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ABSTRACT: We present a spatially extensive record of dinitrogen (N2) fixation rates and distributions
of N2 fixing microorganisms along with the results of exogenous phosphorus (P) addition experiments
conducted during a series of cruises in the North Pacific Subtropical Gyre (NPSG). We measured the
N2 and carbon (C) fixation rates of natural plankton assemblages in response to the addition of
methylphosphonate (MPn), a dissolved organic phosphorus (DOP) compound, and dissolved inorganic phosphorus (DIP). Results are compared to parallel unamended controls. These experiments
produced 3 major findings: (1) MPn and DIP were utilized with equal metabolic efficiency over a single photoperiod, (2) the bulk of the enhanced N2 fixation rates were within the range of those previously reported in the NPSG, suggesting that P levels in this region can be saturating but were not at
the time of sampling and (3) MPn and DIP additions stimulated C fixation rates beyond estimated
contributions by diazotrophs, and hence both DIP and bioavailable DOP additions could lead to
enhancement of net primary productivity on short time-scales. Our results suggest that the rate of N2
fixation in our study region may have been restricted by the availability and/or the composition of the
total P pool (inorganic and organic P) during our field season.
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The surface mixed layer of subtropical oceanic gyres
is often characterized by a deficit of dissolved inorganic nitrogen (DIN) relative to dissolved inorganic
phosphorus (DIP), where DIN concentrations are
nearly always at or below the detection limit of standard autoanalyzer technology (~30 nmol l–1). For this
reason the rate of primary productivity in the oligotrophic subtropical gyres of the Pacific and Atlantic
basins has long been held to be restricted by the supply of reduced nitrogen (N) (Perry & Eppley 1981, Wu
et al. 2000, Karl 2002, Moore et al. 2008). Under such
conditions, biological dinitrogen (N2) fixation, the process by which select genera of marine microorganisms

convert N2 into cellular N, can act as a source of new N
and support a significant fraction of net primary productivity (Capone 2001, Karl et al. 2002, Mahaffey et
al. 2005). Despite the documented and substantial contributions of N2 fixation to productivity, elemental
cycling and particle export in oligotrophic regions, the
nutritional and ecological controls of marine diazotrophs have not been firmly established (Vitousek &
Howarth 1991, Zehr & Ward 2002).
While N2 fixation may lead to short-lived mitigation
of community scale nitrogen (N) limitation, the growth
of diazotrophs themselves is ultimately limited by other
elements such as phosphorus (P), iron (Fe) and inorganic carbon (Karl et al. 1997, Sañudo-Wilhelmy et al.
2001, Hutchins et al. 2007). In the North Pacific sub-
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tropical gyre (NPSG), Karl et al. (2001b) have hypothesized that climate-driven shifts in the ecology of the
NPSG early in the 20th century led to enhanced N2 fixation and a concomitant drawdown of P. The authors
further suggested that this ‘domain shift’ would result
in a progressive shift from N limitation to P limitation of
primary productivity (Karl et al. 2001b) and eventually
to P limitation of diazotrophs. To address the potential
P limitation of any functional group in pelagic ecosystems, one must also consider that while inorganic P
(phosphate) is often preferred for growth, P bound in
certain organic complexes is bioavailable (Cembella et
al. 1982, Dyhrman et al. 2007) and can be present in
greater concentrations than inorganic pools. In the
NPSG, DIP (dissolved inorganic P) concentrations in
surface waters are low (<100 nmol l–1) relative to biological demands (Karl et al. 2001a, Karl & Björkman
2002) and relative to dissolved organic P (DOP) pools
which range from 200 to 300 nmol l–1. DOP clearly represents a large potentially bioavailable P pool (Björkman et al. 2000). Partial characterization of the high
molecular weight fraction of marine DOP by nuclear
magnetic resonance (NMR) spectroscopy reveals a
resource comprised of esters and phosphonates in a
ratio of 3:1, respectively (Kolowith et al. 2001). While
both of these compound classes are bioavailable to
microbes, including diazotrophs, there remains considerable uncertainty regarding the extent to which
bioavailable P (inorganic + labile organic) regulates
diazotrophy, net productivity, and plankton community structure in the oligotrophic ocean.
In the NPSG, Björkman et al. (2000) have shown that
the addition of certain DOP compounds to seawater
samples resulted in hydrolysis rates 50 times or more in
excess of ambient P uptake rates. Later, using an isotope dilution technique, Björkman and Karl (2003)
demonstrated that the microbial community at Station
ALOHA (22.45°N, 158°W; the sampling station for the
Hawaii Ocean Time-series program) simultaneously
utilized DOP and DIP for P nutrition, with rates of DOP
uptake equivalent to those of DIP uptake. This and
other work (Karl et al. 2008, Duhamel et al. 2010) elucidated the importance of DOP as a source of P supporting plankton nutrition in the NPSG. However,
studies are lacking of how natural assemblages of diazotrophs respond to additions of DOP relative to DIP.
In the present study, we conducted a series of experiments aimed at (1) characterizing the spatial variability of N2 fixation and diazotroph community structure
in the NPSG and (2) assessing the short-term (24 h) N2
fixation and carbon (C) productivity responses of natural plankton populations to saturating additions of
DIP and a model DOP compound, methylphosphonate
(MPn). MPn was selected as a target compound based
on previous laboratory and in situ studies confirming

active MPn hydrolysis by the diazotroph Trichodesmium (Dyhrman et al. 2006, Karl et al. 2008, White
et al. 2010). The overarching objectives of this work
were to measure the response of microbial communities to the addition of a potentially limiting nutrient (P)
as a direct test of contemporaneous resource limitation
and to compare the community level metabolic
response to the addition of MPn relative to DIP.

