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INTRODUCTION

A central goal in studies of ocean carbon cycling is to
understand how plankton growth influences ecosys-
tem productivity and elemental cycles. In oligotrophic
ocean gyres, diverse assemblages of picoplankton
(≤2 µm in diameter) comprise a dominant (>70%)
fraction of total plankton biomass (Li et al. 1983, 1992,
Fuhrman et al. 1989, Caron et al. 1995, Gasol et al.
1997, Zubkov et al. 2000, Laws 2003). These

picoplankton assemblages constitute important link-
ages in microbial food webs, and are responsible for a
majority of carbon metabolism, nutrient regeneration,
and energy flow in open ocean ecosystems (Pomeroy
1974, Azam et al. 1983, Ducklow 1983, Goldman 1988).

Since 1988, the ‘Hawaii Ocean Time-series’ (HOT)
program has monitored biological, chemical, and
physical oceanographic conditions in the subtropical
North Pacific Ocean at Stn ALOHA (22° 45’ N, 158° W)
for the purposes of characterizing and understanding
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ABSTRACT: Heterotrophic microbial production is a fundamental determinant in the flow of bio-
elements and energy within the pelagic ecosystems of the open ocean. To characterize the temporal
dynamics in rates of heterotrophic picoplankton production (HPP), we examined vertical profiles of
3H-leucine (3H-leu) and [methyl-3H]-thymidine (3H-TdR) incorporation at Stn ALOHA (22° 45’ N,
158° W) in the oligotrophic North Pacific Ocean. Euphotic zone rates of 3H-leu and 3H-TdR incorpo-
ration were measured in situ under light and dark conditions on cruises to Stn ALOHA between April
2000 and August 2005. Rates of 3H-leu and 3H-TdR incorporation were elevated in the well-lit upper
euphotic zone (<75 m) and declined with increasing depth. In the mid-euphotic zone (75 to 125 m),
where average PAR fluxes declined to 0.6–5% of the surface irradiance, rates of 3H-leu were signif-
icantly greater when samples were incubated at in situ light levels (3H-leulight) than paired in situ
incubations kept in the dark (3H-leudark) (1-way ANOVA, p < 0.05). Average rates of photostimulated
3H-leu (ΔLeu = 3H-leulight–3H-leudark) in the upper 125 m varied between 4.2 and 11 pmol l–1 h–1, with
ΔLeu approximately equal in magnitude to rates of 3H-leudark between 75 and 125 m. In contrast, rates
of 3H-TdR did not display a similar sunlight enhancement, with rates of 3H-TdRlight and 3H-TdRdark not
significantly different (1-way ANOVA, p > 0.05). Both 3H-leu and 3H-TdR displayed similar temporal
variability, but neither proxy for HPP was correlated to measured rates of primary production. These
observations provide the first examination of the temporal dynamics in HPP at Stn ALOHA, and lend
insight into the potential importance of photoheterotrophic growth by Prochlorococcus spp. Although
organic matter utilization by Prochlorococcus spp. has been documented previously, this is the first
study to evaluate their potential role in secondary production of the oceanic ecosystem.
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the processes controlling ocean carbon cycling over
time scales ranging from seasonal to decadal. The use
of time series measurements to constrain rates of
plankton production at both Stn ALOHA and the
‘Bermuda Atlantic Time-series Study’ (BATS) have
increased our understanding of ecosystem variability
in open ocean ecosystems (Michaels et al. 1994, Carl-
son & Ducklow 1996, Karl et al. 1996, Letelier et al.
1996). At Stn ALOHA, photoautotrophic biomass
(chlorophyll a [chl a]) is low (<1 mg m–3) and photoau-
totrophic carbon fixation can be measured as deep as
125 m (Letelier et al. 1996). Despite considerable
efforts to understand temporal variability in photoau-
totrophic production at Stn ALOHA, the data needed
to assess the variability in heterotrophic activity are
still limited (Church et al. 2004, Williams et al. 2004).

Several methods have been developed and applied
for measuring heterotrophic production in the marine
environment; two of the most commonly used tech-
niques are incorporation of [methyl-3H]-thymidine (3H-
TdR) and 3H-leucine (3H-leu) into picoplankton bio-
mass. Application of either method requires incubating
natural plankton populations with the radiolabeled
nucleoside or amino acid and determining the rate of
precursor incorporation into DNA (3H-TdR) or protein
(3H-leu). Typically, both of these assays of heterotro-
phic production are conducted in darkened incubation
vessels to separate heterotrophic and autotrophic
metabolisms; however, the recent discoveries of novel
bacterial phototrophic physiologies suggest that
diverse groups of marine bacterioplankton might
depend on or subsidize their metabolic energy re-
quirements using sunlight (Béjà et al. 2000, 2001, 2002,
Kolber et al. 2000, 2001).

In a previous study at Stn ALOHA, we observed that
picoplankton incorporation of 3H-leu demonstrated a
response to irradiance (Church et al. 2004). We attrib-
uted the enhancement of 3H-leu incorporation by irra-
diance to heterotrophic assimilation of 3H-leu by
Prochlorococcus spp. Because photoautotrophic bio-
mass at Stn ALOHA is dominated by Prochlorococcus
spp., facultative heterotrophy by oxytrophic prokary-
otes has the potential to complicate interpretation of
heterotrophic productivity assays in this region. In the
present study, we further examine time-dependent
changes in rates of 3H-leu and 3H-TdR to assess the
processes that control heterotrophic production at Stn
ALOHA. The objectives of this work were to evaluate
the temporal dynamics of 3H-leu and 3H-TdR incorpo-
ration at Stn ALOHA, and to determine whether time-
dependent variability in 3H-leu and 3H-TdR incorpora-
tion is attributable to some environmental parameter
monitored by the HOT program. In addition, we exam-
ined whether rates of 3H-TdR demonstrate a photo-
response similar to rates of 3H-leu incorporation.

