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Dear editors of the Biogeosciences and Reviewers,

On behalf on my co-authors, I am pleased to submit the response to the reviewers
of the manuscript entitled “Heterotrophic prokaryote distribution along a 2,300
km transect in the north Pacific subtropical gyre during strong La Nina
conditions: relationship between distribution and hydrological conditions”. We
thank the editors and the anonymous reviewers for the very useful comments.

They have helped to improve the quality of the new manuscript.

Anonymous Referee #1

The authors present a useful set of hydrographic and bacterial abundance data
obtained in a little-explored oceanic region, which are used to investigate possible
connections between driving variables and microbial distributions. While the
topic and the material is certainly of interest for the readers of Biogeosciences, the
analysis has a number of limitations and should be significantly improved before
publication. Of particular concern (as detailed below) is the way in which nutrient
availability is assessed, lack of consideration of vertically integrated variables,
use of bacterial abundance only and not bacterial biomass, lack of consideration of
vertical mixing, and lack of focus on the underlying mechanisms that link
hydrography with bacterial distributions.

A large part of the manuscript deals with the potential role of nutrients in
explaining the variability in bacterial group distribution, but I am not convinced
that the authors have chosen the best approach to assess nutrient availability.
Only nutrient concentrations, rather than nutrient supply rates, are considered.
But in the surface layer of the tropical ocean, fast microbial consumption often
result in a disconnect between nutrient concentration and nutrient supply rates.
Changes in the latter may lead to changes in microbial abundance and diversity —
without necessarily being reflected in changes of nutrient concentrations. This
was shown by Gasol et al. (2009, Aq Microb Ecol 56:1-12): nutrient concentration
in the upper mixed layer of the central tropical Atlantic is very low and relatively
constant but diffusive fluxes change by more then 4 orders of magnitude, and had
an i1mpact on Dbacterial activity. The present manuscript requires a better
characterization of nutrient supply if the relationship between potential nutrient
limitation and bacterial group distribution is to be ascertained. One possibility is
to compute vertical gradients in nutrient concentration and apply diffusivity

values obtained from the literature (or use parametrizations based on
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measurements conducted

during the cruise, e.g. vertical density gradients, wind speed, etc) to obtain
estimates of vertical diffusive nutrient fluxes (see Gasol et al. 2009). Another
approach, less accurate but also useful, would be to use the nutricline depth as a
proxy for nutrient supply (Malone et al. 1993 Deep-Sea Res I 40:903-924;
Cermeno et al. 2008 PNAS 105(51) 20344-20349).

The analysis, based on a multivariate approach to relate different environmental
and biological variables to bacterial abundance, suggests a rather ‘static’ view of
the connection between environmental forcing and microbial distributions. No
consideration is given to the role of vertical mixing and turbulence, but microbial
populations are subject to vertical displacements, whose magnitude is likely to
change significantly along the transect, and the authors coud explore this by

calculating parameters such as the Brunt Vaaisala frequency.

Answer (blue). We thank Referee #1 for her/his comments on our manuscript. We
did our best to address all the comments as described below, and in the new
version of the manuscript.

We globally share the same point of view about the important roles of both the
vertical migration of organisms and the diffuse nutrient fluxes from the deep
layer to sustain growth of organism in oligotrophic condition. At a large
phytoplankton scale, several examples of microorganism able to mine nutrients in
the deeper depth layer was reported in the NPSG and are in agreement with the
hypothesis that mining nutrients can enhance the growth of large phytoplankton
and associated living organisms (White et al., 2006). We also believe that mining
scenario and role of nutrient fluxes can be in part outcompeted by episodic dust
deposition event and of course the importance of diazotrophy in the upper layer of
the NPSG (Wilson 2003; Kitajima et al. 2009; Calil et al., 2011). According to these
reports in the literature, to the data set available (with a lack of organic nutrient
concentrations) and the difficult task to measure in which extent the vertical
migration, mining scenario, and nutrient fluxes control the pool of nutrients, our
first version of the manuscript was written to represent the nutrient
concentrations as an estimation rather than a dynamic stock that we could
decompose in various measurable fluxes.

However, we took into consideration the Referee’s comments; and in this new

version we have attended to decompose the role of nutrients in the upper layer by
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calculating the importance of the diffuse nutrient fluxes related to the integrate
stock of inorganic nutrients (phosphate, nitrate and silicic acid) in the mixed layer.
Our approach was based on the study of (Gasol et al., 2009) but the buoyancy
frequency was calculated using the thermodynamic expression reported by King
et al., (2012). This choice was motivated by the comments of King et al., (2012)
who evidenced that the widely used buoyancy frequency definition was incorrect
and can lead to wrong instability diagnostic, especially in the Atlantic Ocean.

The detailed buoyancy frequency equation and the estimation of the mixed layer
depth were added in the materials and methods section (page 4, line 10-17). A
figure of the vertical profile of N2 in the mixed layer and the limit of the euphotic
layer were also added into the manuscript (Fig. 3). Then, the vertical nutrient
gradient profiles of phosphate, nitrate, and silicid acid were calculated in
agreement with the study of Painter al. (2014) and Figure 4 was added (Page 5,
lines 15-24). As we did not have ADCP data during the cruise, we used some
vertical turbulent diffusivity rate values reported in the literature (Table 1) to
select the most appropriate K in our study. Results and discussions about the role
of diffusive nutrient fluxes were also developed in the new version of the
manuscript. Except for nitrate, results pointed out that nutrients fluxes represent
a very low percentage of integrative nutrient stock measured in the mixed layer,
meaning that vertical diffuse nutrient fluxes are expected to be a minor nutrient
supply phenomenon in the upper mixed layer. These results are in agreement
with the study of Painter et al., (2014). The difference between the low (Phosphate
and Silicic acid) and high percentages (nitrate) mainly results from the location of
nutricline relatively to the mixed layer depth. For example, at Station 8, the
depletion of nitrate in the upper layer and the nitracline depth which correspond
to the mixed layer depth lead to an anomalous value of daily diffusive supply
relative to the pool (432%).