MATERIALS AND METHODS
In July through August of 2008, a series of experiments were conducted (1) near the frontal boundary
separating the North Pacific subtropical and subarctic
gyres (Pacific Open Ocean Bloom cruise: POOB, 28° N
to 32° N, 2–16 July) and (2) near the Hawaiian Islands
(Ocean PERturbation EXperiment cruise: OPEREX,
22° N to 26° N, 30 July–14 August). The regional mean
satellite-derived sea surface temperature (SST) and
chlorophyll a (chl a) fields for these cruise periods were
obtained from 4 km, level-3 MODIS (MODerate resolution Imaging Spectroradiometer) data provided by
NASA/Goddard Space Flight Center (accessed at
http://oceancolor.gsfc.nasa.gov). Each cruise track is
shown relative to the mean July to August SST and
chl a fields averaged over the specific cruise duration
(Fig. 1). The sea surface height anomaly field relative
to the POOB and OPEREX cruise efforts (Fig. 2) was
obtained from the 1⁄3 ° by 1⁄3 ° resolution, merged satellite altimetry data for July to August 2008. These
altimeter products were produced by Ssalto/Duacs and
distributed by Aviso, with support from Cnes.
Experimental design. Experimental manipulations
were designed to examine the change in C and N2 fixation rates over a 24 h period in response to additions
of either KH2PO4 (Fisher Scientific 7778, ≥99%,
denoted below as DIP) or MPn (Sigma-Aldrich 64259,
≥98%). The rates of N2 and C fixation in these treatments were compared to rates measured in parallel
incubations with no added P. At all stations, water was
collected using a Sea-Bird CTD rosette equipped with
24 polyvinyl chloride 12 l sampling bottles; the rosette/
bottles were not treated for trace metal free conditions.
All samples came from the upper 50 m of the water column where irradiance varied between approximately
10 and 60% of the surface flux. Acid-washed polycarbonate incubation bottles (4.4 l) were filled to overflowing with whole seawater (no pre-screening). Care
was taken to ensure that no bubbles were present
before sealing each bottle with a septum cap. Incubation bottles were transferred to one of 2 on-deck incubators plumbed with surface seawater and shaded to
approximate the light levels from which the samples
originated: either (1) ~30% of the surface irradiance or
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Fig. 1. (A) Mean (July–August 2008) MODIS SST (°C). Solid
black contour = 25°C isotherm. (B) MODIS chl a (mg m– 3)
averaged over the duration of POOB (2–16 July) and (C)
OPEREX (30 July–14 August). s = station locations

(2) ~60% of the surface irradiance. Whenever possible,
controls (no P additions) as well as experimental treatments (MPn and/or DIP additions) were incubated in
duplicate. All incubations began at near dawn and
lasted 24 h.
Nitrogen and carbon fixation rate determinations.
All N2 fixation rate measurements employed the 15N2
isotopic tracer method described by Montoya et al.
(1996) in parallel with 13C-productivity measurements
with rate calculations as per Legendre & Gosselin
(1997). Using a gas tight syringe, 2.0 ml of 15N2 gas
(99 atom%, Cambridge Scientific) was injected into
each bottle and the bottles were inverted several
times. Immediately following 15N2 additions, 0.5 ml of
47 mM bicarbonate (NaH13CO3) stock was injected
into each bottle with a plunger-type syringe and the
bottles were again gently mixed by inversion. For
experimental treatments only, following the injection
of both 15N2 and NaH13CO3, each 4.4 l polycarbonate
bottle was spiked using a Luer-lock syringe with either
DIP or MPn to reach a final concentration of 5 µM
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Fig. 2. Weekly sea surface height (SSH) anomaly field derived
from Aviso data for the week of (A) 9 July 2008 (POOB cruise)
and (B) 6 August 2008 (OPEREX cruise). All stations for which
N fixation data were collected are shown with the exception
of Stns 1–2 for POOB which were located at 30° N,
145–150° W. Sampling efforts for OPEREX were focused at
sites where surface slicks of Trichodesmium were observed
along a transition between a cyclonic and anticyclonic eddy
(Stns 41–45)

above ambient P levels. Reported half-saturation coefficients (Ks) for specific-uptake of DIP in natural populations of Trichodesmium range from 0.4 to 9.0 µmol l–1
(McCarthy & Carpenter 1979, Sohm & Capone 2006).
Values of Ks for labile DOP uptake are presently unknown for in situ populations of oceanic diazotrophs,
as are DIP uptake kinetics for uncultured diazotrophic
taxa (including the uncultivated Group A, termed
UCYN-A, Crocosphaera, and Richelia/diatom symbioses). Given the low affinity for DIP reported for Trichodesmium and the uncertainty of MPn uptake kinetics, we selected a level of P addition (5 µM) intended to
ensure that the full microbial assemblage was exposed
to saturating, but not inhibitory, concentrations of DIP
or DOP. Controls were treated and incubated under
identical conditions but without an external addition of
P to approximate the ambient rate of C and N2 fixation
in surface waters.
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Incubations were terminated by filtering the entire
incubation volume onto a 25 mm pre-combusted glass
fiber filter (GF/F, Whatman); following filtration, the
filters were stored at -20°C until later analysis. Once
ashore, samples were acid-fumed, dried overnight at
60°C and then encapsulated in tin and silver capsules.
Particulate C, N and the isotopic composition of particulate material (δ15NPN and δ13CPC) were determined
using a PDZ Europa ANCA-GSL elemental analyzer
interfaced to a PDZ Europa 20-20 isotope ratio mass
spectrometer in the University of California Davis stable isotope facility.
To contextualize the productivity observed in our
study, we also present rates of C and N2 fixation from
unamended seawater samples measured by other
research groups at or around Station ALOHA during
the 2004–2007 field seasons (Fong et al. 2008, Grabowski et al. 2008, Church et al. 2009). These rate
measurements were conducted using methodologies
similar to those outlined above although a subset of
samples were incubated using in situ arrays rather
than on deck incubators (see Church et al. 2009).
Lastly, during the OPEREX cruise, as we crossed
through mesoscale features that coincided with visible
surface slicks of Trichodesmium, we collected duplicate samples from 25 m and 45 m for subsequent sizefractionated C and N2 fixation rate determinations. For
these measurements, 2 treatments were prepared:
(1) whole water incubations filtered onto a combusted
GFF filter (total) and (2) incubations pre-filtered
through a 10 µm polycarbonate with the filtrate subsequently retained onto a GFF filter (<10 µm). N2 fixation
rates in the large (>10 µm) size fraction were calculated as the difference between rate measurements in
these 2 samples (>10 µm = Total – <10 µm). Determination of size-fractionated rates was intended to provide
insight into the distribution of N2 fixation between
small unicellular diazotrophs and large filamentous
diazotrophs along this section of our study region.
Diazotroph distributions and nifH gene quantification during POOB 2008. Distributions of several
groups of diazotrophic cyanobacteria common to the
upper ocean waters of the NPSG were identified based
on quantitative polymerase chain (QPCR) amplification of nitrogenase reductase (nifH) genes. Seawater
samples for nifH gene QPCR amplification were collected from the POOB 2008 cruise at 4 depths representing the ~60, ~20, ~10, and ~1% light levels (depths
varied from 9–20, 33–47, 46–65, and 102– 143 m,
respectively). Water was subsampled from the CTD
rosette bottles into acid-washed 10 l polyethylene carboys and filtered onto 0.22 µm pore size Sterivex-GS
(Millipore) filter capsules. Filters were capped, flash
frozen in liquid nitrogen and stored frozen at –80°C
until extraction.