MATERIALS AND METHODS

Study site and sampling. Depth profiles of 3H-leu
and 3H-TdR incorporation were conducted at Stn
ALOHA using in situ incubation methods. Incorpora-
tion of 3H-leu was measured on 15 cruises between
April 2000 and August 2005, and rates of 3H-TdR incor-
poration were measured on 7 cruises between May
2002 and August 2005 (see Table 1). Water samples for
determination of 3H-leu and 3H-TdR incorporation
were collected into polyvinyl chloride bottles at 8
depths (5, 25, 45, 75, 100, 125, 150, 175 m) using a con-
ductivity–temperature–depth (CTD) rosette sampler.
At the beginning of each experiment, whole seawater
was collected into acid-cleaned 40 ml polycarbonate
centrifuge tubes and inoculated with 20 nmol l–1 final
concentration of 3H-leu (working solution 7.5 to 9.0 Ci
mmol–1; New England Nuclear, NEN460A) or 20 nmol
l–1 3H-TdR (68 Ci mmol–1, MP Biomedical). These con-
centrations of 3H-leu and 3H-TdR were empirically
determined to achieve rate saturation in upper ocean
incubations in May 2002. 

Rates of 3H-leu and 3H-TdR incorporation were
determined from paired light (3H-leulight and 3H-
TdRlight) and dark (3H-leudark and 3H-TdRdark) in situ
incubations. For each depth, triplicate light and dark
incubation treatments, as well as 1 Time zero sample
were prepared. Time zero treatments were immedi-
ately filtered onto 25 mm diameter, 0.2 µm porosity,
mixed cellulose ester filters (Millipore GS) and stored
frozen in glass Vacutainers (Beckman-Dickson) until
processing in the shore-based laboratory. Subsequent
processing of Time zero filters was identical to process-
ing of samples (described below).

3H-leu and 3H-TdR assays were incubated alongside
14C-primary production (14C-PP) assays on a free-float-
ing in situ array. The inoculated 40 ml polycarbonate
tubes were attached to a surface tethered array; tripli-
cate dark treatments were placed in opaque cloth bags
and also attached to the array at the appropriate depth;
both temperature and pressure in the light and dark
treatments were identical. Samples were incubated
from dawn to dusk (mean duration = 12.5 h, range 11.5
to 13.5 h). To terminate incubations, samples were fil-
tered under subdued light onto 0.2 µm mixed cellulose
ester filters (Kirchman et al. 1985, Kirchman 2001) and
rinsed 3 times with ice-cold 5% trichloroacetic acid
(TCA) and 3 times with ice-cold 80% ethanol (EtOH)
(Ducklow et al. 1992), or stored frozen in glass Vacu-
tainers for processing in the laboratory.

Separation of protein and nucleic acids. Samples
from 5 of the cruises were processed following a modi-
fication of the Schmidt-Thannhauser procedure as de-
scribed in Karl (1982). This procedure was designed to
separate the cold TCA insoluble materials into

42



Church et al.: Dynamics in photoheterotrophic production

DNA and protein subfractions. Briefly, the modified
Schmidt-Thannhauser procedure involved an initial
solubilization of the filters in an ice-cold slurry contain-
ing 5 ml of 90% ice-cold acetone, 2 mg ml–1 RNA,
DNA, and protein (as bovine serum albumin), and
10 mg diatomaceous earth as a centrifugation aid.
Samples were spun in a refrigerated (2°C), bench-top
centrifuge at 1500 × g for 10 min, the supernatants
were removed, and the pellets were washed with 5 ml
of ice-cold 5% TCA. Pellets were vortex mixed and
this process was repeated 3 times with 5% TCA, and 3
times with ice-cold 95% EtOH. After the third EtOH
rinse, samples were dried, and the pellets were resus-
pended in 2 ml of 5% TCA and boiled for 30 min to hy-
drolyze nucleic acids. The pellet was centrifuged and a
0.5 ml subsample of the TCA supernatant was re-
moved and counted by liquid scintillation for determi-
nation of the activity of 3H-label incorporated into
planktonic DNA. The remaining TCA supernatant was
aspirated, and the pellet rinsed an additional 2 times
with 95% EtOH, discarding the supernatant after each
rinse. The pellet was then dried and 2 ml of 1 mol l–1

NaOH were added to each sample. Samples were in-
cubated at 37°C for 18 h after which the tubes were
centrifuged and base solubilized proteins were re-
moved from each tube and placed in scintillation vials
for radioactivity counts on either a Packard Tri-Carb
4640 or a Packard Tri Carb 2770 TR/SL liquid scintilla-
tion counter (Packard Instruments) using external
quench standards and luminescence correction.

