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The Pacific Ocean constitutes about half of the global oceans and thus microbial
processes in this ocean have a large impact on global elemental cycles. Despite
several intensely studied regions large areas are still greatly understudied regarding
microbial activities, organic matter cycling and biogeography. Refined information about
these features is most important to better understand the significance of this ocean
for global biogeochemical and elemental cycles. Therefore we investigated a suite
of microbial and geochemical variables along a transect from the subantarctic to
the subarctic Pacific in the upper 200 m of the water column. The aim was to
quantify rates of organic matter processing, identify potential controlling factors and
prokaryotic key players. The assessed variables included abundance of heterotrophic
prokaryotes and cyanobacteria, heterotrophic prokaryotic production (HPP), turnover
rate constants of amino acids, glucose, and acetate, leucine aminopeptidase and β-
glucosidase activities, and the composition of the bacterial community by fluorescence
in situ hybridization (FISH). The additional quantification of nitrate, dissolved amino
acids and carbohydrates, chlorophyll a, particulate organic carbon and nitrogen (POC,
PON) provided a rich environmental context. The oligotrophic gyres exhibited the
lowest prokaryotic abundances, rates of HPP and substrate turnover. Low nucleic acid
prokaryotes dominated in these gyres, whereas in temperate and subpolar regions
further north and south, high nucleic acid prokaryotes dominated. Turnover rate
constants of glucose and acetate, as well as leucine aminopeptidase activity, increased
from (sub)tropical toward the subpolar regions. In contrast, HPP and bulk growth rates
were highest near the equatorial upwelling and lowest in the central gyres and subpolar
regions. The SAR11 clade, the Roseobacter group and Flavobacteria constituted
the majority of the prokaryotic communities. Vertical profiles of the biogeochemical
and microbial variables markedly differed among the different regions and showed
close covariations of the microbial variables and chlorophyll a, POC and PON. The
results show that hydrographic, microbial, and biogeochemical properties exhibited
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distinct patterns reflecting the biogeographic provinces along the transect. The microbial
variables assessed contribute to a better and refined understanding of the scales of
microbial organic matter processing in large areas of the epipelagic Pacific beyond its
well-studied regions.

Keywords: Pacific Ocean, biogeography, chlorophyll, bacteria, growth rates, labile substrates, flow cytometry,
CARD-FISH

INTRODUCTION

Heterotrophic prokaryotes are major players in decomposing
and cycling of organic matter fixed by phytoplankton primary
production in the global oceans (Azam and Malfatti, 2007).
Corresponding to the greatly varying rates of primary production
in distinct oceanic regions, heterotrophic prokaryotic production
(HPP) and bulk growth rates exhibit pronounced differences
from polar to tropical realms. Temperature limits prokaryotic
growth strongly below 5◦C (Kirchman et al., 2009), but above
5◦C other factors, such as substrate supply, grazing, or phage-
induced mortality, are more important in controlling growth
(Azam and Malfatti, 2007). Many studies assessing HPP and
microbial growth dynamics have been carried out within different
oceanic regions (Ducklow, 1999; Zubkov et al., 2000; Church
et al., 2006; Simon and Rosenstock, 2007; Kirchman et al., 2009).
However, there are surprisingly few studies along transects in
ocean basins that allow a detailed examination of the manner
in which HPP, bacterial growth, and their potentially controlling
variables in the epipelagic zone differ in biogeographic provinces
(Longhurst, 2007), and across oceanic fronts. These few studies
include two transects between the North and South Atlantic
and the Southern Ocean (Zubkov et al., 2000; Hoppe et al.,
2002). In the Pacific Ocean, microbial abundance and HPP
have been investigated between the subarctic region and the
Antarctic province (Baldwin et al., 2005; Yokokawa et al.,
2013), although Yokokawa et al. (2013) focused mostly on the
bathypelagic zone.

Understanding the role and significance of oceanic
prokaryotic communities for organic matter cycling requires an
assessment of the relationships between their growth properties
and composition. Recently, large-scale investigations of the
composition and diversity of prokaryotic microbial communities
have been carried out within and across a number of oceanic
basins (Schattenhofer et al., 2011; Ghiglione et al., 2012; Tada
et al., 2013; Sunagawa et al., 2015; Milici et al., 2016; Raes et al.,
2018, 2021); most studies correlated community composition
to hydrographic, nutrient, and general trophic features of the
study area. Characterizing the roles of these spatially distinct
microbial communities in organic matter cycling, however,
requires complementary measurements of microbial growth
activities and the rates at which they process major substrate
classes, such as dissolved amino acids and carbohydrates.

Measurements of microbial activities and biogeochemical
properties pertinent to carbon cycling are sparse in the
vast Pacific Ocean, which covers 50% of the world’s ocean
surface. Differences in hydrographic, geochemical, and biological
properties across the biogeographic provinces of the Pacific

Ocean between the tropics and subpolar regions (Longhurst,
2007) suggest dynamic microbial contributions to carbon cycling.
However, investigating microbial growth and substrate dynamics,
nutrients and biogeochemical variables systematically across
latitudes and biogeographic provinces in such a large ocean is a
considerable challenge. This may be a reason why most studies
have focused on one particular region, such as the subarctic
Pacific, or the north or south Pacific subtropical gyres (e.g.,
Kirchman et al., 1992; Karl and Church, 2014, 2017; Reintjes
et al., 2019b), but only a handful of studies have assessed these
properties concurrently across large-scale latitudinal gradients.
For example, Nagata et al. (2000) and Yokokawa et al. (2013)
investigated numbers and biomass production of prokaryotes
between the subarctic and Antarctic regions, but with an
emphasis on the bathypelagic zone. Baldwin et al. (2005)
assessed inorganic nutrient concentrations, chlorophyll a (Chl
a), abundances of various auto-and heterotrophic microbial
groups, and leucine incorporation, together with ribotype
diversity patterns, in surface waters between the Bering Sea and
Antarctic waters. Arnosti et al. (2011) measured the activities
of polysaccharide-degrading enzymes at selected stations of this
same transect. Raes et al. (2018, 2021) quantified inorganic
nutrient concentrations, rates of primary production, and
abundances of various nano- and picoplankton groups between
the equator and Antarctic waters, together with a detailed
analysis of the composition and functional profiles of prokaryotic
communities based on 16S rRNA gene amplicon sequencing and
metagenomics. Each of these studies focused on sets of a rather
limited number of specific variables and distinct near-surface or
deep layers which made it challenging to obtain a comprehensive
overview on microbial growth and population dynamics along
the Pacific latitudinal transect.