In the shore-based laboratory, 1 ml of a cell lysis
buffer (20 mM Tris-HCL, pH 8.0; 2 mM EDTA, pH 8.0;
1.2% Triton X and 20 mg ml–1 lysozyme) was injected
into each filter capsule using a 5 ml syringe. Filters
(with syringes still attached) were placed into a hybridization oven at 37°C and then vortexed for ~15 min
intervals over 1.5 h. Filters were removed from the
oven, and the buffer was removed from the filter capsule by syringe and dispensed into 2 ml microcentrifuge tubes; 42 µl of proteinase K and 334 µl buffer
AL (Qiagen) was added to each sample and samples
were vortexed and placed in a hybridization oven at
70°C for 30 min. Following this incubation, 700 µl of
100% ethanol was added to each sample, the microcentrifuge tubes were vortexed and samples were
transferred to DNeasy spin columns (Qiagen) where
DNA was purified following the manufacturer’s recommended protocols.
Abundances of nifH genes were determined using
the QPCR assay described in Church et al. (2005). For
this study, we examined the spatial variability of 6
phylotypes frequently retrieved from PCR amplified
nifH gene clone libraries at Station ALOHA (Dominic
et al. 1998, Zehr et al. 2001, Church et al. 2008). QPCR
primer and probe sets targeting the following nifH
phylotypes were used: Trichodesmium spp.; 3 groups
of heterocystous cyanobacteria (termed Het1, Het2,
and Het3, respectively); and 2 groups of nifH containing unicellular cyanobacteria including UCYN-A and
phylotypes whose nifH sequences are 97–99% identical to Crocosphaera watsonii. Descriptions of the
primers and probes used for these reactions can be
found in Church et al. (2005, 2008). All QPCR reactions
were run in duplicate; the detection limit for these
reactions corresponded to ~30 gene copies l–1.
Ancillary measurements. Whole seawater samples
were collected for nutrient analyses from each depth
sampled (all within the upper 50 m) in acid-washed
polycarbonate bottles and stored at –20°C until later
analyses. In the laboratory, after thawing, subsamples
of these collections were transferred to acid-cleaned
Teflon digestion bombs and oxidized via the alkaline
persulfate digestion described by Valderrama (1981).
After oxidation, total dissolved P (TDP) was measured
as described by Strickland & Parsons (1972). Low
level soluble reactive P (assumed to be equivalent to
DIP) was measured via the MAGIC (MAGnesiumInduced Coprecipitation) method of Karl & Tien (1992).
Dissolved organic phosphorus (DOP) concentrations
were calculated as the difference between TDP and
DIP concentrations. Chl a concentrations were determined fluorometrically using a Turner Model 10-AU
fluorometer. Samples were extracted in 90% acetone
for 24 h at –20°C in the dark (Strickland & Parsons
1972).
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Stock purity. All liquid stocks used for manipulations
including DIP (K2HPO4), MPn and NaH13CO3 were
tested post-cruise for potential contamination by Fe
and reactive N. Total Fe concentrations in these stocks
were determined by isotope dilution (57Fe) ICP-MS
after pre-concentration and matrix removal using NTA
(Lohan et al. 2005). Nitrate + nitrite (N+N) and ammonium (NH4) concentrations in all stocks were measured
by standard colorimetric methods adapted to an autoanalyzer (Strickland & Parsons 1972). These analyses
indicated that the addition of liquid stocks (DIP + 13C
and MPn + 13C) to 4.4 l incubation bottles led to Fe
enhancements of 2.7 pmol l–1 and 3.3 pmol l–1 above
ambient Fe concentrations, respectively. This level of
Fe contamination is minimal given that total Fe in the
surface waters of the NPSG region are generally
between 0.5 and 1.0 nmol l–1 (Boyle et al. 2005). Total
N contamination (N+N+NH4) in each 4.4 l incubation
bottle (DIP + 13C and MPn + 13C) was determined to be
0.30 and 0.38 nmol l–1, respectively. For comparison,
the mean N+N concentrations (not including NH4) in
the upper 45 m measured by the Hawaiian Ocean
Time-series (HOT) program in July to August of 2008
were 2 to 3 nmol l–1 (data from http://hahana.
soest.hawaii.edu/hot/hot-dogs), again suggesting negligible contamination with N+N via the addition of
stocks. The MPn stock was also tested for the presence
of DIP via the MAGIC method of Karl & Tien (1992);
concentrations of DIP were found to be below the
detection limit (<1 nmol l–1) of this technique. Thus,
despite the relatively high levels of P additions made in
these experiments (5 µmol l–1 final concentration above
ambient levels), the relative purity of stocks as compared to in situ Fe and N+N concentrations provides
confidence that enhanced C or N2 fixation in experimental treatments derived from the amendment of P.
Statistical analysis. In order to evaluate the probability that derived fixation rates in amended P treatments

are statistically different relative to the controls and
each other we computed a one-way ANOVA test followed by an estimation of the Tukey-Kramer Minimum
Significant Difference (MSD; Sokal & Rohlf 1995).