Photoautotrophic production, chl a, and picoplank-
ton abundances. Estimates of euphotic zone primary
production were based on depth profiles of photosyn-
thetic assimilation of H14CO3

– as described in Letelier
et al. (1996). Briefly, triplicate 500 ml polycarbonate
incubation bottles were filled from 6 depths (5, 25, 45,
75, 100, 125 m) directly from the CTD rosette sampling
bottles. Each incubation bottle was carried into a radi-
ation van, and under subdued light 0.05 to 0.1 µCi ml–1

(final activity) of NaH14CO3 was added to each bottle.
The triplicate bottles were incubated from dusk to
dawn on the same in situ array used for the 3H-leu and
3H-TdR assays. At the end of the daylight period, the
array was recovered and incubation bottles were
transferred to the radiation van for processing. To
determine the total 14C activity added to each incuba-
tion bottle, 200 µl of seawater was withdrawn from
each bottle and placed in a scintillation vial containing
500 µl of β-phenylethylamine (Sigma-Aldrich). The
remaining sample volume was filtered onto 25 mm
GF/F (Whatman) and frozen until analyses in the labo-
ratory. In the shore based laboratory, filters were
acidified with 1 ml of 2 mol l–1 HCl and vented for 24 h
to remove 14C-HCO3

–, followed by addition of 10 ml
Aquasol II scintillation cocktail. Radioactivity was

counted using a liquid scintillation counter. Photosyn-
thetic rates were calculated using measured total inor-
ganic carbon concentrations to derive the isotopic dilu-
tion of the H14CO3

– into seawater inorganic carbon
pools.

Fluorometric determinations of chl a followed the
protocol described by Letelier et al. (1996); briefly,
125 ml seawater samples were collected in amber
polyethylene bottles from the same hydrocasts as the
productivity assays, and plankton biomass was con-
centrated by vacuum filtration onto 25 mm diameter
GF/F filters (Whatman). Filters were extracted in ice-
cold 100% acetone, stored at –20°C in the dark for 7 d,
and chlorophyll concentrations were determined using
a Turner Model AU-10 fluorometer.

Picoplankton cell abundances were determined
based on flow cytometry analyses using methods
described in Campbell & Vaulot (1993). Seawater sam-
ples collected from the same hydrocasts as the produc-
tivity assays were placed in 1 ml Cryovials (Corning)
containing 0.02 ml of 10% paraformaldehyde, quick
frozen in liquid nitrogen, and stored at –80°C until
analyzed. Samples were thawed and stained for 2 h
with the DNA fluorochrome Hoechst 33342 prior to
analysis (Monger & Landry 1993). Abundances of
Prochlorococcus spp., Synechococcus spp., and non-
chlorophyll containing picoplankton (heterotrophic
Bacteria and Archaea) were determined using a Coul-
ter EPICS or a Beckman-Coulter Epics ALTRA dual
laser (1 W 488 nm and 225 mW UV) flow cytometer.
Data on forward-angle light scatter, side scatter, red
fluorescence, orange fluorescence, and blue fluores-
cence were collected, and particle optical properties
were converted to cell abundances using the software
CYTOPC (Vaulot 1989). 

Light measurements. Measurements of photosyn-
thetically available radiation (PAR) to the surface
ocean were determined on the same days that the pro-
ductivity assays were conducted using a shipboard LI-
COR (LI-200) pyranometer. Surface light fluxes were
binned into 10 min intervals and integrated over the
photoperiod. The depth of distribution of light attenua-
tion in the euphotic zone was determined from vertical
profiles of downwelling irradiance using a Biospheri-
cal Instruments Profiling Reflectance Radiometer
(PRR) as described in Letelier et al. (2004).

Statistical analyses. One-way analysis of variance
(ANOVA) was used to determine statistical differences
between the light and dark 3H-leu and 3H-TdR assays.
To evaluate the influence of irradiance on 3H-leu incor-
poration in the upper ocean, the ΔLeu (3H-leulight–3H-
leudark) incorporation rates were fitted by least-squares
linear regression to the photosynthetic model of Platt &
Jassby (1976). Parameterization of optimal rates of
ΔLeu (ΔLeuopt) and the irradiance required to saturate
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ΔLeu (Ek) were derived as described in Sakshaug et al.
(1997). Model II least squares regression analyses were
used to identify potential relationships between depth-
integrated picoplankton abundances, light, 14C-PP,
and rates of 3H-leu and 3H-TdR. Statistical differences
for all tests were evaluated at the p < 0.05 level.

RESULTS

Physical environment: temperature, mixing,
and light

Samples for this study were collected on 15 separate
HOT cruises spanning more than a 5 yr period (2000 to
2005). On those cruises where 3H-leu and 3H-TdR rates
were measured, mixed layer depths (based on the
0.125 density criterion of Monterey & Levitus (1997)
ranged between 22 and 89 m (Table 1). Upper ocean
mixing displayed moderate seasonality typical of Stn
ALOHA (Karl & Lukas 1996), with deepest mixing
(~80 m) during the winter months and shoaling (21 to
60 m) of the mixed layer in the summer and late spring
(Table 1). Surface PAR varied by more than a factor of
2 (17.1 to 58.7 mol quanta m–2 d–1), consistent with the
climatological variance in surface irradiance at Stn
ALOHA (Letelier et al. 2004). The depth of the isopleth
corresponding to 1% surface PAR varied between 84
and 119 m, consistently exceeding the depth of the sur-
face mixed layer (Table 1).

Picoplankton, chl a, and rates of primary production

Picoplankton abundances (defined as non-pigmen-
ted prokaryotes, Prochlorococcus spp., Synechococcus
spp., and picoeukaryotes) were typical of the climato-
logical distributions and abundances at Stn ALOHA
(Fig. 1). Non-pigmented picoplankton were most
abundant in the upper ocean, with cell concentrations
averaging ~4 × 105 cells ml1 (Fig. 1A), and declined
below the 0.1% surface PAR isopleth. Prochlorococcus
spp. abundance was relatively constant in the upper
euphotic zone (averaging 1.3 × 105 cells ml–1), and
declined sharply below the 0.1% surface PAR isopleth
(Fig. 1B). Synechococcus spp. abundance was also rel-
atively constant in the upper euphotic zone (averaging
1.3 × 103 cells ml–1), with abundances declining
beneath the 0.1% surface PAR isopleth (Fig. 1C).
Depth-integrated abundances of Prochlorococcus spp.
and non-pigmented picoplankton both varied approxi-
mately 3-fold during this study, while Synechococcus
spp. abundances varied ~7-fold (Table 1). 