References:

White, A. E., Y. H. Spitz, and R. M. Letelier, Modeling carbohydrate ballasting by
Trichodesmium spp. Mar. Ecol. Prog. Ser., 323, 35—45, 2006.

Calil, P. H. R., S. C. Doney, K. Yumimoto, K. Eguchi, and T. Takemura , Episodic
upwelling and dust deposition as bloom triggers in low-nutrient, low-chlorophyll
regions, J. Geophys. Res.,116, C06030, doi:10.1029/2010JC006704, 2011.
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Given the sampling stations are far apart, and considering that the authors have
conducted a relatively high-resolution sampling along the vertical, it could be
useful to calculate vertically integrated abundance and or biomass for each group,
and plot them against environmental variables such as degre of stratificacion,
mixing, nutricline depth, estimated vertical diffusive flux, etc. This approach is
complementary to the multivariate analysis and well-suited to pursue a
‘hypothesis-driven’ analysis of the data. The vertical distribution of temperature
and nutrient concentration should be shown, even though it has been presumably
included in a previous article (Girault et al 2013b). However, these data are
essential for the discussion of bacterial distribution and to make the present
manuscript stand on its own.The authors use only abundance data but from a
biogeochemical standpoint biomass can be more relevant. The flow cytometry data
should allow calculation of cell biovolume and then an estimate of cellular
biomass. Several studies that report on bacterial distribution over large spatial
scales have used bacterial biomass as the key variable (e.g. articles by Zuvkov,
Gasol, Moran and others). Microbial cell size is itself sensitive to both
temperature and nutrient availability — therefore including cell size as a variable
of study could provide additional insight.

These excellent comments were also taken into consideration. We have therefore
calculated the latitudinal contribution (%) of each heterotrophic prokaryote group
as defined by flow cytometry to the whole heterotrophic prokaryote biomass from
the surface down to 200 m depth (Figure 7). The heterotrophic prokaryote
abundances were converted in terms of carbon biomass using a conversion factor
(15 fg.C.cell-1) as defined in the literature (Caron et al. 1995) (Materials and
methods page 7 line 2-4).

Most of the Discussion is focused on the relationship between environmental or
‘potentially driving’ variables and the abundance of the different bacterial groups
but there is little consideration of the underlying mechanisms. For instance, when
the authors write “i) the LNA distribution is mainly explained by temperature
and salinity and ii) HNA distribution is mainly explained by an association of
variables (temperature, salinity, Chl a and silicic acid) rather than a single
environmental factor” they are essentially re-stating the results of the
multivariate analysis. But the question is: How are temperature and salinity

driving the distribution of LNA bacteria? Is there a physiologically or ecologically
4
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plausible mechanism that links directly salinity with LNA abundance? Or maybe
is it the case that salinity is just acting as a marker for other properties which are
themselves driving the variability in LNA abundance? Beyond highlighting
correlation between variables, the Discussion would benefit from a deeper
consideration of the ultimate mechanisms that govern microbial distribution.

Once again we thank Referee#1 for the constructive comments and suggestions.
In the discussion part of the new manuscript, we have discussed further the
results of the PCA and RDA statistical analyses. Obviously, to better address the
results highlighted by the statistical analyses, some additional experiments
would be required. Unfortunately, experiments necessary to address the
physiological response of the microorganism to the change of salinity. (e.g.
incubations in batch culture and monitoring abundance or physiological effect of
salinity gradient on the heterotrophic prokaryote communities) were not
performed onboard, and were out of scope of the Tokyo-Palau cruise. Therefore in
our manuscript, the link between salinity, temperature and heterotrophic
prokaryotes is based on hypothesis already described in the literature. To the best
of our knowledge, our study is the first report of the heterotrophic prokaryote
abundances in this western part of the NPSG. As a consequence, as the Referee
correctly noticed for the part related to la Nina, the conclusion of our manuscript
1s speculative, and based on the results of experiments performed in various

environmental conditions.

Specific points

The last section of the Introduction is missing a set of specific hypothesis which
are to be tested. Previously the section has discussed possible relationships
between environmental variables such as degree of oligotrophy and relative
abundance of different bacterial groups, but no specific prediction is made as to

what was to be expected along the transect.

Abstract, Line 12. The phrase ‘associated with temperature and salinity’ is not
informative.

It should be specified whether the association is with high/low temperature and/or
salinity.

We have corrected the sentence Page 2 lines 1-3 as follows: Statistical analyses

performed on the data set showed that LNA, mainly associated with low
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temperature and low salinity, were dominant in all the hydrological regions.

The different stations are grouped into different areas according to temperature
and salinity (page 15801, line 8), but the detailed criteria used in the partition are
not indicated.

We have added more information on page 8 lines 6-11 as follows: According to the
temperature—salinity diagram of the Tokyo —Palau cruise shown in the study of
(Girault et al., 2013b), three main areas corresponding to the Kuroshio region (Sta.
1-4), the subtropical gyre (Sta. 5-8) and the Transition zone (Sta. 9-12) were
discriminated (Fig. 1). The discrimination between the Kuroshio area and the
Subtropical gyre seawater masses was confirmed by comparing the Tokyo-Palau
data set and the studies of Sekine and Miyamoto (2002) and Kitajima et al.,
(2009).