RESULTS
Phytoplankton standing stock and P
concentrations
Remote sensing chl a data indicated mesoscale surface enhancements during the July to August 2008
period within each of our cruise regions (Fig. 1). Shipboard determinations during August 2008 indicated in
situ mixed layer chl a concentrations (0.07–0.19 µg l–1)
were greatest at depths of 25 and 45 m within a
mesoscale patch proximate to the Hawaiian Islands
(see Tables 1 and 2). Concentrations of satellite-derived chlorophyll (Fig. 1) did not strictly match measured in situ chl a, presumably stemming from offsets
in timing of sampling and the limitation of remote
sensing chlorophyll retrievals to the first optical depth
(see White et al. 2007 for evaluation of in situ and
remotely sensed chl a). Regional MODIS composites
show that the OPEREX cruise sampled a mesoscale
feature coincident with enhanced chl a while the
POOB cruise appears to have sampled a region of
regionally enhanced chl a along the northern edge of
the NPSG that continued to bloom after our occupation
of the region (Fig. 1B,C). In July 2008, in situ chl a concentrations in the upper mixed layer (~45 m) near the
subtropical front (28–32° N, 140–150° W) to the northeast of the Hawaiian Islands were generally lower than
those measured in August, with concentrations ranging from 0.07 to 0.10 µg l–1. During this period, chlorophyll concentrations were greatest (~0.10 µg l–1) at stations 7, 15, 18, and 19. DIP concentrations within the

Table 1. Chlorophyll a (chl a), dissolved inorganic and organic phosphorus (DIP and DOP, respectively) and nifH gene concentrations measured at stations where coincident N2 or C fixation rates were available. The range and mean ± standard deviations
are presented. NA: data are not available, as a sample was not collected. ND: gene abundances below the limit of detection
(~30 gene copies l–1). Mean values of DIP, DOP and chl a in the upper 45 m at Stn ALOHA (22°45’N, 158°00’W) were obtained
from the Hawaii Ocean Time-series (HOT) program. nifH gene concentrations for HOT reflect the range and mean values in the
upper 5 m for unicellular (UCYN-A + Crocosphaera spp.) and filamentous (Het groups + Trichodesmium spp.) diazotrophs
Cruise

Stns

Depth
range (m)

DIP
(nmol l–1)

DOP
(nmol l–1)

chl a
(µg l–1)

Unicellular N2 fixers
(nifH genes l–1)

Filamentous N2 fixers
(nifH genes l–1)

POOB

1 to 21

5 to 45

16.0 to 61.1
29.7 ± 11.5

181 to 339
246 ± 38

0.07 to 0.10
0.08 ± 0.01

ND to 3.1 × 104
5.8 × 103 ± 8.3 × 103

ND to 9.0 × 102
3.1 × 102 ± 3.0 × 102

OPEREX 1, 3, 32 to 45

5 to 45

22.2 to 47.1
37.7 ± 8.8

220 to 289
251 ± 30

0.07 to 0.19
0.11 ± 0.05

NA
NA

NA
NA

HOT

0 to 45

3.9 to 163.4
51.5 ± 30.4

107 to 323
224 ± 36

0.04 to 0.30
0.09 ± 0.03

5.6 to 1.8 × 106
2.1 × 105 ± 3.3 × 105

ND to 7.4 × 105
8.7 × 104 ± 1.7 × 105

ALOHA
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mixed layer of this region ranged from 16 to 61 nmol
l–1, with a mean ± SD of 30 ± 11 nmol l–1. In contrast,
DOP concentrations were significantly greater (181–
339 nmol l–1, averaging 246 ± 38 nmol l–1). No significant differences were found between ambient mixedlayer DIP concentrations observed during the OPEREX
and POOB cruises (t-test, p > 0.05, n = 34) despite these
studies occurring in disparate regions of the NPSG
(Fig. 1). Table 1 presents the composite in situ chl a and
P data for both cruises.

Diazotrophic community structure
For these 2 cruises, diazotrophic community structure was assessed via QPCR amplification of nifH
genes (POOB) or inferred from direct visual observations and size-fractionated N2 rate measurements
(OPEREX, discussed in subsequent sections). For the
July 2008 expedition (POOB), the spatial distributions
of 6 nifH phylotypes were determined. In the well-lit
regions of the euphotic zone (~60% surface irradiance,
9–20 m) of this region, nifH gene abundances varied
approximately an order of magnitude between stations
(1.1 × 102 to 1.6 × 103 genes l–1), with roughly equal
contributions from unicellular and filamentous nifHcontaining cyanobacterial phylotypes (Fig. 3). Among
the unicellular N2 fixing cyanobacteria the UCYN-A
phylotype dominated the nifH gene abundances (ranging from 2.4 × 102 to 1.6 × 103 nifH genes l–1), while the

Fig. 3. nifH gene abundances for selected diazotrophs for 2
vertical regions of the euphotic zone measured during the
POOB cruise transect: (A) in the upper 9–20 m depth (60%
surface irradiance) and (B) at the 20% surface irradiance isopleths (33–47 m). Heterocystous includes sum of Het1, Het2,
and Het3 cyanobacteria phylotypes (see text for details)

Het2 phylotype (identified as a symbiont of open ocean
diatoms belonging to the genera Hemiaulus spp.) was
generally the most abundant filamentous cyanobacterial phylotype (ranging from 4.0 × 102 to 7.5 × 102 of the
nifH genes l–1). nifH gene abundances of the UCYN-A
increased more than an order of magnitude (ranging
from 2.6 × 103 to 7.6 × 104 nifH genes l–1) in the deeper
mid-euphotic zone waters (33–65 m) where irradiance
declined to ~5–10% of the surface flux. In contrast,
gene abundances of the filamentous cyanobacterial
phylotypes decreased below the well-lit, near-surface
waters. Relative to the balanced contributions of unicellular and filamentous cyanobacterial phylotypes
observed in the well-lit upper ocean, the increase in
UCYN-A and concomitant decrease in filamentous
phylotypes (specifically Het2) resulted in the numerical dominance of unicellular N2 fixers in the mid to
deep euphotic zone waters.