Concentrations and distributions of chl a appeared
typical of the climatology measured at Stn ALOHA,
with relatively low concentrations of chl a in the sur-
face waters (averaging 0.09 µg chl a l–1), increasing to
maximum concentrations near the depth of the 1% sur-
face PAR isopleth (Fig. 2A). On one cruise (June 2000),
chl a in the top 25 m of the euphotic zone reached con-
centrations of 0.47 µg chl a l–1, more than 4 times
greater than at any other sampling during this study.

Coincident with this large increase in
near surface chl a, PAR attenuation
during the June 2000 cruise also
increased, resulting in the shallowest
euphotic zone (84 m) on record at Stn
ALOHA (Table 1). Temporal dynamics
in depth-integrated inventories of chl
a varied approximately 2-fold during
this study, also consistent with the cli-
matological variations in chl a at Stn
ALOHA (Fig. 2B).

With one notable exception re-
corded in June 2000, rates of 14C-PP
during this study were typical of the
time series climatology at Stn ALOHA.
Daytime rates of 14C-PP (including the
June 2000 sampling) ranged from 22 to
191 nmol C l–1 h–1 in the top 45 m of the
euphotic zone, and from 0.5 to 33 nmol
C l–1 h–1 in the lower euphotic zone (75
to 125 m) (Fig. 2C). Coincident with the
large increase in chl a in June 2000,
rates of 14C-PP at 5 and 25 m were 2.9
and and 3.3 times greater than the
time-averaged climatological rates at
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Date MLD Surface PAR 1% Non-pig Pro Syn Peuks
sampled (m) (mol quanta PAR (1011 cells m–2)

m–2 d–1) (m)

Apr 2000 52 50.2 95 709 193 3.1 2.1
May 2000 31 46.3 118 788 278 1.3 1.5
Jun 2000 29 58.7 84 859 365 1.1 1.4
Aug 2000 62 49.4 108 639 166 1.2 1.0
Oct 2000 70 30.6 107 294 129 0.69 0.70
Mar 2001 59 43.1 119 250 210 2.8 1.2
Feb 2002 89 37.1 104 366 112 1.5 1.6
Mar 2002 87 44.7 114 782 193 4.6 2.8
May 2002 22 51.9 116 284 154 1.3 1.3
Oct 2004 55 24.9 104 640 194 1.4 1.8
Nov 2004 35 24.3 95 615 148 1.1 1.7
Dec 2004 85 17.1 98 580 174 2.2 2.8
May 2005 40 46.5 113 774 72 1.9 1.6
Jul 2005 47 56.0 nd nd nd nd nd
Aug 2005 50 51.6 110 nd nd nd nd

Table 1. Upper ocean properties and depth integrated (0 to 175 m) picoplankton
abundances at Stn ALOHA. Integrated surface PAR measured using LICOR 200
pyranometer and integrated over daylight period; mixed layer depth (MLD)
calculated based on 0.125 potential density criterion (Monterey & Levitus 1997).
Non-pig = non-pigmented picoplankton (including Bacteria and Archaea);
Pro = Prochlorococcus spp.;  Syn = Synechococcus; Peuks = picoeukaryotes;

nd = no data available
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these depths, respectively (Fig. 2C). Overall, depth-
integrated rates of 14C-PP varied approximately 4-fold
during this study (1.91 to 8.22 mmol C m–2 h–1), with
14C-PP averaging 4.1 ± 1.8 mmol C m–2 h1, and peak
rates observed in June 2000 when the depth-integrated
rate of 14C-PP was 85% greater than 14C-PP measured
during the remaining part of this study (Fig. 2D).

Rates of 3H-leu and 3H-TdR incorporation 

The activity (disintegrations min–1) of the Time zero
blanks measured for each 3H-leu and 3H-TdR assay
were always lower than the activity measured in the
incubated samples. The ratio of the activity of the Time
zero blanks relative to samples ranged between 0.01
and 0.28 (mean = 0.04 ± 0.05), with the Time zero
blanks typically greater in the upper euphotic zone
and decreasing with increasing depth, consistent with
the general trend in sample activity. Daytime rates of
3H-leu incorporation were elevated throughout the
well-lit portion of the upper euphotic zone and gener-
ally declined with increasing depth (Fig. 3A,B). Rates
of 3H-leulight in the upper 75 m averaged 29 pmol l–1

h–1, and in the lower euphotic zone (>100 m) ranged
between 2 and 18 pmol l–1 h–1 (Fig. 3A). Rates of 3H-
leudark demonstrated temporal and vertical variability
similar to 3H-leulight, averaging 20 pmol l–1 h–1 in the

upper 75 m and declining to 2–9 pmol l–1 h–1 in the
deep euphotic zone (Fig. 3B).