Mixed layer depth is calculated but seems not to be included in the multivariate
analysis. Why 1s this? Vertical mixing can have a strong impact on important
processes such as nutrient input and exposure to high irradiance, among others.

We agree with the Reviewer comment and we obviously think that the limits
(depths) of the mixed layer and euphotic zone are important parameters. However,
we believe that these very depths cannot be representative of the entire seawater
column, and more especially of the distributions of the heterotrophic prokaryote
communities in the samples collected at the surface. In this context, we did not
take them into consideration in the multivariate analyses. These statistics were
thus performed by using only the data set relative to the various variables
measured at each sampling depth (nutrients, temperature, salinity, chlorophyll.a,
etc.). Consequently, PCA and RDA were also calculated in agreement with this
statement to explain the entire distribution of heterotrophic prokaryotes along

the vertical profiles.

Pages 15805-15806 There is a long discussion on the role of silicic acid which is
quite speculative. If no previous evidence is available to show that silica is
limiting for phytoplankton in the region, the mechanistic linkage between silicic
acid concentration and

bacterial distribution is rather weak.
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We revised this part in order to emphasize the previous reports with our results
(page 14, lines 4-20). The silicic acid part was firstly written to purpose an
explanation of the PCA result. Indeed, the PCA showed that the silicic acid and
the chlorophyll a vary along the first axis of the PCA. This result was unexpected
for two main reasons: (i) the concentration of diatom is low, (ii) the phosphate or
nitrate were more depleted in the upper layer. However, despites these two
reasons, in the literature several evidences of the importance of silicic acid were
also reported in the NPSG, (Baynes, 2012; Krause et al., 2012; Hashihama et al.,
2014).

Pages 15807-15808. The whole section on the role of climatic events such as El
Nino/La Nina should be deleted as there is no data available to substantiate any
claims on the topic.

As suggested, we have deleted this section. However, although no comparison can
be done with the existing data set, we actually believe that heterotrophic
prokaryotes distribution can be significantly influenced by a large scale climatic
variation such as the transition el Nino/la Nina. Our results on the
ultraphytoplankton concentrations showed a significant difference between the
samples collected during a El Nifio or La Nifa (Girault et al., 2013b). In the
oligotrophic conditions such as the NPSG, the link between ultraphytoplankton
and heterotrophic prokaryotes is probably important (due to the functioning of the
microbial loop). In this context, we expected that this link could lead to a
modification of the heterotrophic prokaryotes distribution depending on the
environmental condition in this area. That is why we mentioned it in the first

version of the manuscript.

Page 15808, lines 26-28. If a high nucleic acid content is indicative of more active
metabolism and faster growth, how do you explain that HNA bacteria are more
abundant under more nutrient-depleted conditions?

Before answering this question, we must remind the Reviewer that the link
between the nucleic acid content, cell activity, and growth are still unclear in the
literature (Gasol et al., 1999; Bouvier et al., 2006). In agreement with literature
and the comment of Referee 2 about the ecological role of nucleic acid content
bacteria, we did not mention in this section that heterotrophic prokaryotes with

HNA content correspond to cells with a more active metabolism. However, we
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observed that HNA are more abundant than LNA in the warm oligotrophic
conditions and thus suggested that some heterotrophic prokaryote species among
the HNA subgroup might be more warm-adapted than the LNA community in this
warmer environmental condition. And the statistical analyses performed on these
data confirm this observation.

Numerous contradictions can be found in the literature about the explanation of
the abundance of HNA and LNA subgroups depending on the environmental
conditions, as reported in this section of the manuscript. All the studies cited in
this manuscript provide very interesting conclusions. However, we believe that a
study at the strain level (to address the biodiversity) would be very useful to link
activity and nutrient concentration in the various environmental conditions met
during the cruise. Following the original plan of the manuscript, we mention that
an effort to better characterize the strains of HNA and LNA subgroups should
therefore be taken into consideration in the future researches in the area of

interest.

If, we discussed about the HNA and LNA at the subgroup level and put forward
hypothesis that the HNA subgroup is only composed by one strain, we can then
conclude that the low nutrient concentration observed in situ may result from the
nutrient uptake competition between phytoplankton assemblages and active

heterotrophic prokaryotes.

Page 15812, line 7. Specify if the latitudinal increase in the HNA/LNA ratio is
equatorward

or northward.

As requested we have revised the text, as follows: A latitudinal increase in the
HNA/LNA ratio was found along the equatorward oligotrophic gradient and
suggested different relationships between the various heterotrophic clusters and
the environmental variables measured in situ during the cruise. (Page 20 line
13-15)

The contouring in Fig. 4 gives too much weight to the horizontal axis, resulting in
features which are not really supported by the data. Considering the long distance
between stations, the contouring should emphasize the vertical variability

without presenting horizontal features which are not based on actual
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measurements but are just extrapolations from the contouring software.

The software used in the study linearly interpolated the mesh grid, depending on
the depth and latitude. The choice of a 3-Dimentional mesh grid was motivated to
better represent the variability intra- and inter- stations. To improve the Figure,
we have modified the solid line into dash line according to the Reviewer’s

suggestion.

Section 4.3 of Discussion is quite long and speculative. Considering the (inevitably
for a long transect such as this one) poor horizontal resolution of the survey, not
much can be said confidently about the role of mesoscale features on microbial
distributions. This section should be shortened, and the related conclusions
toned-down and perhaps omitted from the Abstract.

We have shortened the Discussion section to focus on the main results. And to
improve the quality of the section we also have added some sentences according to

the suggestions of the 2rd Referee.

