the spring, when Pi concentrations are the lowest. Ammerman
and Azam (1991a) showed that the percent of Pi released by ATP
hydrolysis decreases with increasing Pi concentration and pro-
posed that the coupled Pi uptake is controlled by ambient Pi con-
centrations. Yet in the present study, the fraction of coupled
uptake of Pi released by ATP hydrolysis was higher at UP, where
Pi concentrations and biomass normalized Pi uptake rates were
higher than at other stations. Nevertheless, turnover times of Pi
and G-ATP were shorter at UP than elsewhere, suggesting that total
P availability rather than Pi concentration alone may control the
coupled Pi uptake. In a separate study, Ammerman and Azam
(1991b) concluded that the distribution of ATP hydrolysis is deter-
mined by microbial biomass and growth rather than by Pi deple-
tion. Thus the highest ATP hydrolysis measured at UP may also
be the result of higher biomass and growth rates. The fact that
<15% of the Pi released by ATP hydrolysis was assimilated by
microbes suggests that the bioavailability of the ambient Pi pool
was not limiting production. As previously shown for coastal envi-
ronments, the majority of the uptake of Pi released by ATP hydrol-
ysis was by the smallest fraction (0.2–0.6 lm) dominated by
heterotrophic bacteria, indicating that they are the main contribu-
tor to 50-nucleotidase activity (Ammerman and Azam, 1985,
1991a). Nonetheless, about a third of this activity was by organ-
isms larger than 0.6 lm, implying that picophytoplankton also
contribute to the cycling of nucleotides, a result in accordance with
picocyanobacteria genomic data reporting genes encoding proteins
with potential 50-nucleotidase activity (Moore et al., 2005; Scanlan
et al., 2009; Kathuria and Martiny, 2011). While we cannot exclude
the possibility that picophytoplankton took up the Pi hydrolyzed
by bacteria, the uptake of a fraction of Pi regenerated from ATP
in environments with relatively large pools of ambient Pi, suggests
that the uptake of Pi released by ATP hydrolysis must be physically
coupled to hydrolysis. We also compared microbial use of ATP
from G-ATP and H-ATP in parallel incubations, in order to test if
microorganisms consume ATP as a source of P or adenosine,
respectively. Results showed that the turnover time of the pool
of G-ATP was significantly faster than for H-ATP (Table 1), indicat-
ing that Pi from the c position in ATP may be preferred over adeno-
sine. Our results also indicate that the different sample size
fractions contributed to similar proportions of the total G-ATP
and H-ATP uptake, suggesting that the same microbes can use
ATP for both Pi and adenosine.
4.4. Conclusions

Understanding the biogeochemical cycling of nutrients is essen-
tial for interpreting the present and for predicting future effects of
natural and anthropogenically induced changes in nutrient compo-
sition on marine ecosystems. The southeast subtropical Pacific pre-
sents strong gradients in all parameters measured in the present
study. Three main zones could be distinguished: UP was the most
productive area but also the most variable, most likely due to vari-
ations in the oxygen minimum depth; GY was the least productive
due to low biomass and low particulate Pi normalized uptake rate
and showed deep transmitted light penetration; TR presented
intermediary conditions but as for GY, conditions were relatively
uniform between stations.

Pi concentrations and turnover time remained high and Pi
uptake rates were low. Even though the ambient Pi was well above
limiting concentrations and cells were P-replete, microorganisms
hydrolyzed and assimilated Pi from ATP, indicating that DOP could
be a source of P (and perhaps of other elements) for microbial
growth, or potentially for P storage as polyphosphates, indepen-
dently of their P-status. Nucleotides were the most bioavailable
of the DOP substrates tested here. However, <15% of the Pi hydro-
lyzed from ATP was assimilated by microbes, suggesting that 50-
nucleotidase activity could potentially release important quanti-
ties of Pi into the surrounding water, which may have a great
impact on the role that microbes, particularly bacteria, play in
ocean production and export.
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The southeast subtropical Pacific presents a wide range of envi-
ronmental conditions, where microbial DOP hydrolytic processes
are maintained and contribute to P-cycling despite Pi-sufficiency.
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