One of the most notable features of the vertical pro-
files of 3H-leu incorporation was the photostimulatory
response observed throughout the mid-euphotic zone
(45 to 125 m). Between 45 and 125 m, the average rates
of 3H-leulight were significantly greater (ANOVA, p <
0.05) than 3H-leudark. In this region of the mid-euphotic
zone, daily PAR fluxes averaged between 0.21 and
6 mol quanta m–2 d–1 (equivalent to 0.6–5% of the sur-
face PAR irradiance) (Fig. 4A). The resulting ratio of
3H-leulight:3H-leudark averaged 1.3 ± 0.2 in the upper
25 m of the euphotic zone, increasing to 1.7 ± 0.2
between 45 and 125 m (Fig. 3C). The resulting depth-
integrated (0 to 175 m) rates of 3H-leulight varied
approximately 5-fold (ranging from 1234 to 6186 nmol
3H-leu m–2 h–1) during this study, while areal rates
of 3H-leudark varied ~4-fold (ranging from 864 to
3427 nmol 3H-leu m–2 h–1) (Fig. 5A).

Average rates of the photostimulated component of
3H-leu incorporation (ΔLeu = 3H-leulight–3H-leudark)
were not significantly different (1-way ANOVA, p >
0.05) in the upper 100 m of the water despite large
depth-dependent changes in irradiance (average PAR
fluxes varied by 0.69 to 34 mol quanta m–2 d–1) (Fig. 5A).
Below the upper 100 m, ΔLeu rates declined with de-
creasing irradiance (Fig. 4A). Rates of ΔLeu saturated at
light fluxes greater than ~0.6 mol quanta m–2 d–1. The
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relative stimulation in rates of 3H-leu incorporation
due to sunlight ([3H-leulight–3H-leudark]/3H-leudark) was
greatest in the mid-euphotic zone, where rates of ΔLeu
were approximately equivalent to 3H-leudark (Fig. 4A).
In the lower euphotic zone, rates of 14C-PP demon-
strated light-dependent patterns similar to those of
ΔLeu, with 14C-PP increasing with irradiance. However,
in contrast to rates of ΔLeu, rates of 14C-PP in the upper
euphotic zone continued to increase with increasing
irradiance, saturating above an average light intensity
of ~14 mol quanta m–2 d–1 (Fig. 4B).

The relationships between in situ rates of ΔLeu and
downwelling PAR fluxes were evaluated based on the
model of Platt & Jassby (1976) describing photosynthe-
sis as a function of irradiance (Table 2). The initial
slope (α) of the relationship between in situ ΔLeu and
irradiance varied more than 10-fold among the cruises
(Table 2), while optimal rates of the ΔLeu incorporation
derived from the parameterization of the vertical pro-
files of ΔLeu and irradiance (ΔLeuopt) ranged more than
10-fold (1.4 to 34 pmol l–1 h1) (Table 2). These derived
rates of ΔLeuopt corresponded to depths varying
between 22 and 113 m, and PAR fluxes between 0.34
and 6.2 mol quanta m–2 d–1 (Table 2). 

In contrast to the observed photostimulation of 3H-
leu, rates of 3H-TdR incorporation did not reveal a con-
sistent response to sunlight. Rates of 3H-TdR incorpo-
ration were elevated in the upper 75 m and typically
declined with increasing depth (Fig. 6). Rates of 3H-
TdRlight in the upper portion of the euphotic zone
(<75 m) ranged from 0.12 to 2.5 pmol TdR l–1 h–1, while
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paired rates of TdRdark ranged between 0.09 and
3.4 pmol TdR l–1 h–1 (Fig. 6A). Depth-integrated rates of
3H-TdRlight varied nearly 5-fold, ranging between 49
and 226 nmol TdR m–2 h–1, while TdRdark varied from
52 to 217 nmol TdR m–2 h–1 (Fig. 6B). 

3H-leu and 3H-TdR depth profiles from 5 cruises
(HOT 114, 115, 116, 124, 137) were subjected to a mod-
ified Schmidt-Thannhauser protocol to separate the 3H
label associated with nucleic acids (hot TCA soluble
material) and proteins (base hydrolyzable material).

The majority (>90%) of 3H-leu incor-
porated was retrieved with the base
hydrolyzable cellular material, pre-
sumably reflecting incorporation of
the amino acid into protein. On aver-
age, 6% of the extracted 3H-label was
retrieved with the hot TCA soluble
materials (presumed to be nucleic
acid), while the remaining 94% of the
label appeared to separate with cellu-
lar protein (Table 3). The relative par-
titioning of 3H-leu into the hot TCA
and base hydrolyzable material did
not demonstrate an apparent depen-
dence on sunlight; however, the per-
cent of the 3H label retrieved with the
hot TCA extraction increased with
increasing depth in the euphotic zone.
Below 125 m depth, ~9% of the total
3H-incorporated label was partitioned
into hot TCA soluble cellular subfrac-
tions (Table 3).

Extraction of hot TCA soluble and
base hydrolyzable 3H cellular con-
stituents from the 3H-TdR incubations
revealed that, on average, 49% of the

3H-label was associated with hot TCA soluble cellular
fractions (presumably DNA), while approximately
51% of the 3H label was retrieved with the base
hydrolyzable material (presumably proteins). 3H-TdR
labeling of acid hydrolyzable material demonstrated
dependence on sunlight, with a significantly greater
fraction of the 3H-label retrieved from acid-insoluble
extracts (DNA) when the incubations were conducted
in the dark (3H-TdRdark) relative to samples incubated
in the light (3H-TdRlight) (Table 3).
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Date α (pmol leu l–1 ΔLeuopt Ek Depth Ek
sampled h–1 (mol (pmol leu l–1 (mol quanta (m)

quanta m–2 h–1) m–2 d–1)
d–1)–1)