To expand our understanding of prokaryotic bulk growth and
substrate dynamics and their relationship with biogeochemical
properties beyond the well-studied regions of the Pacific Ocean,
we investigated a 12,400 km transect between subantarctic waters
at 52◦S and the Bering Sea at 59◦N, close to 180◦ longitude E/W.
We addressed the following questions: (i) how is prokaryotic
abundance, HPP and bulk growth related to phytoplankton and
particulate organic matter, the major substrate sources? (ii) how
is HPP related to the hydrolysis of major dissolved biopolymers
and the turnover of monomeric substrate classes, dissolved
free amino acids (DFAA), dissolved free monosaccharides and
acetate? (iii) how do the patterns of these variables differ along
the transect and vertically in the upper 200 m? (iv) how does
the composition of the bacterial communities vary along the
transect and reflect the latitudinal patterns of the microbial
organic matter cycling and the biogeochemical features? (v) do
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the microbial and biogeochemical properties assessed reflect the
different biogeographic provinces?

MATERIALS AND METHODS

Study Area, Sampling and Hydrography
Samples were collected aboard RV Sonne in the Pacific Ocean
during two cruises at 25 stations along a transect closely following
180◦ longitude E/W between 52.1◦S southeast of New Zealand
and 58.9◦N in the Bering Sea (Figure 1 and Supplementary
Table 1). The first cruise (SO248), which encompassed stations
1–19, started in Auckland, New Zealand, on May 1st and ended
in Dutch Harbor, Alaska, United States, on June 3rd, 2016. The
second cruise (SO254; Auckland—Auckland) took place during
the austral summer from January 26th to February 27th, 2017,
and covered the southernmost stations 20–25 of the transect
(Figure 1A). Samples were collected at all stations at the following
depths: 20, 40, 60, 100, variable depth of the deep chlorophyll
maximum (DCM), 200, 300, 500, and 1,000 m. At 14 stations
samples were additionally collected down to the seafloor. Samples
of the depth range 20–200 m were assessed for the variables
described below. Data on selected variables from 300 and 500
m (temperature, salinity, nitrate, prokaryotic cell numbers, HPP)
are presented as well, but are available together with all data
at Pangaea (see below). Sampling was carried out using 20 L-
Niskin bottles mounted on a Sea-Bird Electronics 32 Carousel
Water Sampler containing 24 × 20 L-Niskin bottles (Ocean Test
Equipment Inc.). The carousel included the CTD system SBE
911 plus a probe with double-sensors for temperature (SBE 3),
conductivity (SBE 4), pressure (Digiquartz), Chl a-fluorescence
combined with turbidity (FluoroWetlab ECO_AFL FL, WET
Labs Inc.), dissolved oxygen (Optode 4831F, Aanderaa) and an
altimeter (Teledyne Benthos). After retrieval, subsamples were
immediately withdrawn from the bottles and further processed
for various measurements (see below).

Nitrate, Chlorophyll a, Particulate
Organic Carbon
Samples for dissolved nitrate were fixed with mercury chloride
according to Kattner (1999) and stored at 4◦C until analysis in the
home lab. For the spectrophotometric analysis of nitrate/nitrite
(NOx) concentrations a microtiter plate reader (FLUOstar
Optima, BMG Labtech) was used. Nitrate was calculated as
the difference of NOx and nitrite− according to Schnetger and
Lehners (2014).

For determination of Chl a concentrations, one to three L
of seawater were filtered through GF/F filters (25 mm diameter;
Whatman) that were immediately wrapped with aluminum foil
and kept frozen at –80◦C until further analysis in the home lab.
In the lab, filters were mechanically crushed (Fast Prep-24 MP,
Biomedicals) and extracted in ice-cold acetone (90%, –20◦C)
for 2 h in the dark. Concentrations of Chl a were determined
fluorometrically (Turner Designs) and calculated according to
Tremblay et al. (2002). Fluorescence was calibrated with a
standard solution of Chl a (Sigma-Aldrich).

Subsamples of 1–3 L for the analysis of particulate organic
carbon (POC) were filtered onto precombusted (3 h, 500◦C)
GF/F filters (Whatman, 25 mm diameter). Filters were rinsed
with distilled water to remove salt and kept frozen at –20◦C until
analysis as described in Lunau et al. (2006).

Dissolved Amino Acids, and
Carbohydrates
Samples for amino acid and carbohydrate analyses were
gently filtered by hand on board through 0.2 µm low-
protein binding filters (Tuffrin Acrodisc, Whatman) using
a 25 ml-high density polyethylene syringe and kept frozen
at –20◦C until analysis in the home lab. Concentrations of
dissolved free amino acids (DFAA) were analyzed by high
performance liquid chromatography (HPLC, Agilent 1200) after
ortho-phthaldialdehyde precolumn derivatization as described
in Lunau et al. (2006) with slight modifications. Samples for
total dissolved amino acids (TDAA) were hydrolyzed using
6 N HCl for 1 h at 155◦C in glass ampoules, sealed under
nitrogen gas and analyzed as DFAA. Dissolved combined amino
acids (DCAA) were calculated as the difference of TDAA and
DFAA. Concentrations of dissolved free carbohydrates and
total hydrolyzable carbohydrates were measured by HPLC and
pulsed amperometric detection (PAD) according to Mopper
et al. (1992) with a Dionex Thermo Scientific ICS-5000+DC
instrument. Prior to analysis, samples were desalted by ion-
exchange chromatography. The retention efficiency for neutral
monosaccharides of the ion exchange resins was determined
in each analytical batch with a standard containing arabinose,
fucose, galactose, glucose, mannose, rhamnose, and xylose
(Hahnke et al., 2013). Polysaccharides were hydrolyzed in 0.1 M
HCl for 20 h at 100◦C in combusted and sealed glass ampules.
Thereafter, samples were neutralized with 6 N NaOH, desalted by
DionexOnGuard II Ag/H cartridges (Thermo Fisher Scientific),
and eluted with 100 mM sodium acetate tri-hydrate in 100 mM
NaOH. Concentrations were determined using a Carbo Pac PA1
(4 × 250 mm) and a Carbo Guard PA1 (4 × 50 mm) column
(Thermo Scientific) with NaOH (18 mM) as eluent.