LR S S L S S R R S S S R S S o

Anonymous Referee #2

Received and published: 18 December 2014

Review of manuscript “Heterotrophic prokaryote distribution along a 2300km
transect in the North Pacific subtropical gyre during strong La Nina conditions:
relationship between distribution and hydrological conditions” by M. Girault et al.
The authors explored the spatial distribution of heterotrophic prokaryotes along a
northsouth latitudinal transect (33_N - 12_N) crossing three different
hydrographic areas (Kuroshio region, Subtropical gyre and transition zone). The
biotic and abiotic parameters collected were used to investigate the relationships
between the environmental parameters and the three prokaryotic populations
(VHNA, HNA and LNA) distinguished by flow cytometry and nucleic acid staining
according to their green fluorescence versus side scatter signature. Furthermore,
the authors analyzed the results obtained using principal component (PCA) and
redundancy analysis (RDA) in order to statistically identify the main parameters
controlling the prokaryotic distribution. Finally, the authors showed a significant

correlation between the hydrographic conditions and the prokaryotic communities
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distinguished by flow cytometry.
We thank you very much for the corrections and your numerous suggestions. We
took them into consideration to improve the manuscript. You'll find our answers

in blue following each of your comment below.

Major Comments

The manuscript presents a very interesting dataset in a poorly study area,
however the data analysis needs to be substantially improved before publication.
The statistical analyses presented do not allow to answer the main scientific
question of the manuscript, i.e. “Which are the main controlling factors for the
three prokaryotic populations along a north-south latitudinal transect
characterized by different hydrographic conditions?” Furthermore, the discussion
is often very descriptive and speculative, hence I strongly suggest the authors to
refocus the manuscript pointing out the main findings according to the new
results obtained. Finally, I find La Nifia section not relevant for the manuscript,
as there is no data available to prove any effect of La Nifna on the distribution of
the prokaryotic community.

As mentioned by Referee #2, the study took place in a poorly studied area. In
addition, the NPSG is a complex area where several seawater masses and
mesoscale circulations are mixed together. In these complex environmental
conditions and due to the lack of data, the identification of the main controlling
factors is obviously difficult and depends on the scale of the study. For example
microphytoplankton was reported to be potentially limited in phosphate in the
western part of the NPSG (Hashihama et al., 2009; Kitajima et al., 2009).
However, when we decomposed microphytoplankton into diatoms and
dinoflagellates, utilisation of phosphate varied significantly and lead to some
contrasting conclusions (Girault et al., 2013a). At the ultraphytoplankton and
heterotrophic prokaryotes level we obviously believe that the environmental
factors influence their distribution as observed for the microphytoplankton
assemblages. PCA and RDA results highlighted from all the data collected two
main features: 1) LNA cluster distribution is explained by temperature and
salinity, ii) HNA cluster is mainly explained by an association of variables
(temperature, salinity, Chl.a and silicic acid). This second result emphasizes the
complex identification of a single limiting factor and also pointed out the link

between the phytoplankton parameters (Chl.a) and one subgroup: the HNA. At
10
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the subgroup level, the HNA subgroup could appear to some extent more active in
the seawater column as its variances can be explained by the highly dynamic
variation of phytoplankton. However, as mentioned in the response to Referee #1
and according to the numerous contrasting results highlighted in the study of
Bouvier et al. (2006), it would be more correct to indicate that the numerically
dominant species in the HNA subgroup are more related with the autotrophic
clusters than the numerically dominant species in the LNA subgroup. The nature
of this link seems also particular because the HNA cluster i1s more abundant in
oligotrophic conditions where ultraphytoplankton concentrations (excepted

nanocyanobacteria) were low.

The authors statistically analyzed the “phytoplankton-related variables (Chl.a
and silicic acid)”, however; they never included the pico-phytoplankton
(Prochlorococcus, Synechococcus and pico-eukaryotes) counts obtained by flow
cytometry in the analyses. Thus, they did not use this data in the manuscript,
although they mention to have it. I suggest the author to include this data in the
next manuscript version.

We took into consideration your request. In the first version of the manuscript, we
did not detail the results because discussion would have been too long and the
main results were already published (Girault et al., 2013b). In this new version
we decided to help the reader to summarize the most relevant information
relative to the distribution of ultraphytoplankton (page 7 lines 5-15; page 8 lines
14-29).

In the manuscript the authors discussed the role of nutrients in the distribution of
HNA and LNA populations. What about the VHNA population? Please include the
VHNA population in the discussion. Instead of using the HNA/LNA ratio in your
analyses you could use the relative contribution of the three prokaryotic
populations to the bulk prokaryotic community.

We have revised the manuscript in order to take into consideration the VHNA
cluster in the discussion (page 11 lines 20-26; page 17 lines 16-28; page 18 lines
21-26). We also added Figure (8b) in order to display the vertical distribution of
the VHNA/HNA ratio. We have selected these two figures only because no

significant relationship was found between each other subgroups.

11
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Minor Comments
Page 15801, line 16-23. This sentence can be moved to the methods section.
We moved the sentence (Page 6 lines 25-32)

Pages 15801-15802. Please add the standard deviation to the average
concentration of LNA, HNA, VHNA populations.

We have added the standard deviation to the average of the LNA, HNA and
VHNA concentrations. (Page 10 lines 18-23)

Page 15802. Please consider using in this section the relative contribution of the
three prokaryotic populations instead of the HNA/LNA ratio (figure 5).

In the new version of the manuscript we have considered the three subgroups
(Page 11 lines 20-26; Page 17 lines 16-28; Page 18 lines 21-26).