C and N2 fixation rate: Controls
Significant variability in the magnitudes of C and N2
fixation rates of the unamended controls were observed within and between cruises in our study region
(Table 2, Fig. 4A). The highest rates of N2 and C fixation (8–21 nmol N l–1 d–1 and 602–934 nmol C l–1 d–1,
respectively) were recorded in the upper 25 m of
waters with a single high rate of C fixation (1213 nmol
C l–1 d–1) at 45 m at Stn 32 near the Hawaiian Islands in
a transition zone between a cyclonic and anticyclonic
eddy (Fig. 2B, Table 2). At select stations along this
transition zone (Stns 41–45) size-fractionated rate
determinations (Fig. 5) indicated that N2 fixation in the
>10 µM size fraction ranged from 5 to 15 nmol N l–1 d–1,
with lower rates measured in the <10 µM size fraction
(2–6 nmol N l–1 d–1). The resulting rates of N2 fixation
in >10 µm size fraction accounted for ~63–80% of the
total N2 fixation at these stations. This finding is consistent with the observation of visible Trichodesmium
biomass in this region. Total C fixation rates were also
elevated along this transect (744 ± 163 nmol C l–1 d–1)
with the <10 µm size fraction accounting for 657 ±
105 nmol C l–1 d–1 or 88% of the total C fixation (Fig. 5).
In contrast to the relatively high rates of N2 fixation
observed in the waters near Hawaii, rates of N2 and C
fixation were substantially lower (0.02–2.37 nmol N l–1
d–1 and 167– 647 nmol C l–1 d–1, see Fig. 4A & Fig. 5)
along the edge of the subtropical front (POOB). Rates
of N2 fixation in this region were greatest near the
edge of an anticyclonic eddy (Stns 7, 10; Fig. 2A,
Table 2). Fig. 5A shows the full range of N2 fixation
rates measured in the upper 45 m for both cruises relative to range of 15N2 fixation data available in the
literature for the NPSG region.
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Table 2. Magnitude of N2 and C fixation rates in control incubations (no added P) and the enhanced rates measured after
methylphosphonate (MPn) and dissolved inorganic phosphorus (DIP) additions (less the values recorded in parallel controls).
Values in parentheses: SD of duplicate measures for controls and the SD calculated via error propagation for differences.
NA: data were not collected at this station
Cruise

POOB

OPEREX

Stn

1
1
2
2
2
3
3
5
7
7
10
10
12
14
14
15
16
17
17
18
18
19
19
20
20
21
21
1
3
3
32
32
36
41
41
42
42
43
43
44
44
45
45

Depth

5
25
5
25
45
5
44
45
5
42
25
45
45
25
45
45
45
20
40
20
40
20
40
20
40
20
40
25
5
25
25
45
45
25
45
25
45
25
45
25
45
25
45

15

N2 fixation [nmol N l–1 d–1]

13

C fixation [nmol C l–1 d–1]

chl a

Control

MPn-Control

DIP-Control

Control

MPn-Control

DIP-Control

µg l–1

0.02
0.08
0.89
1.16(0.45)
1.04(0.40)
1.10
1.49(0.02)
0.92(0.06)
2.32
1.02(0.02)
2.37
0.98(0.03)
0.04(0.01)
0.76
0.59(0.03)
0.24(0.03)
0.07(0.1)
NA
0.04(0.05)
0.04(0.06)
0.02(0.02)
NA
0.09(0.13)
0.09(0.03)
0.21(0.18)
0.97
0.85(0.06)
1.83
2.06
1.89
1.74
2.84
0.1
12.67
2.48
17.66
4.31
20.52
5.19
19.82
5.49
7.62
2.70

0.24
0.62
2.87
3.36(0.90)
2.00(1.39)
4.11
2.36(0.20)
6.90(0.28)
4.75
3.43(0.05)
3.17
2.90(0.18)
2.88(0.21)
2.94
3.31(0.32)
2.29(1.50)
3.30(0.02)
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
4.86(1.18)
8.48(5.51)
4.52(0.84)
21.23
22.55(7.64)
1.13
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

0.20
0.27
2.53
2.53(0.46)
3.10(1.11)
3.18
1.85(0.20)
6.63(1.79)
4.71
4.81(0.60)
4.96
3.48(0.52)
2.91(0.28)
2.15
1.51(2.45)
1.77(0.59)
3.49(0.52)
4.08
2.72(0.36)
5.49(0.16)
2.94(0.04)
6.72
5.31(0.45)
8.58(0.63)
6.83(0.23)
10.8
7.90(0.49)
6.11(1.4)
7.82(0.86)
5.73(5.46)
16.61(4.88)
25.43
1.11(0.21)
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

302
364
570
366(52)
265(15)
433
333(14)
295(2)
599
415(32)
428
339(8)
271(34)
377
244(56)
286(7)
287(42)
189(0.2)
226(11)
167(94)
291(6)
549(19)
353(61)
647(24)
330(5)
388(1)
336(9)
461
500
377
445
1213
249(6)
782
529
641
734
602
653
934
650
672
465

0(7)
41(148)
414
702(184)
671(122)
166
306(243)
149(104)
48
130(124)
225
42(25)
122(35)
128
377(131)
310(83)
203(48)
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
229(37)
119(43)
269(128)
579
–377(469)
390
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

41(40)
33(18)
431
804(159)
438(423)
203
265(114)
91(15)
107
201(33)
187
5(45)
121(59)
118
217(60)
177(120)
251(47)
297
164
380
119
88
87
68
360
354
419
133(37)
105(32)
102(128)
988(269)
365
322(125)
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

0.06
0.07
0.07
0.07
0.08
0.08
0.09
0.08
0.09
0.09
0.07
0.08
0.07
0.07
0.07
0.10
0.07
0.08
0.08
0.09
0.07
0.09
0.08
0.07
0.07
0.08
0.08
0.08
0.07
0.07
0.16
0.19
0.08
0.10
0.14
NA
NA
NA
NA
0.12
0.11
0.11
NA