Microbial Cell Counts and Catalyzed
Reporter Deposition-Fluorescence
in situ Hybridization
Abundance of heterotrophic prokaryotic cells (<50 µm) was
determined aboard ship immediately after sampling using
flow cytometry (BD Accurri C6, BD Biosciences) by DNA-
staining with SybrGreen I as described in Giebel et al. (2019).
Autofluorescence of phototrophic eukaryotic cells was assessed
after excitation by blue as well as red laser light (488 and
630 nm, respectively). Cell counts of autofluorescent pico-, nano-
and microplankton were determined by re-gating data from
a plot of fluorescence FL3 (red, > 670 nm) vs. FL2 (orange,
585 ± 20 nm) to a cytogram of FL4 (red, 675 ± 12.5 nm)
vs. forward scattered light (FSC). Cyanobacterial abundance,
including Synechococcus spp. and Prochlorococcus spp., was
determined according to Marie et al. (1997). Glutaraldehyde-
fixed (1% final concentration) and at –80◦C preserved samples
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FIGURE 1 | (A) Map with biogeographic provinces, track and station numbers of cruises SO248 (station 1–19) and SO254 (station 20–25) with RV Sonne along a
transect across the Pacific Ocean. BERS, Bering Sea; PSAG, Pacific subarctic gyre; NPPF, north Pacific polar frontal region; NPST, north Pacific subtropical gyre;
NPTG, north Pacific tropical gyre; PNEQ, Pacific north equatorial counter current; PEQD, Pacific equatorial divergence; SPSG, south Pacific subtropical gyre; SSTC,
south subtropical convergence; SANT, subantarctic province. (B) T-S graph of all stations with data throughout the water column and identified water masses.
SASW, Subantarctic surface water; AAIW, Antarctic intermediate water; PEW, Pacific equatorial water; CDW, Circumpolar deep water; PSUW, Pacific subarctic
upper water; PSIW, Pacific intermediate water. (C–E) Contour graph of potential temperature, salinity and oxygen along the transect in the upper 600 m. Vertical blue
lines indicate the continuous CTD-measurements at the stations.

were analyzed in the home lab using a FACS ARIAIII (BD
Biosciences). The threshold (600) was set on red fluorescence
(PerCP-Cy5-5-H). Blanks were measured prior to every analysis

of a batch of samples and subtracted from the sample readings.
Volume calibration was done by using TruCount tube controls
(BD Biosciences) resulting in 40.5 µl per 4 min analysis time.
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Noise correction of Prochlorococcus cell counts was adapted
from Ribeiro et al. (2016) with the following modifications:
To account for noise signals within the Prochlorococcus gate,
an error profile was generated from cell counts measured in
blanks. For each set of measurements, a random set of blank
signals was generated and subtracted before interpolation of the
Prochlorococcus population. Autofluorescence histograms were
not smoothed before interpolation.

The abundance of specific bacterial groups at 20 m
and the DCM depth was assessed by Catalyzed Reporter
Deposition (CARD)-FISH as described in Bakenhus et al.
(2017). Briefly, seawater subsamples, fixed with formaldehyde
(final concentration 1% v/v) for 1 h at room temperature
and filtered onto 0.2 µm polycarbonate membrane filters
(47 mm diameter, Sterlitech), were kept frozen at –20◦C until
further analysis in the home lab. We applied horseradish
peroxidase-labeled oligonucleotide probes (Biomers) targeting
Gammaproteobacteria (GAM42a; Manz et al., 1992),
Bacteroidetes (CF319a; Manz et al., 1996), Polaribacter (POL740;
Malmstrom et al., 2007), the Roseobacter group (ROS536;
Brinkmeyer et al., 2000), the RCA cluster (RCA996; Bakenhus
et al., 2017) and the SAR11 clade (SAR11-441R; Rappé et al.,
2002). Polaribacter and the RCA cluster were assessed because
both sublineages represent major groups of Bacteroidetes and
the Roseobacter group, respectively. Tests with a non-EUB probe
as negative control yielded 0% of total DAPI cell counts with
most samples and as an overall mean 0.03%. Hybridized and
DAPI-stained cells were visualized semi-automatically using a
Zeiss AxioImager.Z2m epifluorescence microscope including
the software package AxioVision 4.8.2.0 and enumerated using
ACMEtool3.1

Heterotrophic Prokaryotic Production,
Substrate Turnover Rates, and Hydrolytic
Enzyme Activities
Rates of HPP were determined by incorporation of 14C-leucine
as described in Simon et al. (2004). Triplicate subsamples of 10
or 20 ml and a formalin-killed control were incubated with 14C-
leucine (12.1 GBq mmol−1, 328 mCi/mmol, Hartmann Analytic)
at a final concentration of 10 nM in the dark at in situ temperature
for 4–8 h and further processed as described in Simon et al.
(2004). Biomass production was calculated using a conversion
factor of 3.05 kg C (mol leucine)−1 according to Simon and
Azam (1989). At stations 22–24, HPP was also assessed on
polycarbonate filters with pore sizes of 3.0 and 8.0 µm to calculate
rates in the size-fractions 0.2–3.0, 3.0–8.0 and > 8.0 µm. Growth
rates (µ) of the bulk prokaryotic communities were calculated as
µ (d−1) = (ln(B1)-ln(B0))/(T1-T0), where B0 and B1 are bacterial
biomass at T0 and T1. Biomass at T0 was calculated from cell
numbers, assuming 20 fg C cell−1 (Simon and Azam, 1989) and
at T1 as B0 plus HPP rates.

To assess cycling of the major substrate classes consumed
by heterotrophic prokaryotes, turnover rate constants of DFAA,
glucose, and acetate were measured. Whereas turnover of DFAA

1https://www.mpi-bremen.de/en/automated-microscopy.html?

and glucose has been measured in a number of studies (e.g.,
Keil and Kirchman, 1999; Kirchman et al., 2001; Simon and
Rosenstock, 2007; Zubkov et al., 2008), turnover of acetate in
oxic pelagic marine systems has rarely been assessed (Ho et al.,
2002; Bunse et al., 2019). Acetate is the final breakdown product
of lipid and fatty acid metabolism. Lipids are important storage
products of dinoflagellates, diatoms, and crustacean zooplankton
(Shin et al., 2000; Wilson et al., 2010; Grosse et al., 2017).
Therefore, it is relevant to study the turnover of acetate to
trace this class of biopolymers as a substrate for heterotrophic
prokaryotes. Turnover rate constants of DFAA, glucose, and
acetate were determined by measuring the incorporation of
a mixture of 16 3H-DFAA (mean specific activity 2.22 TBq
mmol−1, Hartmann Analytic), 3H-glucose (2.22 TBq mmol−1,
Hartmann Analytic) and 3H-acetate (0.925 TBq mmol−1,
Hartmann Analytic), respectively, according to Simon and
Rosenstock (2007). Briefly, 3H-substrates were added to triplicate
10 ml subsamples as well as a Formalin-killed control at a
final concentration of 1.0 nmol L−1 of DFAA, glucose, and
acetate, respectively. Incubations were further processed as for
HPP. Hence, the data provide turnover rate constants of the
fractions of these substrate pools, which are incorporated into
the prokaryotic biomass. These values are presumably slightly
smaller than those of the entire pool taken up considering also
the pool in the cells’ cytosol. Further, they do not consider
the fraction which is respired. Turnover rate constants were
calculated as the ratio of the radioactivity incorporated over the
radioactivity added.