Page 15805-15806. The paragraph has to be revised in a more concise way, the
discussion on the role of silicic acid is too long and speculative.
We have modified this paragraph and improved the connection between the

various arguments presented. (Page 14 lines 4-20)

Page 15806. Here for the first time the authors discussed about Synechococcus
abundance in the Subtropical Gyre and in the Kuroshio regions, however this
data is not presented at all in the results section. Please add more information
about the picophytoplankton counts along the transect.

We have added information about the ultraphytoplankton distribution in the
Material and Method section (Page 7 line 3-13) and in the Results as well (Page 8
lines 14-29).

Pages 15807-15808. As I mentioned before I find La Nifia section not relevant for
the manuscript.

According to Referee #1 and to your comment, we have decided to delete the La
Nifna part in the new version of the manuscript because indeed we do not have
any direct proof or any additional data set from the literature to compare both
situations. However, we sincerely believe that the heterotrophic prokaryote
distribution may vary depending on such a large scale climatic event. As

ultraphytoplankton abundances were reported to be highly different during la
12
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Nifia and el Nifio (Girault et al., 2013b) and variance of some heterotrophic
prokaryotes (HNA group) was explained by the phytoplankton cluster (this study),
we can reasonably consider that one part of the variance of the heterotrophic
prokaryotes could be explained by the large scale climatic event such as the
transition el Nifio/la Nina. That is why we mentioned it into the first version of

the manuscript.

Pages 15809. So far it is not really clear what is the ecological role of the
prokaryotic populations distinguished with the flow cytometer (HNA versus LNA)
(Bouvier et al. 2007 EM). Please comment on that in the manuscript.

We agree with your interesting comment and have addressed this point in the

Discussion section (Page 18, lines 21-26).
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Heterotrophic prokaryote distribution along a 2,300 km
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Abstract

The spatial distribution of heterotrophic prokagst was investigated during the
Tokyo—Palau cruise in the western part of the N@wlific subtropical gyre (NPSG) along
a north—south transect between 33.60 and 13.25FhM. cruise was conducted in three
different hydrological areas identified as the Kalrio region, the Subtropical gyre area and
the Transition zone. Two eddies were crossed atbagiransect: one cold core cyclonic
eddy and one warm core anticyclonic eddy and Oistions of the heterotrophic
prokaryotes were recorded. By using analytical fowometry and a nucleic acid staining
protocol, heterotrophic prokaryotes were discrirtedainto three subgroups depending on
their nucleic acid content (low, high and very higicleic acid contents labeled LNA, HNA
and VHNA, respectively). Statistical analyses pemfed on the dataset showed that LNA,
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mainly associated witHow temperature andow salinity, were dominant in all the
hydrological regions. In contrast, HNA distributioseemed to be associated with
temperature, salinity, Chd and silicic acid. A latitudinal increase in the ANNA ratio
was observed along the north—south transect andelated to higher phosphate and nitrate
concentrationsHowever, the opposite relationship observed for W¢NA/HNA ratio
suggested that the link between nucleic acid camted oligotrophic conditions is not linear,
underlying the complexity of the biodiversity inetvHNA, HNA and LNA subgroupdn

the Kuroshio Current, it is suggested that the hncentration of heterotrophic
prokaryotes observed at station 4 was linked toptite of the cold cyclonic eddy core. In
contrast, it is thought that low concentration$eferotrophic prokaryotes in the warm core
of the anticyclonic gyre (Sta. 9) are related te libw nutrient concentrations measured in
the seawater column. Our results showed that thh tariability between the various
heterotrophic prokaryote cluster abundances depetid on the mesoscale structures and
the oligotrophic gradient.

1 Introduction

Marine heterotrophic prokaryotes play a key rolep@lagic ecosystems both in terms of
carbon sequestration and organic matter reminatas Their distribution is controlled by
biotic (bottom-up control, top-down control by grag, virus lyses) and abiotic variables
(temperature, salinity, pressure, irradiance, aatrconcentrations). These possible limiting
variables are shared with the autotrophic commuiaityl competition for resources
inevitably occurs in order for each to survive e tsame pelagic ecosystem. Competition
between heterotrophic prokaryotes and phytoplanKtondifferent forms of inorganic
nitrogen and phosphorus has been clearly demoedtbatth in laboratory experiments and
in the open ocean (Currie and Kalff, 1984; Vadsteif98; Thingstad et al., 1998).
Moreover, several studies have reported that disdolbrganic compounds can be an
alternative nutrient source for some nutrient-steesphytoplankton (Duhamel et al., 2010;
Girault et al., 2013a). The common utilization loé tinorganic and/or organic matter, such
as dissolved organic phosphorus, could lead tgtd tioupling between the heterotrophic
prokaryotes and photoautotrophs along an oligoimgtradient. However, the relationship
between heterotrophic prokaryote abundance andotadighic conditions is unclear,
especially in terms of mesoscale structures suadddees (Baltar et al., 2010; Lasternas et

al., 2013). The differences within the same typanalsoscale circulation reported in the
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literature highlights that the relationship betwedreterotrophic prokaryotes and
photoautotrophs can be dependent on the idenidicaif the different microorganisms
making up the community (Girault et al., 2013b).

In this study, using analytical flow cytometry comdd with fluorescent dyes we were
able to identify three different subgroups among blulk of heterotrophic prokaryotes: a
group characterized by a very high nucleic acidean(VHNA), another by a high nucleic
acid content (HNA), and finally a group with a lowcleic acid content (LNA). Previous
studies have reported that the more active micavosgns seem to have the higher nucleic
acid contents (Gasol et al., 1999; Lebaron et 2001). Complementary results have
suggested that heterotrophic prokaryote activiteee influenced by environmental
parameters especially under oligotrophic conditi@isbkov et al., 2001; Grégori et al.,
2001, 2003a; Nishimura et al., 2005; Sherr et2006; Bouvier et al., 2007). Using the
basis of these previous reports, the oligotropbitcddions investigated in the western part
of the NPSG during the Tokyo—Palau Cruise enabdeid @xamine the relationship between
different groups of heterotrophic prokaryotes, aénéd by different nucleic acid contents,
and their environmental conditions.