C and N2 fixation rate: Treatments
Enhancement of C and N2 fixation rates in experimental treatments was calculated by subtracting the
rate measured in the manipulation (+DIP or +MPn)
from that measured in the control (no P addition) (data
are shown in Table 2, Fig. 4B,C & Fig. 5A,B). In both
cruises DIP and MPn amended samples displayed
enhanced C and N2 fixation relative to controls in
nearly every paired incubation, however at times large
SDs were associated with duplicates (Table 2). This

enhancement was not correlated to nifH gene abundances, chl a, or concentrations of particulate carbon or
nitrogen as an indicator of biomass during POOB
(regression analyses not shown). However, N2 fixation
in P enhanced treatments during OPEREX displayed a
strong correlation with chl a concentration (least
squares linear regression, r2 = 0.88 and 0.89 for +MPn
and +DIP enhanced N2 fixation rates, respectively).
In order to evaluate the difference between pooled
treatments for each cruise, we utilized ANOVA and a
post hoc Tukey-Kramer assessment of pairwise differ-
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Fig. 4. (A) Bulk seawater N2 fixation (no exogenous additions)
measured during OPEREX and POOB. Note different scales
for each cruise as OPEREX rates were notably higher than
POOB and the P additions were markedly higher than controls. (B) N2 fixation rates in response to DIP additions and (C)
MPn additions for these same cruises. The color of each
dot represents the magnitude of N2 fixation corresponding to
the appropriate color bar. Values from duplicate incubations
are shown

ences in C and N2 fixation rates (using absolute volumetric rates as well as chlorophyll normalized rates,
Table 3). Results indicate that treatments (+DIP and
+MPn) were significantly different from controls for
both cruises when considering both volumetric and
chlorophyll normalized rates (Table 3). The only

Fig. 5. (A) Summary of N2 fixation and (B) carbon fixation
rates from both POOB and OPEREX control and manipulation
experiments (control rates not deducted) along with (superscripts 1 and 2) size-fractionated rate measurements (<10 µm
and >10 µm fractions, respectively), data from a zone of convergence between 2 eddies (Stns 41–45) during OPEREX and
(superscript 3) historical data from the HOT time series data
presented in Grabowski et al. (2008), Fong et al. (2008) and
Church et al. (2009). Box edges represent the 25 and 75%
percentiles of the data, the median is shown as a solid line
within each box, the notches represent 95% confidence intervals, whiskers extend to ± 2.7 standard deviations of each
data set and outliers are denoted by plus signs

exception to this finding is the comparison of OPEREX
DIP amendments to controls for N fixation, where low
rates of N2 fixation found at Stn 36 (Table 2) lead to an
insignificant difference between DIP amendments and
the unamended controls for this cruise (Table 3). When
considering grouped comparison of treatments and
enhancements for each paired incubation, it is apparent that P amendments led to widespread enhancement of C and N2 fixation in this region. Comparing the
highest N2 fixation rates measured along this transect,
we also find that, despite the high levels of P added,
enhanced N2 fixation rates were within ± 2.75 standard