Hydrolytic activities of leucine aminopeptidase (Leu-AMP)
and β-glucosidases (β-GlcAse) in bulk waters were measured
as described in Balmonte et al. (2021). Briefly, either leucine-
methylcoumarin or β-glucopyranoside-methylumbelliferyl was
added to triplicate samples and killed controls to a final
concentration of 100 µM and a volume of 200 µl in
96 well black, flat-bottomed plates. Incubations were stored
in the dark at ambient seawater temperatures. Fluorescence
was measured periodically for up to 72 h using a Tecan
plate reader, and readings were converted to rates using
a standard curve against known substrate concentrations.
Only rates measured at 12 h are reported in this study.
Detailed information and separate analyses on the enzymatic
assays not included in this study are published elsewhere
(Balmonte et al., 2021).

Data Visualization and Statistics
Ocean Data View (ODV) version 5.2.1 was used for generating
the station map, T-S diagrams, surface and latitudinal section
plots, applying the DIVA gridding tool for interpolation
(Schlitzer, 2015). Other graphs were generated using Sigmaplot
version 12. Linear regression statistics were calculated after
Benjamini-Hochberg adjustment using the software package R
(R Core Team, 2019). Package vegan (Oksanen et al., 2019) was
used for transformation and standardization of variables, package
stats for Principal Component Analysis (PCA) and Pearson
correlation. For the PCA, variables were first standardized to
zero mean and unit variance and afterward transformed into
Euclidean distances. The explained variance of each principal
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component was calculated based on their eigenvalues. Absolute
latitude and temperature were overlayed on the PCA biplots
to visualize the effect of geographic distance and temperature
on sample scores.

Data Storage and Availability
Data are available at Pangaea2 under the cruise identifier SO248
and SO254 or at https://doi.org/10.1594/PANGAEA.864673
(Badewien et al., 2016), https://doi.org/10.1594/PANGAEA.
890453 (Zielinski et al., 2018), and https://doi.pangaea.de/10.
1594/PANGAEA.918500 (Giebel et al., 2020). Leu-AMP and β-
GlcAse data are available at the BCO-DMO database (Arnosti,
2020a,b,c,d).

RESULTS

Hydrography, Biogeochemical Variables
and Cyanobacteria
The stations covered all biogeographic provinces (Longhurst,
2007) of the central Pacific Ocean (Figure 1 and Supplementary
Table 1). The subpolar provinces beyond 45◦N and 50◦S,
respectively, exhibited temperatures of < 10◦C and weak
stratification. In contrast, the subtropical and tropical provinces
between 40◦S and 30◦N were characterized by temperatures of
22–30◦C in the upper 60 m and a pronounced stratification.
Temperatures between 10 and 22◦C were characteristic of the
temperate regions.

Concentrations of nitrate along the transect showed
consistently low values, often close to or below the detection
limit, in the upper 60 m between 40◦S and 35◦N (Figure 2A and
Supplementary Figure 1A). In the colder, less stratified regions
beyond 40◦N/S, nitrate concentrations in near-surface waters
were higher and peaking in the Bering Sea (BERS) at 21–25 µ M.

Concentrations of POC in the upper 60 m exhibited patterns
similar to those of nitrate, with the lowest values at 20 m
depth in the subtropical and tropical regions between 35◦S
and 30◦N (stations 21, 20, 1–11). A distinct POC peak was
observed in the Pacific equatorial divergence (PEQD) at the
equator and in the south Pacific subtropical gyre (SPSG) at
35◦S (Figure 2A and Supplementary Figure 1A). Beyond
35◦N/S, higher concentrations were measured. The highest
concentrations of Chl a of > 0.5 µg L−1 were recorded in the
upper 60 m north of 40◦N and south of 46◦S (Figures 2A,
3A). Patterns of Chl a concentrations in the upper 60 m
covaried with those of POC (Figure 2A and Supplementary
Figure 1A). Chlorophyll autofluorescence of the flow cytometric
analyses showed that Prochlorococcus constituted largely the
DCM, with abundances of 1.0–2.3 × 105 cells ml−1 between
30◦S and 30◦N (Figure 3C). Synechococcus exhibited the
highest abundances of 2–3 × 104 cells ml−1 at depths of
20–40 m in the equatorial region, the NPPF at 40◦N and
between 40◦ and 46◦S. In the latter region they represented the
DCM (Figure 3B).

2www.pangaea.de/

Abundance and Composition of
Heterotrophic Prokaryotic Communities
The abundance of heterotrophic prokaryotes between 30◦S and
20◦N at 20 and 60 m did not exceed 6.4 × 105 cells ml−1, except
at the equator at 20 m with 8.7 × 105 cells ml−1 (Figure 2B
and Supplementary Figure 1B). Poleward of 30◦S and 30◦N,
abundances increased up to 11.8 × 105 and 21.6 × 105 cells
ml−1, respectively, but with large variations. Counts of high
nucleic acid (HNA) and low nucleic acid (LNA) cells followed
these general patterns, but HNA cell counts increased north of
30◦N at 20 and 60 m depth (Figure 2C and Supplementary
Figures 1C, 2B,C). Proportions of LNA cells exceeded 50% in
the SPSG in the upper 40–60 m between 40◦ and 15◦S, as
well as in the north Pacific tropical gyre (NPTG) between 10◦
and 22◦N, reaching proportions of > 60% at several stations
(Figure 2C and Supplementary Figures 1C, 2C). Accordingly,
proportions of HNA cells in these provinces remained below
40%, except at 5◦ and 10◦S (SPSG) in the upper 100 m
(Supplementary Figures 1C, 2B). Below 100 m and at the
southern- and northernmost stations the proportions of LNA
remained below 50% with lowest values of < 35% in the Pacific
subarctic gyre (PSAG), BERS and the subantarctic province
(SANT; Supplementary Figure 2C).

The abundance of four bacterial groups assessed by CARD-
FISH covaried with total prokaryotic abundance at 20 m
depth (Figure 4A). The SAR11 clade constituted the largest
fraction at nearly all stations, with proportions of 20–
50% of total prokaryotic cells (Figure 4B). Bacteroidetes
(Cytophaga/Flavobacteria) comprised < 5.7% of prokaryotic cells
between 40◦S and 28◦N, but reached proportions of > 12%
further south and north, with highest values of 30% in the BERS
(Figure 4B). Gammaproteobacteria constituted < 5% along the
transect and the Roseobacter group < 6% except at station 12
where it reached 12% (Figure 4B). The RCA cluster of the
Roseobacter group was not detected between 40◦S and 40◦N,
except at the equator and the Pacific north equatorial current
(PNEC) with very low numbers, but constituted 34–38% of the
Roseobacter group at the southernmost stations and 54–79% at
the stations at 45◦N and beyond in colder regions. The genus
Polaribacter constituted 3–15% of Bacteroidetes between 15◦S
and 40◦N and 22–39% further south and north.