Investigations into the heterotrophic prokaryot&ribdution in the western part of the NPSG
are scarce and mostly restricted to the Kuroshiodgdt or the area near the Japan shelf
during EI-Nifio events (Mitbavkar et al., 2009; Kaka et al., 2009; Kobari et al., 2011). In
contrast, the Tokyo Palau cruise was conducteahgwristrong LaNifia condition and over a
large latitudinal gradient to include various setawvanasses. In this work, we studied the
extent to which abundance and distribution of uagidneterotrophic prokaryotic groups,
defined by flow cytometry (VHNA, HNA, LNA) were ihienced by phytoplankton
distribution and environmental variables. The relahip between each heterotrophic
prokaryote group and two different mesoscale ed@has anticyclonic and one cyclonic)
were also examined in order to identify any modificn in organism distribution which

could be related to the oligotrophic conditionsrfdwuring the cruise.

2 Materialsand methods

2.1 Sudy area and sample collection

This study was conducted from 17 January to 8 Felra011 on board RT/V Shinyo Maru
during the Tokyo—Palau cruise. Samples were celteah the western part of the NPSG
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between 33.60 and 13.25° N along the 141.5° E¢@rn(&ig. 1). Twelve stations (Sta.) were
sampled using 2.5 L Niskin bottles mounted on aeftes frame equipped with the

Conductivity—Temperature—Depth (CTD) and in situofometer system. Seawater was
sampled without replicates at several depths betvike surface and 200 m. Due to bad
weather conditions, the seawater samples betwesiorstl and 4 were collected only at the
surface (3 m) using a single Niskin Bottle. At thes!t stations, eXpendable

Conductivity/Temperature/Depth profiling systems CMD) were used to measure
temperature and salinitfihe Brunt-Vaisala buoyancy frequency?Nvas calculated using

the exact thermodynamic expression reported by Ktrag. (2012) (equation 1).

d 1
N? = gz(d—’;—gj (1)

Where 3—'5 is the vertical gradient ain-situ density p). The acceleration (g) due to the

gravity was assumed to be constant during the Télglau cruise (g=9.81) and the speed of
sound (g) was calculated depending on the depth, salimty temperature according to Del
Grosso, (1974)'he mixed layer depths were estimated as the deptivhiich the maximum
stratification occurred (i.e., maximum of &t each station)The irradiance was monitored at
five stations (5, 7, 9, 11, 12) using a ProfilingflRctance radiometer (PRR 600 Biospherical
Instrument®). The depth of the euphotic layer wasingated as the depth of 1 % of
photosynthetically active radiation at noon.

2.2 Altimetry and large scale climatic conditions

The altimetry data (sea level anomaly) was produmgdSsalto/Duacs and distributed by
Aviso, with support from CNES (http://www.aviso.@t®bs.com/duacs/). The sea level
anomaly map centered on the 18 January 2011 w#eglosing the Panoply software from
NASA (http://www.giss.nasa.gov/tools/panoply/). §map was processed by compiling the
data collected over a six weeks period before digedl the chosen date (Fig. 1). The current
sea maps provided by the bulletin of the Japanesstuard were used to validate the
satellite data and display the paths of both thelooyc gyre and the Kuroshio Stream
(http://www1.kaiho.mlit.go.jp/KANKYO/KAIYO/gboc/inde_E.htm).

2.3 Nutrient analyses
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Nutrient samples were collected from Niskin bottlesmediately put into cleaned plastic
tubes in the dark, plunged into liquid nitrogen atdred in the deep freeze (—60D) until
analyses. The highly sensitive colorimetric metimambrporating the AutoAnalyzer 1l (SEAL
Analytical) and Liquid Waveguide Capillarity Celfgvorld precision Instruments), was used
to determine nutrient concentrations (nitrate +iteit soluble reactive phosphorus and silicic
acid) according to the methods listed in Hashihatal. (2009) and Hashihama and Kanda
(2010). Seawater collected at the surface of theteme part of NPSG, which had been
preserved for > 1 year, was used as nitrate +tenitslank water. The blank water was
analyzed using the chemiluminescent method destribeGarside (1982). The detection
limits for nitrate + nitrite, soluble reactive plpd®rus and silicic acid were 3, 3 and 11 nM,
respectively. Because soluble reactive phosphoomsists mainly of orthophosphate and
nitrite was not substantially detectable, soluldactive phosphorus and nitrate + nitrite are

hereafter referred to as phosphate and nitrate.

The nutrient fluxes into the surface mixed layeravealculated using the equatidﬁ%
z

where K is the local vertical diffusivityNut the concentration in nutrients (phosphates,
nitrates or silicic acid) aneldzl—Ut the vertical nutrient gradient. To compensateiri@gular
2

sampling depths among the stations, the nutriesftlgs were linearly interpolated onto the 1
m grid. Then, vertical nutrient gradients were gkldted between sequential depth bins
(Painter et al.,, 2013). This method has the adganta show the nutrient flux from a
particular part of the water column. Due to theklat an Acoustic Doppler Current Profiler
(ADCP) on the ship, the local vertical diffusivifi{) was estimated using the literature (Table
1). Among the K values reported in the oligotroptonditions, a vertical diffusion coefficient

of 0.5 cnf.s* was chosen as a standard value (Table 1).