Apr 2000 5.9 (3.9) 17* (4.2) 0.34 103
May 2000 21 (19) 15* (3.4) 1.4 89
Jun 2000 25 (11) 15* (1.9 1.7 65
Aug 2000 44* (9.2) 34* (1.8) 1.3 85
Oct 2000 18 (14) 18* (3.2) 0.96 80
Mar 2001 14* (3.6) 26* (1.8) 0.55 113
Feb 2002 5.8 (3.7) 9.0* (1.6) 0.64 92
Mar 2002 48 (26) 12* (1.5) 4.0 60
May 2002 9.0 (5.5) 8.0* (1.3) 1.1 97
Oct 2004 4.0 (2.0) 1.4* (0.21) 2.8 49
Nov 2004 27 (19) 5.6* (0.93) 4.8 33
Dec 2004 56 (24) 9.0* (0.89) 6.2 22
May 2005 27 (20) 5.6* (1.0) 4.8 56
Jul 2005 15 (6.4) 5.4* (0.63) 2.7 72
Aug 2005 25 (11) 6.8* (0.73) 3.6 63
Mean 27* (7.8) 9.2* (0.64) 2.9 61

Table 2. Photophysiological parameters describing response of photostimulated
3H-leucine incorporation (ΔLeu) to irradiance at Stn ALOHA. Values are
regression parameters derived from model of photosynthetic responses to irra-
diance (see ‘Results’ for details), with SE of regression derived parameters
in parentheses. *Statistically significant (p < 0.05) regression derived para-
meter. α: initial slope; ΔLeuopt: optimal rates of ΔLeu; Ek: irradiance required 

to saturate ΔLeu

3H-TdRlight incorporation
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DISCUSSION

To elucidate time- and depth-dependent dynamics
in rates of upper ocean HPP in the subtropical North
Pacific Ocean, we measured rates of 3H-leu and 3H-
TdR incorporation from depth profiles collected at Stn
ALOHA on a series of cruises between April 2000 and
August 2005. To our knowledge, these data represent
the most extensive measurements of HPP in the oligo-
trophic North Pacific Ocean, and provide insight into
the processes controlling variability in heterotrophic
growth in this ecosystem. Moreover, the results of this
study highlight the potentially important role that
sunlight may play in regulating the growth of oblig-
ate and/or facultative heterotrophic picoplankton at
Stn ALOHA.

Using a conversion factor of 1.5 kg C mol–1 3H-leu
incorporated (Kirchman 2001), the implied depth-inte-
grated (0 to 175 m) HPP derived from 3H-leulight and
3H-leudark incorporation rates averaged 0.41 ± 0.19 and
0.27 ± 0.12 mmol C m–2 h–1, which represented 5 to
31% (mean = 12%) and 3 to 17% (mean = 7%) of the
hourly rates of 14C-PP, respectively (note that 14C-PP
determinations do not include rates of DOC release).
Due to the large percentage of non-specifically labeled
acid- and base hydrolyzable material measured in the
3H-TdR incorporation experiments, we did not convert
3H-TdR incorporation rates into carbon production.
Based on the carbon converted rates of 3H-leu, the
implied fraction of 14C-PP that supports obligate and/or
facultative HPP at Stn ALOHA appears to be generally
similar to other open ocean ecosystems (Ducklow &
Carlson 1992). For the seasonally oligotrophic
Bermuda Atlantic Time series Study (BATS) in the Sar-
gasso Sea, Carlson et al. (1996) estimated that 2 to 15%
of the 14C-PP fueled HPP. More recently, in a review on
bacterial biomass and productivity in open ocean

ecosystems including the seasonally oligotrophic Sar-
gasso Sea and the Arabian Sea, Ducklow (1999) esti-
mated HPP was equivalent to 4–26% of 14C-derived
estimates of PP. Recent estimates of gross primary pro-
duction (GPP) at Stn ALOHA suggest the 14C-derived
determinations of production underestimate gross pro-
duction by more than a factor of 2 (Williams et al. 2004,
Juranek & Quay 2005). Such results suggest that
HPP corresponds, on average, to a very small fraction
(<6%) of the total carbon produced by photoau-
totrophic growth, with the vast majority of organic
matter production being respired in the upper ocean.

In a previous study at Stn ALOHA, we described the
response of 3H-leu incorporation to light intensity
(Church et al. 2004). We hypothesized that this
response derived from photoheterotrophic or mixo-
trophic incorporation of the amino acid (leucine) by
phototrophic picoplankton. Recent cultivation-depen-
dent and -independent techniques suggest that
diverse members of the oceanic picoplankton may be
capable of mixotrophic and/or photoheterotrophic
growth. Included among the list of potential
mixotrophic picoplankton are diverse groups of α-, β-,
and γ-proteobacteria that encode the light-driven pro-
ton pump proteorhodopsin (Beja et al. 2000, 2001) aer-
obic anoxygenic phototrophs (Kolber et al. 2000, 2001),
and facultative heterotrophy by cyanobacteria such as
the genera Prochlorococcus and Synechococcus
(Zubkov et al. 2003, 2004, Malmstrom et al. 2005). The
results of the present study, when combined with our
previous findings, confirm the stimulatory nature of
PAR on 3H-leu incorporation throughout the euphotic
zone at Stn ALOHA. However, despite observing
consistent photostimulation of 3H-leu incorporation
(a proxy for picoplankton protein production), rates of
3H-TdR incorporation into DNA did not demonstrate
similar photostimulation. 