Heterotrophic Prokaryotic Production,
Growth, and Substrate Turnover
Rates of HPP varied greatly along the transect with the highest
values at 20 m in tropical regions at several stations and
in the SPSG at station 21 (Figure 2B and Supplementary
Figure 1B). In the main part of the SPSG and beyond 40◦S
and 28◦N rates at 20 m remained below 10 ng C L−1 d−1.
At 60 m depth, HPP remained lower and values did not
exceed 6 ng C L−1 d−1, except at station 7 in the PNEC
(Supplementary Figure 1B). High rates of HPP integrated over
the upper 300 m of the water column occurred at the edges of
the SPSG at 35◦S, in the equatorial upwelling and the NPTG
(Supplementary Figure 3). In contrast, integrated rates of HPP
remained very low (< 100 mg C m−2 d−1) in the central
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FIGURE 2 | (A) Concentrations of nitrate, Chl a, and POC at 20 m depth between 52◦S and 59◦N in the Pacific Ocean during cruises SO248 and SO254.
(B) Prokaryotic cell numbers and heterotrophic prokaryotic production (HPP). (C) Growth rate and cell numbers of prokaryotic high (HNA) and low nucleic acid (LNA)
cells. (D) Hydrolysis rates of leucine amino peptidase (Leu-AMP) and β-glucosidase (β-GlcAse). The blue vertical lines mark the equator.
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FIGURE 3 | Contour graphs of Chl a (A), Synechococcus (B) and Prochlorococcus (C) in the upper 300 m between 52◦S and 59◦N in the Pacific Ocean during
cruises SO248 and SO254. The black dots indicate the depths at the stations where samples were collected.

region of the SPSG. Patterns of prokaryotic bulk growth rates
reflected those of HPP, with high rates of 2.3 d−1, equivalent
to generation times of 7 h, at 20 m depth at stations of highest
values of HPP (Figure 2C). Further south and north and at
60 m, growth rates were lower and did not exceed 0.4 d−1

(Supplementary Figure 1C).
To assess the partitioning of HPP among free-living and

particle-associated prokaryotes, we measured HPP in the size-
fractions 0.2–3.0, 3–8 and > 8 µm at 20, 60, and 100 m depth at
stations 22–24 in the south subtropical convergence (SSTC) and

SANT. The size-fraction 0.2–3.0 µm comprised at least 78% of
total HPP, with a mean 90.7 ± 7.5%, and size-fractions 3–8 µm
and > 8 µm 4.3± 3.9% and 5.4± 5.4% of total HPP, respectively.

Turnover rate constants of DFAA were highest in the
equatorial region, with values of up to 0.7 d−1; lower values
of < 0.3 and often < 0.1 d−1 were measured further south and
north at 20 and 60 m depth (Figure 5A and Supplementary
Figure 4A). Turnover rate constants of glucose and acetate were
lower than those of DFAA and exhibited opposite patterns at
20 m, with lowest values in the tropics and increasing values
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FIGURE 4 | Numbers (A) and proportions (B) of SAR11,
Cytophaga/Flavobacteria (CF), the Roseobacter group and
Gammaproteobacteria assessed by CARD-FISH at 20 m depth between
52◦S and 59◦N in the Pacific Ocean during cruises SO248 and SO254. The
blue vertical lines mark the equator.

poleward of 30◦S and N (Figure 5A). Differences between 20 and
60 m depth were less pronounced (Supplementary Figure 4A).

Concentrations of total DFAA at 20 and 60 m varied
greatly, but remained always below 50 nM (Figure 5B and
Supplementary Figure 4B). At several stations, concentrations
did not exceed 20 nM. Glycine, serine, alanine, and aspartic
acid constituted the highest proportions of DFAA in this
decreasing order, with some latitudinal variations, and together
accounted for 50–60 mol% of total DFAA. Concentrations
of total DCAA varied between 161 and 453 nM and did
not covary with hydrographic or microbial variables. Glycine,
alanine, serine, threonine, and glutamic acid comprised 60–
70 mol% of DCAA in this decreasing order, with some latitudinal
variations. From concentrations of DFAA and the turnover
rate constants, incorporation rates of DFAA were calculated,
as well as its contribution to HPP. Incorporation of DFAA at
20 and 60 m accounted for < 9% of the C demand of HPP
between 15◦S and 50◦N, for 10–15% further north, and for up
to 70 and 88% south of 15◦S, although with large variations
(Figure 5C). Concentrations of dissolved free monosaccharides
were only above the detection limit (2 nM) at 3 stations,
with concentrations of 2–21 nM, exclusively attributed to
glucose (data not shown). Concentrations of dissolved combined
monosaccharides (DCCHO) were analyzed only at nine stations,
but showed large variations at 20 and 60 m, ranging from
72 to 688 nM, with lowest values in the BERS and highest
values in SANT (Figure 5B and Supplementary Figure 4B).
Glucose, galactose, and xylose constituted 60–70 mol% of

FIGURE 5 | Turnover rate constants of DFAA, glucose and acetate at 20 m
depth (A), concentrations of DFAA, DCAA, and DCCHO at 20 m depth (B)
and DFAA uptake rates at 20 and 60 m depth (C) between 52◦S and 59◦N in
the Pacific Ocean during cruises SO248 and SO254. The blue vertical lines
mark the equator.

total DCCHO, and rhamnose consistently the lowest mol%,
usually < 10 mol%.

Hydrolysis rates of Leu-AMP at 20 m depth remained below
10 nmol L−1 h−1 between 30◦S and 22◦N and increased further
north with the highest values of 28–32 nmol L−1 h−1 in the BERS
(Figure 2D). At 60 m depth, low hydrolysis rates of < 9 nmol
L−1 h−1 were measured in the SPSG between 30 and 15◦S and
from the equator to 28◦N (Supplementary Figure 1D). Further
north, rates increased to values ranging from 13 to 24 nmol
L−1 h−1. Hydrolysis rates of β-GlcAse at 20 and 60 m ranged
from 0.2 to 1.5 nmol L−1 h−1, but did not exhibit any systematic
latitudinal patterns (Figure 2D and Supplementary Figure 1D).