Watkins-Brandt et al.: Enhancement of nitrogen and carbon fixation

Table 3. Significance of difference in microbial activity between treatments
and controls for carbon and nitrogen fixation rates based on the Tukey-Kramer
honestly significant difference test. Values presented are the absolute mean
difference less the least squares difference. Positive values show pairs of means
that are significantly different at the 95% significance level; these are noted
with an asterisk
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the magnitude and variability of C fixation in response to MPn and DIP additions drove the ratio of C:N fixation
(Fig. 6). The lowest C:N enhancement
ratios observed within this cruise
region were at Stns 5–12 and 19–21
and corresponded to the most signifiPOOB
OPEREX
Control
DIP
MPn
Control
DIP
MPn
cant enhancements of N2 fixation
(Fig. 5). At these stations, the ratio of
Volumetric analysis
enhanced C:N fixation ranged from 2
13
C fixation
to 70 mol C:mol N with a mean ± SD of
Control
–
133.4* 136.6*
–
–26.0
64.9*
30 ± 19 mol C:mol N for pooled DIP
DIP
133.4*
–
–86.8
–26.0
–
–244.0
MPn
136.6*
–86.8
–
64.9*
–244.0
–
and MPn treatments. For the remain15
N2 fixation
der of the POOB dataset, where N2 fixControl
–
3.19*
2.00*
–
–0.25
0.23*
ation rates were relatively low, the
DIP
3.19*
–
–0.09
–0.25
–
–7.90
ratio of enhanced C:N fixation exMPn
2.00*
–0.09
–
0.23*
–7.90
–
ceeded 50 mol C:mol N (Fig. 6).
A large range of C:N fixation ratios is
Chlorophyll normalized
13
C fixation
well established for laboratory cultures
Control
–
1670*
1746*
–
1651* 2555*
of diazotrophs and for natural popuDIP
1670*
–
–1182
1651*
–
–1352
lations that can be isolated from the
MPn
1746*
–1182
–
2555*
–1352
–
remainder of the microbial assem15
N2 fixation
blage, e.g. Trichodesmium. Rate deterControl
–
40.8*
25.9*
–
26.8*
25.6*
minations in natural populations of TriDIP
40.8*
–
–1.4
26.8*
–
–50.3
MPn
25.9*
–1.4
–
25.6*
–50.3
–
chodesmium colonies collected from
various locations and in culture experiments with isolated Trichodesmium
strains result in C:N fixation ratios ranging from 2 to
deviations of historical rate measurements for the
133 (Mulholland & Capone 2000, Mulholland & BernNPSG measured at Station ALOHA (Fig. 5A).
Beyond analysis of the difference between treathardt 2005, Mulholland et al. 2006). Using this information, we can assume that observations of enhanced
ments and controls, we also evaluated the difference
C:N fixation ratios well above the upper edge of the
between the microbial response to MPn relative to DIP.
No significant differences were found in either the rate
known range for isolates (133) which coincide with relof C or N2 fixation stimulated by these exogenous P
atively low N2 fixation rates represents a minimal conadditions within either cruise (Table 3). These data
tribution from diazotrophs (i.e. high C:N fixation drisuggest that within a single photoperiod, MPn and DIP
ven by enhanced C fixation relative to N). In other
contributed equally to the observed stimulation of N2
words, we have conservatively assumed that if C:N fixand C fixation.
ation ratios exceed 133 then non-diazotrophic C fixaThe measured ratio of C fixation to N2 fixation was
tion must have been stimulated by P additions. By this
also calculated in order to assess the relative contribuproxy, there were several stations encountered during
tion of diazotrophs to total C production. Molar C:N
POOB (2–3, 14–15) where enhanced C fixation rates
fixation ratios (Fig. 6) were calculated as the absolute
cannot be fully explained by diazotrophy as C:N fixadifference of C fixation rates (treatment less control)
tion ratios exceeded 133 (Fig. 6). Conversely, diadivided by the absolute difference of N2 fixation rates
zotrophs may have been responsible for a significant
(treatment less control). In the paired MPn and DIP
complement of C and N fixation during OPEREX at all
treatments (n = 6 pairs) conducted during the OPEREX
stations other than Stn 36.
cruise, the ratio of C:N fixation ranged from undetectable to 47 mol C:mol N for MPn treatments and
13 to 59 mol C:mol N for DIP treatments. One station
DISCUSSION
(the 45 m sample at Stn 36) exhibited order of magnitude increases in enhanced C:N fixation ratios (345
Variability in volumetric N fixation rates in nature is
and 291 mol C:mol N for MPn and DIP treatments,
fundamentally driven by changes in either cell specific
respectively) driven by low rates of N2 fixation at this
growth rates, diazotrophic biomass, or both. The
depth relative to enhanced C fixation (Fig. 6). Within
diverse assemblage of microbes having the capacity to
the POOB dataset for the frontal region of the NPSG,
fix N2 in the upper ocean exhibit a wide range of cell-
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euphotic zone (33–65 m, Fig. 3). Visual observations of surface slicks and size-fractionated
rate measurements indicate that transects
along the more central NPSG region near the
Hawaiian islands (SST ~26°C) sampled in
August 2008 were conversely dominated by
large colony-forming Trichodesmium spp. The
salient differences in the size and physiology of
each of these diazotrophic phylotypes suggests
that they may differentially affect primary productivity, N2 fixation, elemental cycles and the
fate of organic matter in the surface ocean.
While we do not have any reliable means to
assess total number of N2 fixing cells and thus
normalize rate measurements to diazotrophic
biomass, our results indicate that at the time of
our sampling the warmer central NPSG supported a higher mean rate of N2 and C fixation
than the cooler boundary waters to the north
(Figs. 4 & 5). Moreover, enhanced C and N2
fixation was observed in association with
mesoscale features (Fig. 2), a finding that is
consistent with previous studies and likely
reflects either physical aggregation of diazotrophic cells or injections (advection or
upwelling) of limiting nutrients to the surface
mixed layer (Davis & McGillicuddy 2006, Fong
et al. 2008, Church et al. 2009). The significant
enhancement of N fixation rates observed in
the P amended treatments, the strong correlation between enhanced rates and chl a concentrations and the large (> 60%) contribution of
the >10 µm size fraction of the microbial
Fig. 6. Mean molar C:N fixation ratios of the enhanced production cal- assemblage to bulk N fixation all seem to con2
culated as DIP and MPn rates less controls for the (A) upper 5 m, (B)
firm the relevance of Trichodesmium as a
20–25 m and (C) 40–45 m depth horizons. Station and depth with no data
correspond to instances when samples were not collected at a specific major component of the diazotrophic assemblage in these mesoscale features at the time of
depth range. Error bars represent standard deviations
this study.
Beyond observation of the variability of diaspecific rates of N2 fixation (Goebel et al. 2008) so that
zotrophic diversity in the NPSG, a central objective of
the absolute rate of N2-fixation measured at any one
this research was to determine if the variability of
time and location is partially a reflection of community
ambient N2 and C fixation in this region was a consestructure and the combined physiological state of the
quence of differential P resource limitation. To examdiazotrophic assemblage. In the open ocean, 3 major
ine whether P concentrations limited the metabolic
classes of diazotrophs have been identified to date: (1)
activity of natural populations of diazotrophs, we conspecies of the non-heterocystous, filamentous cyanoducted a series of P amendment experiments over a
bacterium Trichodesmium, (2) heterocystous cyanospatially extensive area of the NPSG. In contrast to
bacteria including those known to exist as symbionts
previous experiments in oligotrophic surface waters,
with select genera of oceanic diatom species, and (3)
which focused on DIP (and/or Fe) additions (e.g. Mills
groups of small unicellular diazotrophs (Zehr & Ward
et al. 2004, Rees et al. 2006, Grabowski et al. 2008), we
2002, Church et al. 2008). At the time of this study our
also sought to investigate the response of N2 and C fixobservations suggest that surface waters (< 20 m) of the
ation rates to the addition of a presumably bioavailable
northern edge of the NPSG (SST ~22°C) were coDOP compound, MPn, relative to the response to DIP
dominated by UCYN-A and heterocystous Richelia
additions. MPn was selected as a test compound since
with UCYN-A becoming more abundant in the midit is known to be readily utilized by the diazotroph Tri-
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chodesmium (Karl et al. 2008, White et al. 2010) and
phosphonate hydrolysis pathways are considered to
provide a competitive advantage in low P environments (Dyhrman et al. 2007, Quinn et al. 2007) such as
the NPSG. Relatively high doses of P (5 µmol l–1) were
added to ensure that saturating but not inhibitory levels of nutrient enrichment were achieved. The single
most salient finding of these experiments was that both
MPn and DIP stimulated statistically similar C and N2
fixation rates over a single photoperiod (Table 3). This
result suggests that both compounds can support primary productivity and diazotrophy with similar efficiency when added in excess. Equivalent enhancements of productivity via MPn or DIP additions may at
first seem at odds with the prevailing perception of DIP
as more bioavailable than DOP (Cembella et al. 1982).
However, DOP uptake is contingent upon the presence
of enzymes capable of cleaving the C–P linkage in
MPn enzymes which have been documented in this
region (Karl et al. 2008). Moreover, laboratory experiments have shown that for at least the diazotroph Trichodesmium, C and N based growth rates are statistically similar when P is supplied as P monoesters,
phosphonates or DIP (White et al. 2010). White et al.
(2010) have hypothesized that this finding is a reflection of energy-replete growth. In sum, we would suggest that enhanced growth in response to either MPn
or DIP is consistent with an energy replete, P stressed
diazotrophic assemblage poised to rapidly cleave P
from organic moieties, and hence the availability of
both DIP and DOP may regulate primary production
and N2 fixation on daily time-scales in this ecosystem.
Several other investigators have examined the role
of P as a regulator of N2 fixation in the subtropical
gyres. Grabowski et al. (2008) conducted a series of
manipulation experiments (+DIP, +Fe, +DIP and Fe) in
May 2004 to March 2005 at Station ALOHA in the
NPSG, the time-series station of the HOT program. In
their study, the addition of 160 to 320 nmol l–1 P and/or
20 nmol l–1 Fe followed by a 24 h incubation period
resulted in significant variability in the relative
response of N2 fixation rates to nutrient amendments,
ranging from insignificant changes in N2 fixation to a
near doubling of rates in response to Fe, to DIP, and to
dual amendments. Heterogeneity of the microbial
response to nutrient amendments was also observed in
the North Atlantic where Mills et al. (2004) observed a
doubling of N2 fixation rates at one site in response to
both P and Fe additions, while 2 other sites sampled
did not differ from unamended controls. In contrast, in
our experiments we observed consistently enhanced
N2 fixation in response to large P dosages (DIP and
MPn) at nearly all stations along a broad expanse of
the NPSG (Table 1). The uniformity of this result may
be related to a dose-response relationship, i.e. P addi-