2.4 Chlorophyll a and flow cytometry analyses

The depth of the deep chlorophyll a maximum wa®methed from fluorescence profiles
using the pre-calibrated in situ fluorometer. Toasige chlorophyll a concentration, 250%cm
of seawater was filtrated through Whatman® nucleegiters (porosity~ 0.2 um) using a

low vacuum pressure (< 100 mm of Hg). Filters wiren immersed into tubes containing
N,N-dimethylformamide (DMF)- and stored in the daak 4° C until analyses on shore.
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Chlorophyll a was analysed using a Turner Desitineadmeter pre-calibrated with pure Chl
a pigment (Suzuki and Ishimaru, 1990).

Samples for heterotrophic prokaryotes were colteétem the Niskin bottles and pre-filtered
onto disposable 100 um porosity nylon filters tevent clogging of any in the flow
cytometer. Seawater aliquots of 1.8 cm3 were fixeth 2 % (w/v final dilution)
formaldehyde solution, quickly frozen in liquid ragen and stored in the deep freeze onboard
(=60 °C) until analysis at the flow cytometry cdezility PRECYM of the Mediterranean
Institute of Oceanology (http://precym.mio.osupw$iér). In the PRECYM, samples were
thawed at room temperature and stained using SYBRIGII (Molecular Probes®) methods
detailed in Marie et al. (1999), Lebaron et al.98Pand modified by Grégori et al. (2003b).
The analyses were performed on a FACSCalibur flpiwreter (BD Biosciences®) equipped
with an air-cooled argon laser (488 nm, 15 mW). each particle (cell), five optical
parameters were recorded: two light scatter signasely forward and right angle light
scatters and three fluorescences correspondingniss®ns in green (515-545 nm), orange
(564-606 nm) and red (653—-669 nm) wavelength ranDesa were collected using the
CellQuest software (BD Biosciences®) and the amalgad optical resolution of the various
groups of heterotrophic prokaryotes were perforraggosteriori using the SUMMIT v4.3
software (Beckman Coulter). For each sample, théme of the flow cytometer was 2 min
and the flow rate set to 50 pL.min-1 (correspondimghe “Med” flow rate of the flow
cytometer). Trucount' calibration beads (Becton Dickinson Biosciencesjenalso added to
the samples just prior to analysis as an intertealdard to monitor the instrument stability
and accurately determine the volume analyzed. Wollp the staining of the nucleic acid with
SYBR Green Il, heterotrophic prokaryotes, excited@8 nm, were recorded and enumerated
according to their right-angle light scatter iniéngSSC) which relates to the cell size and
their green fluorescence intensity (515-545 nm)ctvinelates to the nucleic acid contehs.
already widely described in the literature, sevéralerotrophic prokaryote groups can be
optically resolved by flow cytometry depending oheit average green fluorescence
intensities related to their nucleic acid contemt this study, a group of cells with a lower
green fluorescence corresponding to heterotrophi&gpyotes with a lower nucleic acid
content (LNA), a group of cells displaying a higlween fluorescence corresponding to a
higher nucleic acid content (HNA) and a last grooip cells with the highest green
fluorescence intensity corresponding to the highasteic acid content (VHNA) (Fig. 2The
overlap between the stained phytoplankton, in @alr Prochlorococcus and Synechococcus,

and the heterotrophic prokaryotes (in terms of grb@orescence and side scatter intensity)
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was resolved by using red fluorescence (inducedhbychlorophyll) to discriminate and
identify the photoautotrophs (Sieracki et al., 199%e heterotrophic prokaryote abundances
were also expressed for each cluster (LNA, HNA ®itNA) in terms of carbon biomass
using a conversion factor of 15 fg.C.EefCaronet al., 1995).

Although this study focuses on the distribution tfe heterotrophic prokaryotes,
ultraphytoplankton was also investigated during fhekyo-Palau project. Briefly, the
ultraphytoplankton was sampled thanks to Niskirtlestand filtrated through a 100 pum mesh
size. 4.5 cni of subsamples preserved with 0.5¢of a 20 % formaldehyde solution (i.e.,
2% final concentration) were put into 5 €nryovials tubes. Similarly to the heterotrophic
prokaryote samples, Cryovials tubes were rapidbzdn in liquid nitrogen and stored in a
deep freezer (-60 °C) until analysis. Analyses var@erformed in the same period than the
heterotrophic prokaryotes and based on their ligbatter and fluorescence emission
properties. Ultraphytoplankton was discriminatedtims study into five flow cytometry
clusters  §ynechococcus, Prochlorococcus, Picoeukaryotes, Nanoeukaryotes and
Nanocyanobacteria-like) as described in Giraudtl e2013b).

25 Satistical analysis

To analyse the multivariate data set, principal gonent analyses (PCA) and redundancy
analysis (RDA) were performed using the R softw@egan package) and the Biplot macro
for Excel® (Lipkovich and Smith, 2002). PCA was feemed in order to qualitatively
identify the relationships between heterotrophiokaryotes and the environmental
variables (Pearson, 1901). Possible links betweeh @eterotrophic prokaryote subgroup
and their environmental variables were quantitéfivexamined using the RDA. For the
RDA, the data set was log10 (x+1)-transformed twex for the large differences in scale
among the original variables. A Monte-Carlo tesswaed in order to test the significance
of the RDA results. Partial RDAs were also carrm®d to evaluate the effects of each
explanatory variable set on the heterotrophic pngia composition (Liu, 1997). The first
RDA was performed on the whole data set by takimg iaccount the heterotrophic
prokaryotes as one single group. Additional partRiDAs were performed for each
subgroup (LNA, HNA, and VHNA). The environmentalriables in the additional partial
RDAs were classified into three intercorrelatedialale groups, namely: the depth-related
parameters (phosphate, nitrate, depth), spatiale@lparameters (temperature and salinity)
and the phytoplankton-related parameters @ahd silicic acid). This decision was made
considering the results of the PCA (environmentatiables were separated into three
20
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groups).