Depth Profiles
Stratification of the upper 200 m varied greatly along the
transect and among the regions (Figures 1C,D). This also
affected the vertical patterns between 20 and 200 m depth of
the biogeochemical and microbial variables assessed. Hence,
vertical profiles of temperature, nitrate, POC, Chl a, DFAA,
and DCAA and microbial variables (cell numbers, HPP, growth
rate, turnover rate constants of DFAA, glucose, acetate) illustrate
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region-specific patterns and covariations among these variables.
They reflect distinct hydrographic and trophic features of the
main biogeographic provinces along the transect (Figures 6, 7
and Supplementary Figures 5–8). In the BERS and NPPF, POC,
Chl a, prokaryotic cell numbers and HPP decreased continuously
from 20 to 60 m and covaried closely (Supplementary Figure 5
and Figure 6). In the NPST with vertically consistently low Chl
a concentrations, rates of HPP were very high at 20 m depth,
decreased below and covaried with prokaryotic cell numbers and
POC between 60 and 200 m (Supplementary Figure 6). In the
PNEQ, rates of HPP were also very high at 20 m depth and
decreased below, roughly covarying with POC and prokaryotic
cell numbers (Figure 7). In the SPSG, the DCM peak at 90 m
was also reflected in highest rate of HPP and POC concentrations
at this depth (Supplementary Figure 7). At station 24 in SANT,
maxima of Chl a, POC, HPP and prokaryotic cell numbers
occurred in the upper 40 m and strongly decreased down to
100 m (Supplementary Figure 8). Vertical covariations of these
variables differed from their latitudinal covariations along the
transect. This was particularly true for HPP, prokaryotic cell
numbers and growth and Chl a and POC.

Statistics
A PCA of all data along the transect of the upper water column
to 100 m depth or the DCM (if the DCM was below 100
m) showed clustering of stations by biogeographic provinces
and their separation with temperature (Figure 8) and nitrate
concentrations (Supplementary Figure 9). Provinces in the
colder and more nutrient-rich regions (BER, PSAG, NPPF,
SANT) were clearly separated from the subtropical and tropical
regions (NPST, NPTG, PNEC, PEQD, SPSG), in particular along
the PCA-axis 1. Temperature, nitrate, Chl a, POC and abundance
of prokaryotes contributed most to the explained variance along
this axis. Stations within biogeographic provinces showed some
subclustering along the PCA-axis 2, with prokaryotic activities
(HPP, growth rate, turnover rate constants of DFAA, glucose and
acetate) contributing most to the explained variance.

To identify relationships among the variables, we performed
regressions for the data sets at 20 and 60 m depths and for the
upper 100 m of the water columns. These data sets, illustrated
in Figures 2, 4, 5 and Supplementary Figure 4, were log-
transformed and analyzed using linear regression after Benjamini
Hochberg adjustment. Potential temperature, nitrate, Chl a, POC,
PON, cell numbers of pico-, nanoplankton, prokaryotes, HNA,
Bacteroidetes, the Roseobacter group and SAR11 and Leu-AMP,
were significantly correlated (p < 0.05). In addition, 80% of
these variables correlated very closely (r2 > 0.60) at 20 m depth
(Table 1). At 60 m depth, fewer and weaker correlations between
these variables were observed. Rates of HPP and prokaryotic
growth were not correlated with other variables. Turnover
rate constants of DFAA were correlated to cell numbers of
nanoplankton only at 20 m depth, and turnover rate constants
of glucose at this depth were correlated only to cell numbers of
prokaryotes and Gammaproteobacteria and to the turnover rate
constants of acetate. Leu-AMP at 20 m was closely correlated
to all biogeochemical variables and cell numbers of prokaryotes,
Bacteroidetes and SAR11. Pearson correlations of all variables

assessed exhibited clusters of positive and negative correlations
(Figure 9) which generally agree with the linear correlations
between biogeochemical and microbial variables described above
and shown in Table 1.

DISCUSSION

Biogeographic and Biogeochemical
Properties
The biogeochemical and microbial data we assessed between
subantarctic and subarctic regions of the Pacific Ocean exhibited
large variations, reflecting the greatly varying temperature and
nutrient regimes and related biogeochemical and microbial
features. The PCA of the data in the upper 100 m illustrates
these differences and shows a biogeographic clustering of
the stations, mainly reflecting the differences in temperature
and nitrate (PCA-axis 1). A subclustering along the PCA-
axis 2 was evident, with a strong loading of the variables
related to prokaryotic activities. This analysis reveals that these
activities contributed substantially to the variance along the
transect, even though they showed only few linear correlations
with other variables. Raes et al. (2018, 2021) showed that
numerous hydrographic and physico-chemical variables and the
composition and functional traits of the microbial communities
exhibited distinct biogeographic patterns between the Antarctic
province and the equator in the Pacific Ocean. Hence, these
and our data show that microbial features of the Pacific
Ocean between the Antarctic province and BERS exhibit
distinct biogeographic patterns. These observations generally
correlate with the biogeographic provinces in the Pacific Ocean
(Longhurst, 2007) and emphasize that this concept is also
valid for many microbial features not previously considered
in this context.

The latitudinal patterns of our data concur with the only
other data set available for ocean basin-scale latitudinal transects
in the Pacific Ocean (in addition to that assessed by Raes
et al. (2018). Baldwin et al. (2005) assessed inorganic nutrients,
Chl a, the abundance of Prochlorococcus, Synechococcus and
total prokaryotes and leucine incorporation between Arctic and
Antarctic regions of the Pacific. The latitudinal patterns of our
data are also comparable to those from Atlantic Ocean transects
(Zubkov et al., 2000; Hoppe et al., 2002), highlighting the similar
latitudinal gradients in biogeochemical and microbial features of
the Pacific and Atlantic Oceans.

All data sets show that variables related to the standing stock
and growth of phytoplankton and auto- and heterotrophic
prokaryotes have lowest values in the nutrient-depleted
central oceanic gyres and the highest values in the frontal
transition zones in the temperate and subpolar northern and
southern hemisphere. The biogeographic differences in primary
productivity and thus the sinking flux across the Pacific Ocean
are also evident from sediment signatures. The deposition of
biogenic opal was shown to reflect the biogeographic provinces
of the Pacific Ocean with different trophic states (Hayes et al.,
2014). Further, numbers of prokaryotes and the diversity of
bacteria of the Roseobacter group in surface sediments are an
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FIGURE 6 | Depth profiles between 20 and 200 m of temperature, nitrate, Chl a (A), POC, prokaryotic cell numbers and HPP (B), Turnover rate constants of DFAA,
glucose and acetate and growth rates (C) and concentrations of DFAA and DCAA (D) at station 13 in the NPPF.

imprint of the different biogeographic provinces of strongly
different productivity (Pohlner et al., 2017).