27

tion levels were sufficient to result in maximal uptake
rates. Combining our results with previous studies provides additional support for the hypothesis that P availability can restrict rates of N2 fixation in the NPSG.
The finding that the availability of P can regulate N2
fixation does not necessarily imply that the full microbial community is P limited. In fact, P restriction of new
N inputs via N2 fixation may contribute to proximate N
limitation of the remaining microbial consortia. Addition experiments such as those conducted in this
research provide a snapshot of the bulk nutritional status of resident microbial populations. Results based on
short-term experiments must be interpreted in the context of the variability in microbial physiology and
resource-based competition. As such, the nutritional
status of a diverse community would be regulated by
small and often undetectable fluctuations in nutrient
input and consumption rates as well as the competitive
interactions of the microorganisms (Tilman 1982). Different constituents of the microbial assemblage are
probably limited by different inorganic or organic
nutrients at any given point in time. The enhancement
of metabolic activity in a fraction of the microbial
assemblage due to the sudden excess availability of a
single particular nutrient can have a cascading effect,
providing other needed resources to the remaining
microbial assemblage (Van Mooy & Devol 2008, Bonnet et al. 2010). Although a cascading effect may be
difficult to detect over a 24 h incubation, previous
experiments in these waters suggest that C fixation by
picophotoautotrophs is rapidly enhanced when incubated in the presence of Trichodesmium filaments
(Letelier & Karl 1998).
This cascading effect can help explain why MPn and
DIP additions led to stimulation of C fixation rates in
excess of those that could be attributed to diazotrophic
activity (C:N fixation ratios >>100) at 1 station during
OPEREX and at several stations during POOB (Table 1,
Fig. 6). The apparent uncoupling of C and N2 fixation
at these locations may reflect bulk community P limitation or diazotroph-mediated production of bioavailable
nitrogen (DIN or DON) which stimulated plankton
community growth or both. Additionally, a recent
study suggests that the conventional 15N2 tracer
method used herein may underestimate N2 fixation
rates (Mohr et al. 2010). If this is the case for our study,
then our findings would suggest that P restricted
growth of only diazotrophs rather than exerting a community-wide limitation of other photoautotrophs. We
have used a relatively high ratio of C:N fixation (133)
as an upper bound for ratios characteristic of diazotrophs and since this ratio was derived using the
same methodology as employed in our own study (15N2
and 13C tracer approaches), we believe that N2 fixation
alone cannot uniformly account for the full comple-
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ment of enhanced C fixation across our study region. P
appears to have stimulated some portion of the nondiazotrophic microbial consortia in a subset of our sampling region, particularly within POOB stations (Fig. 6)
and may thus imply a more taxonomically extensive P
limitation along the edges of the NPSG where diazotroph abundances were dominated by unicellular
cyanobacteria. In order to fully unravel the underlying
mechanisms for uncoupling of C and N2 fixation a rigorous examination of the fate of fixed N2 in natural
populations is necessary.
Despite our observations of P restricted N2 fixation,
our results alone cannot define the temporal persistence of P limitation in this region. To examine the
scale of diazotrophic P limitation in the NPSG, we have
compared our results to the historical record of diazotrophy available via the Hawaii Ocean Time-series.
The majority of N2 fixation rates achieved by either
MPn or DIP additions fell within the range of rates
measured in the NPSG (Fig. 5, median enhancements
for each cruise are within 95% confidence intervals for
HOT data). These results indicate that P limitation may
be a transitory occurrence in this region; i.e. P may be
only one of several factors regulating N2 fixation in the
NPSG over seasonal and interannual time scales.
Other resources such as Fe as well as food web dynamics (e.g. predation, lysis) and physical aggregation of
diazotrophic biomass by mesoscale forcing also likely
constrain diazotroph biomass and rates of N2 fixation in
this region. It is also entirely likely that there is no
single limiting factor driving the large variability
observed for both N2 fixation rates and the abundance
of N2 fixing organisms in this region (Dore et al. 2008,
Church et al. 2009). In this context, studies detailing
the similarities and differences in the controls of biomass and productivity of the major classes of diazotrophs are still missing. In summary, results of these
P amendment experiments demonstrated that the productivity of diazotrophic communities was restricted
by bioavailable P over a broad geographical expanse
of the NPSG under typical summer conditions. While
we do not yet have a mechanistic model for constraining the observed variability of oceanic N2 fixation, the
data presented here indicate that the physical and biological processes that regulate P availability play an
important role in the regulation of C and N fluxes in
the NPSG.
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