49

Depth NA Protein NA Protein NA Protein NA Protein
(m) 3H-leulight

3H-leulight
3H-leudark

3H-leudark
3H-TdRlight

3H-TdRlight
3H-TdRdark

3H-TdRdark

5 4.6 (4.4) 97 (1.8) 4.3 (3.9) 96 (2.3) 40 (6.4) 60 (11) 66 (14) 34 (19)
25 4.8 (4.9) 95 (2.6) 4.5 (2.6) 96 (1.5) 28 (10) 72 (17) 62 (13) 38 (18)
45 5.5 (4.5) 95 (2.4) 6.4 (6.0) 94 (3.5) 37 (11) 63 (19) 57 (7.2) 43 (10)
75 5.4 (3.9) 94 (2.6) 5.8 (4.1) 94 (2.4) 43 (6.4) 57 (11) 58 (4.0) 42 (5.6)
100 5.0 (3.7) 95 (2.5) 5.5 (3.6) 94 (2.1) nd nd nd nd
125 4.8 (2.5) 94 (1.7) 7.3 (5.6) 93 (3.3) 32 (6.5) 68 (11) 66 (15) 34 (21)
150 7.5 (3.9) 94 (1.2) 6.8 (3.4) 93 (2.0) nd nd nd nd
175 5.2 (1.5) 93 (2.3) 8.6 (5.5) 91 (3.1) 33 (7.2) 67 (12) 64 (9.3) 36 (13)

Table 3. Average proportion (%) of 3H-label partitioned into nucleic acid and protein cellular subfractions following incubations
with either 3H-leu or 3H-TdR. Values are average percentage of nucleic acids or proteins extracted from picoplankton cell con-
centrates during 5 separate cruises to Stn ALOHA, with SDs in parentheses. NA = nucleic acid; percent 3H (disintegrations min–1)
extracted with hot 5% TCA hydrolysis from cold 5% TCA and 90% ethanol insoluble cellular material. Protein = percent 3H
(disintegrations min–1) extracted with 1 M NaOH hydrolysis from cold 5% TCA and 90% ethanol insoluble cellular material (see 

‘Methods and methods’ for details). nd = no data
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Although various light-driven processes could link
light energy and HPP, the observation that rates of 
3H-leu incorporation were stimulated by sunlight while
rates of 3H-TdR were not provides additional informa-
tion to help constrain possible causative mechanisms
of the observed photoenhanced heterotrophic produc-
tion. Several of the processes that could link (either
directly or indirectly) HPP to sunlight include tightly
coupled photosynthetic production of labile dissolved
organic matter (DOM) and subsequent heterotrophic
utilization of this DOM, photoheterotrophic and/or
mixotrophic growth by picoplankton, and the photo-
lytic alteration of DOM into biologically labile sub-
strates. If rates of 3H-leu incorporation responded to
sunlight as a result of a rapid coupling between photo-
synthetic production of labile DOM and heterotrophic
production, or if the photostimulation of 3H-leu derived
from photolytic transformation of DOM and sub-
sequent stimulation of heterotrophic growth, we would
have anticipated observing a photostimulatory effect
on both 3H-TdR and 3H-leu incorporation. The differ-
ential effect of sunlight observed in the incorporation
of these molecules suggests that either selected groups
of phototrophic picoplankton incorporate the exoge-
nous leucine without incorporating thymidine, or that
sunlight selectively stimulates the production of pro-
tein without affecting DNA synthesis.

Examination of the recently completed genome
sequences of several marine cyanobacterial isolates
also sheds insight into one of the potential mechanisms
underlying the observed responses in heterotrophic
production to sunlight. Both high-light (MIT9312) and
low-light (SS120, NATL2A, and MIT 9313) adapted
strains of Prochlorococcus spp. encode putative ABC
amino acid transport systems (Dufrense et al. 2003,
Rocap et al. 2003). Similarly, the genome sequences
of the oxyphotobacteria Synechococcus spp. (WH8102)
(Palenik et al. 2003) and Trichodesmium erythraeum
also encode putative amino acid transporters, but none
of these oxyphotobacteria appear to contain genes that
encode nucleoside transporters or thymidine kinases
required to incorporate 3H-TdR into cellular DNA (Jef-
frey & Paul 1990). Consistent with these findings, a
number of studies have concluded that eukaryotic
algae and cyanobacteria appear unable to assimilate
3H-TdR at the nanomolar concentrations typically used
in heterotrophic production assays (Pollard & Moriarty
1984, Bern 1985, Jeffrey & Paul 1990). 

The ability of phototrophic picoplankton to assimi-
late DOM has been demonstrated in both laboratory
cultures and natural field populations (Willey & Water-
bury 1989, Paerl 1991, Kamjunke & Jahnichen 2000,
Zubkov et al. 2003, 2004, Malmstrom et al. 2005).
Using microautoradiography, Paerl (1991) demon-
strated that pigmented picoplankton in oligotrophic

regions of the Caribbean Sea were capable of assimi-
lating a radiolabeled mixture of amino acids. More
recently, Zubkov et al. (2003, 2004) found that in the
oligotrophic regions of the subtropical and tropical
Atlantic Ocean, Prochlorococcus spp. assemblages
were capable of assimilating both L-methionine and
L-leucine (Zubkov et al. 2004). Abundances of
Prochlorococcus spp. at Stn ALOHA are considerably
greater than in the Atlantic Ocean (Cavender-Bares et
al. 2001) and the genus Prochlorococcus sustains a
substantial fraction (80 to 90%) of the measured photo-
autotrophic production at Stn ALOHA (Liu et al. 1997).
The assimilation of organic nitrogen (in the form of
amino acids) may supplement the nitrogen demands of
these actively growing phototrophic assemblages in
the nutrient-depleted upper ocean at Stn ALOHA. As a
result, facultative heterotrophy by Prochlorococcus
spp. could form an important component of upper
ocean carbon and nitrogen cycling. 