Concentrations of Chl a, POC, PON and nitrate in the
upper 100 m, which closely correlate with each other, exhibited
low values in the permanently nutrient-depleted regions, but
high values poleward beyond the subtropical front in both
hemispheres. At the equatorial upwelling zone, values of these
variables were slightly enhanced. High concentrations of Chl a
with large regional and seasonal variations are a typical feature
in the frontal zones of the north and south Pacific (Polovina
et al., 2001; Longhurst, 2007; Raes et al., 2018). Prokaryotic
cell counts, especially of HNA cells, followed the latitudinal
patterns of Chl a, POC and PON. These latitudinal patterns

are consistent with those of Baldwin et al. (2005). Turnover
rate constants of glucose and acetate, proxies of the microbial
turnover of carbohydrates and lipids and assessed for the first
time in a latitudinal transect across the Pacific Ocean, exhibited
similar patterns and indicate that these activities were closely
related to prokaryotic abundance. Rates of Leu-AMP, a proxy
for exo-peptidolytic activity, were also closely correlated with
Chl a, POC, PON and prokaryotic abundance and indicate
that proteinaceous substrates from phytoplankton and other
particular sources were important substrates for heterotrophic
prokaryotes. At least 82% of the Leu-AMP activity was observed
in the < 3 µm size fraction, either attributable to free-living
prokaryotes or to dissolved enzymes (Balmonte et al., 2021).
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FIGURE 7 | Depth profiles between 20 and 200 m of temperature, nitrate, Chl a (A), POC, prokaryotic cell numbers and HPP (B), Turnover rate constants of DFAA,
glucose and acetate and growth rates (C) and concentrations of DFAA and DCAA (D) at station 6 in the PEQD.

Endo-peptidolytic activities were more evenly distributed along
the latitudinal transect, and these activities by the particle-
associated taxa peaked in tropical waters between 4◦S and 10◦N
(Balmonte et al., 2021). Hence, endo-peptidolytic activity may
have provided prokaryotes in these warm regions with substrates
for HPP, which is in accordance with the enhanced turnover rate
constants of DFAA in these regions (see below).

Hydrography, nutrient availability, primary production
and related biogeochemical features undergo large seasonal
fluctuations in different latitudinal regions of the Pacific Ocean
(Kirchman et al., 1992; Polovina et al., 2001; Karl and Church,
2014, 2017). We are aware of the fact that sampling along a
latitudinal transect cannot capture such seasonal variations.
The intention of splitting the transect into two cruises was to

investigate the temperate, subarctic and subantarctic regions, the
regions with the most pronounced seasonal differences, during
summer. This was achieved by sampling the NPPF and BER in
early summer (May) and the SSCT and SANT in late austral
summer (February).

Production, Growth and Composition of
Heterotrophic Prokaryotic Communities
In contrast to prokaryotic abundance, turnover rate constants
of DFAA, HPP and bulk growth rates exhibited the highest
values in tropical regions and at the southern margin of the
SPSG and low values in the central SPSG and the northern- and
southernmost stations. These variables were not correlated to the
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FIGURE 8 | PCA of variables assessed along a transect between 52◦S and 59◦N at 25 stations and in 10 biogeographic provinces in the upper 100 m and including
the depth of the DCM when below 100 m of the Pacific Ocean during cruises SO248 and SO254. Each circle represents the data of one depth (20, 40, 60, 100 m,
DCM) at a single station. The color code refers to the affiliated biogeographic provinces. Blue lines indicate the interpolated temperature gradient between 7◦ and
29◦C along the transect. For abbreviations see legend of Figure 1.

above-mentioned biogeochemical and microbial variables, and
were thus differently controlled. The regionally varying and low
values in the colder regions suggest that temperature, substrate
pulses, high mortality by grazing and virus infection affected
growth of heterotrophic prokaryotic communities (Azam and
Malfatti, 2007; Kirchman et al., 2009). DFAA incorporation
comprised variable proportions of the C demand of HPP and
higher proportions in the colder than in the warmer regions.
The proportions we found are in the range reported from other
subpolar and polar regions (Keil and Kirchman, 1991; Simon,
1991; Simon and Rosenstock, 2007). Dissolved glucose can also be
an important substrate for pelagic prokaryotes (Kirchman et al.,
2001). The extremely low concentrations of glucose, as well as the
correlation between its turnover rate constant and prokaryotic
cell numbers, underscore the importance of glucose as substrate
for heterotrophic prokaryotes. As concentrations of glucose at
most stations were below the detection limit, we were unable
to calculate glucose incorporation rates. The close correlation
of the acetate turnover rate constant with that of glucose and
its general increase in colder, more nutrient-rich regions suggest
that acetate, the final breakdown product of lipid and fatty acid
metabolism, was also used as a C source of HPP. Dinoflagellates
and diatoms, which exhibit high amounts of lipid storage material
(Shin et al., 2000; Grosse et al., 2017), are the major constituents

of phytoplankton in the temperate and subpolar regions of the
Pacific Ocean (Polovina et al., 2001; Longhurst, 2007; Raes et al.,
2018), regions where we measured high concentrations of Chl
a, POC, and PON. However, as we did not measure acetate
concentrations, we cannot quantify the proportion of the HPP
C-demand met by uptake of this compound. In the Baltic Sea,
the turnover rate constant of acetate correlated also closely with
that of glucose and with HPP, but not with Chl a (Bunse et al.,
2019). In the oxic epipelagic zone of the Cariaco Trench, uptake
of acetate was reported to be a major substrate of HPP (Ho
et al., 2002). These reports provide evidence that acetate is a
highly relevant C source for HPP. Other substrates, in particular
biopolymers such as dissolved proteins and polysaccharides are
equally important substrates for HPP (Keil and Kirchman, 1999;
Simon and Rosenstock, 2007; Teeling et al., 2016; Francis et al.,
2021; see below).

Bulk growth rates of oceanic prokaryotic communities and
along ocean-wide latitudinal transects have been rarely assessed
recently, since many studies focus instead on determining the
composition of prokaryotic communities by culture-independent
approaches. Highest bulk growth rates of 0.4–2.3 d−1 we
determined were in the range of those of model isolates
of prominent groups of pelagic prokaryotes such as SAR11,
SAR92 and Rhodobacteraceae determined in pure cultures
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(Cottrell and Kirchman, 2016). This indicates that growth of
prokaryotic communities in the warm and nutrient-poor tropical
Pacific can be as rapid as that of representative members of
their most important groups under optimal growth conditions.
However, cell numbers at ambient conditions were low,
presumably due to low substrate concentrations, intense top-
down control by protozoan grazing and viral lysis. We thus
assume that the higher cell abundances in the colder regions
indicate a relaxed top-down control of prokaryotic growth,
a consequence of the lower growth rates in regions where
primary producers are dominated by diatoms and dinoflagellates
and grazing by crustacean zooplankton is more important
(Longhurst, 2007; Raes et al., 2018). Furthermore, the high
proportions of LNA prokaryotic cells in the permanently
stratified warm (sub)tropical regions may at least partially
be a result of the strong top-down control by protozoan
grazing, which is size-dependent (Longnecker et al., 2010).
In addition, the high proportion of LNA cells in the upper
60 m presumably reflects the dominance of prokaryotes with
streamlined genomes such as the SAR11 clade (Giovannoni et al.,
2014; Mende et al., 2017).

The prokaryotic communities were largely dominated by
the SAR11 clade and Bacteroidetes (Cytophaga/Flavobacteria).
Gammaproteobacteria and the Roseobacter group were also
consistently detected, but contributed minor proportions to
the communities. These findings are in line with previous
reports from other oceanic regions in the Pacific and Atlantic
Ocean (Schattenhofer et al., 2011; Tada et al., 2011; Alonso-
Sáez et al., 2012; Morris et al., 2012; Reintjes et al., 2019b),
but extend them across the entire central Pacific Ocean from
subantarctic to subarctic regions. The bacterial groups detected
by CARD-FISH constituted 21–76% of total prokaryotic cell
counts, except for one station with only 7%, leaving room
for other phylogenetic groups not targeted by the probes we
applied. The highest proportions were detected in temperate and
subpolar regions and lower proportions in (sub)tropical regions.
Recent reports from the SPSG, NPSG and NPTG showed that
SAR116, Aegaean-169, Rickettsiales and Prochlorococcus, groups
not targeted by our probes, constitute prominent proportions of
the prokaryotic epipelagic communities (Reintjes et al., 2019b;
Kong et al., 2021), thus presumably constituting a considerable
portion of the unidentified cells. Various studies have shown
that the groups we detected dominate the uptake of amino
acids and glucose (Mary et al., 2006; Elifantz et al., 2007;
Malmstrom et al., 2007; Alonso-Sáez et al., 2012; Bakenhus
et al., 2018) and actively dividing cells (Tada et al., 2013;
Bakenhus et al., 2017). Our study further shows that at 20
m depth, numbers of Bacteroidetes were closely correlated to
Chl a, POC, PON, nitrate and Leu-AMP and numbers of the
SAR11 clade and the Roseobacter group also to POC and PON.
In contrast, Gammaproteobacteria were only correlated to the
turnover rate constant of glucose, in addition to correlations
with other prokaryotic groups. These correlations imply that
the organic matter cycling of the dominant groups was closely
related to the availability of phytoplankton-derived substrates.
Metatranscriptomics and metaproteomics have shed light on
these metabolic interactions on a more refined taxonomic
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FIGURE 9 | Pearson correlation matrix of pooled data of the depth range 20–100 m (and depth of the DCM) of 25 stations between 52◦S and 59◦N along the
transect across the Pacific Ocean. Given are r-values of positive and negative correlations (p < 0.05).

level (Teeling et al., 2016; Francis et al., 2021; Raes et al.,
2021). β-GlcAse activity was not correlated to any of the
bacterial groups we targeted by CARD-FISH. This may be
due to the complexity of polysaccharide hydrolysis carried
out by Carbohydrate Active enZymes (CAZymes) (Teeling
et al., 2016; Reintjes et al., 2019a; Francis et al., 2021).
These hydrolytic enzymes are key to supplying other bacteria
with polysaccharide breakdown products. In fact, the analysis
of six different CAZyme activities showed that between the
northern margin of SPSG and NPPF laminarinase activity
dominated, whereas in PSAG and BERS chondroitin sulfate
hydrolysis rates were highest (Balmonte et al., 2021). This
observation indicates that the complex pool of polysaccharides
was differently composed in the different regions. The very
low concentrations of DCCHO north of the NPPF where
Bacteroidetes constituted relatively high proportions of the
prokaryotic community, may be a result of the intense
polysaccharide hydrolysis and subsequent consumption of the
breakdown products.

Vertical Patterns
As the stratification of the epipelagic zone varies greatly among
the different regions along the latitudinal transect, we assessed the
vertical profiles of the biogeochemical and microbial variables.

These analyses revealed a distinct vertical structure of the upper
200 m in the various provinces regarding hydrography, nutrient
availability, biogeochemical and microbial properties. Profiles
illustrate the close covariation of Chl a, POC, prokaryotic
abundance, turnover rate constants of DFAA, glucose and
acetate, HPP and prokaryotic bulk growth rates. Notably, HPP,
growth rates and turnover rate constants of DFAA covaried
vertically with Chl a, POC and prokaryotic abundance, whereas
in the latitudinal transect they were not correlated. These
patterns indicate the close stratification-related short-term and
local coupling of abundance, growth and substrate turnover
of the prokaryotic communities and substrate supply of the
phytoplankton-derived organic matter. These features are not
reflected in the analysis of variables at similar depths along the
transect. In the other biogeochemical and microbial studies along
transects in the Pacific and Atlantic Ocean, the predominant
focus was on the latitudinal variability of surface measurements
(Hoppe et al., 2002; Baldwin et al., 2005). Only Zubkov et al.
(2000) assessed epipelagic depth-resolved prokaryotic abundance
and biomass production, but they pooled the upper water
column into three layers, limiting the vertical resolution. In
order to comprehensively understand how microbial processes
are related to and vary with biogeochemical features in different
biogeographic provinces and of different hydrographic structures
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in the major oceans, the assessment of both latitudinal and
vertical patterns is important.

CONCLUSION

Our investigation along a transect across the Pacific Ocean from
subantarctic to subarctic regions revealed close correlations
among microbial oceanographic and biogeochemical variables
that corroborate the existence of distinct biogeographic
provinces. Extremely low concentrations of nitrate in the
permanently stratified epipelagic warm (sub)tropical gyres
coincided with low values of Chl a, POC, PON, prokaryotic
cell numbers and a dominance of LNA cells and the SAR11
clade. Turnover rate constants of glucose and acetate and Leu-
AMP hydrolytic activities were also low in these gyres. All
these variables strongly increased in the temperate transition
zones and exhibited highest values in the subpolar regions.
In contrast, rates of HPP and DFAA turnover were highest
near the equator and exhibited low values in the cold subpolar
regions, indicating different controls of these properties along
the transect as compared to the microbial standing stock
and phytoplankton biomass-related properties. In contrast to
latitudinal variations, vertical profiles revealed close covariations
among HPP, DFAA turnover and the other microbial and
biogeochemical variables. This emphasizes the importance to
assess both latitudinal and vertical patterns of such variables
in large-scale transect studies. All these features together reveal
distinct signatures of the different biogeographic provinces across
the Pacific Ocean and show the usefulness to characterize oceanic
biogeographic provinces also by microbial variables. Overall, this
complementary picture of microbial activity and diversity in the
hydrographic context substantially advances the ecological and
biogeochemical understanding of the world’s largest ocean.
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