Evaluation of the relationships between in situ rates
of ΔLeu and irradiance provided additional informa-
tion about temporal and spatial variability in photo-
stimulation of 3H-leu incorporation at Stn ALOHA. In
the well-lit portion of the upper euphotic zone, rates of
ΔLeu appeared independent of absolute light flux, but
below ~75 m depth rates of ΔLeu declined approxi-
mately linearly with exponential decreases in light
intensity. The apparent saturation-like response in
rates of ΔLeu with increasing irradiance suggests that,
on average, above the depth of the 0.6 mol quanta m–2

d–1 isolume, 3H-leu incorporation rates were stimulated
by sunlight, but the magnitude of the photostimulation
was independent of light intensity. The similarity in
responses of both 3H-leu and 14C-PP to irradiance in
the deep euphotic zone (>100 m) could be driven by
several mechanisms including (1) both 3H-leu and 14C-
PP responding similarly to light at low irradiances,
(2) 14C-PP and 3H-leu incorporation being tightly
coupled in space and time in the deep euphotic zone,
and/or (3) photostimulation of 3H-leu and 14C-PP
controlled by the same phototrophic picoplankton
assemblages.

The relative stimulation of 3H-leu incorporation ([3H-
leulight–3H-leudark]/3H-leudark) by PAR was consistently
greatest in the mid-euphotic zone, where light fluxes
fell to <5% of the surface irradiance, and daily PAR
fluxes averaged between 0.21 and 1.7 mmol quanta
m–2 d–1. This region of the mid-euphotic zone intersects
the top of the deep chlorophyll maximum (DCM). The
persistence of the DCM at Stn ALOHA arises from a
combination of increased pigmentation of the plankton
assemblages growing at low light intensity, and may
also reflect increased photoautotrophic biomass and
growth near the top of the nitracline (Letelier et al.
1996, 2004). However, analyses of ~14 yr of monthly
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time series observations on Prochlorococcus spp. and
Synechococcus spp. abundances at Stn ALOHA
revealed no significant depth-dependent differences
in the abundances of these cyanobacteria in the upper
75 m of the euphotic zone (1-way ANOVA, p > 0.05),
but below the upper 75 m of the water, abundances of
both Prochlorococcus and Synechococcus decline sig-
nificantly (1-way ANOVA, p > 0.05). Thus, if the rela-
tive increases in photostimulated 3H-leu incorporation
rates were driven by photoheterotrophic or mixo-
trophic growth by Prochlorococcus spp. or Syne-
chococcus spp., the depth-dependence in relative pho-
tostimulation would not appear to result from
increased cyanobacterial biomass in the lower regions
of the euphotic zone. 

The observed depth-dependent pattern of photo-
stimulated 3H-leu incorporation is consistent with
depth-dependent uptake of amino acids observed in
the South Atlantic. Zubkov et al. (2004) found that low-
light adapted populations of Prochlorococcus spp.
accounted for a larger fraction (~50%) of total amino
acid uptake than high-light adapted populations
(~25%). These authors identified declining cell-
specific uptake of amino acids by high-light adapted
Prochlorococcus spp. with increasing depth. We had
previously reported that 3H-leu incorporation by
picoplankton populations growing near the base of the
photic zone at Stn ALOHA had a more pronounced
response to irradiance than upper ocean picoplankton
assemblages (Church et al. 2004). If the observed
photostimulation of 3H-leu incorporation was driven by
photoheterotrophic production by Prochlorococcus
spp., our results suggest low-light adapted Prochloro-
coccus spp. ecotypes may account for a larger propor-
tion of amino acid assimilation than high-light adapted
assemblages.

The relatively low fraction of 3H-TdR incorporated
into hot TCA soluble cellular material (assumed to
represent DNA) may have arisen as a result of the
long incubation times used during this study (~12.5 h)
and increased likelihood of intracellular recycling
(Carmen et al. 1988). Alternatively, the high propor-
tion of nonspecific labeling may have been due to an
artifact of the methods we used to separate DNA and
protein (Servais et al. 1987, Torréton & Bouvy 1991).
From the results of the present study, we cannot
determine whether the high proportion of 3H
retrieved with the base hydrolyzable material repre-
sents a methodological artifact or reflects non-specific
catabolism of 3H-TdR. However, these experiments
revealed that picoplankton incorporation of 3H-TdR
(whether specifically into DNA or nonspecifically into
protein) did not demonstrate the same photostimula-
tion by sunlight as observed for 3H-leu incorporation
rates.

Evaluating rates of 3H-leu and 3H-TdR incorporation
at Stn ALOHA provided a unique look at the spatial
and temporal variability in HPP in the oligotrophic
North Pacific Ocean. In general, both the temporal
variability and absolute rates of HPP at Stn ALOHA
appear similar to those of other oligotrophic oceanic
ecosystems; however, upper ocean picoplankton incor-
poration of 3H-leu demonstrated significant stimula-
tion by PAR. The photostimulation of 3H-leu and lack
of stimulation of 3H-TdR incorporation emphasizes the
potentially important role that facultative hetero-
trophs, including cyanobacteria, may play at Stn
ALOHA and provides further insight into light-driven
processes that need to be considered when measuring
the productivity of the ocean ecosystems. 
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