3 Results

3.1 Sampling sitesand ultraphytoplankton distribution.

The cruise took place along a north—south transettte western part of the NPSG (141.5°
E) during a strong La-Nifa climatic everitccording to the temperature—salinity diagram
presented in the study made by Girault et al. (BD1tBree main areas corresponding to the
Kuroshio region (Sta. 1-4), the subtropical gyrea($—8) and the Transition zone (Sta.
9-12) were discriminated (Fig. Ifhe discrimination between the Kuroshio area amd th
Subtropical gyre seawater masses was confirmedobyparing the Tokyo-Palau data set
and the studies of Sekine and Miyamoto (2002) aitdjikha et al. (2009).The cruise
crossed two main eddies identified in this studyaasold core cyclonic eddy (C), and a
warm core anticyclonic eddy (A) (Fig. 1). Eddy C1{3N, 141° E) is located in the
Kuroshio region and eddy A (20.5° N, 142° E) in Tmansition zoneThedistribution of the
ultraphytoplankton assemblages observed duringTdikgo-Palau cruise was reported in
detail in the study of Girault et al., (2013b). @ly, ultraphytoplankton was characterized
by an heterogeneous distribution of its phytoplankgroups associated with the complex
distribution of the various seawater masses mahguhe cruise (including salinity front,
subtropical countercurrent, eddies). Among the @blgihkton communities
Prochlorococcus numerically dominated the ultraphytoplankton adslages in the samples
collected in the stratified oligotrophic areas suah the Subtropical gyre area and the
Transition zone. Picoeukaryotes, Nanoeukaryotes $ndchococcus also constituted a
significant part of the carbon biomass in the regiepleted in phosphate and nitrate. The
role of the cold core eddy C was reported at thieasa where the highest concentration of
Nanoeukaryotes in the surface sample was founkevery core of the cyclonic eddy (Sta.
3) and where, th&ynechococcus outnumbered th€rochlorococcus abundance in the path
of the cold core cyclonic eddy (Sta. 4). The Namaopacteria-like group was reported to
be controlled by the frontal system observed aioste rather than the concentration of

inorganic nutrients.

3.2 Sratification of seawater masses and vertical nutrient fluxes
The Brunt-Vaisala buoyancy frequencies calculatedhfthe CTD data set are characterized

21



© ® I O Ul R W N e

e e e e e
S Ot R~ W DN = O

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

by low N values (<2x13 s?) from the surface down to the 90 m depth (FigB&low this
depth, the vertical distribution of °Nwas more irregular and reached at the maximum
1.09x10° s? at station 11 (90 m). Fig. 3 also shows that taptidl of the K maximum
(thermocline depth) tended to be shallower in tha&tlsernmost part of the transect (Sta. 1,
185 m to Sta. 11, 90 m) underlying the strengthgmhthe upper thermocline when the
heat flux at the surface is positive and wind ngxis low in the South part of the transect.
Along the latitudinal transect, two particular vetuof the thermocline depths were found at
station 3 (145 m) and at station 9 (140 m) corredpw to the cyclonic and anticyclonic
eddies, respectively. Moreover, excepted at st@iand station 9, the first increases 6f N
(> 2x10* s? from the surface to the 200 m depth correspontethe depth of the
thermocline and indicated the lack of seasonahtbeline as already described in Sprintall
and Roemmich (1999). The limit of the euphotic tafgkefined by the depth with 1 % of the
irradiance at the surface) was also plotted in &idduring the cruise, this limit varied from
84 m (Sta. 7) to 115 m (Sta. 12). Except stationthié limit of the euphotic layer was
located upper the thermocline. The average of tiselate difference between the euphotic

layer and the thermocline depths was 34 +11 m.

Figure 4 shows the vertical gradient of nutriemisosphates, nitrates and silicic acid). The
vertical phosphate profiles were characterized wery low gradient (<1 nM.f) in the
upper 100 m from station 6 to station 12. Both fwsiand negative gradients were
observed and no specific distribution between theams found. Under the depth of 100 m,
higher phosphate gradients (> 3 nM)mvere found and defined the phosphacline depths as
displayed in Figure 6 of the study made by Girailtal. (2013b). Nitrates showed that
vertical profiles closely corresponded to phosphatgh negative or positive values lower
than 5 nM.nT and higher gradient below 100 m. The verticalritistion of the silicic acid
gradient was more complex with moderate gradieatsying from 0.01 to 0.02 pM.m
were observed in the upper 100 m depth at stapBs 7, and 12. Similarly to phosphates
and nitrates, the highest gradients of silicic adi@.04 uM.rit) were found below 100 m
depth from station 6 to station 10. Taking intoaod all the panels of Figure 4, Station 8
showed a particular pattern between 100 m and 16@pths where two superimposed high
gradients were observed. The depths of these higgients were found to be similar for
phosphates and silicic acid (100-115 m and 130+hpbut the vertical profile of nitrates
gradient showed a slightly lower depth (130-140nd 455-170 m).

By using a vertical diffusion coefficient of 0.5 &st', the nutrient fluxes were calculated
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from station 5 to station 11 (Table 2). Phosphhiret into the surface mixed layer were
negative at stations 5 and 6 (-0.52 and -1.34 pmifodl*, respectively) and positive from
station 7 to station 11. The positive phosphateefuwere maximum at station 7 (9.43
umol.m?%d?) and decreased to reach 1.38 umgld at station 11. The percentages of
diffuse flux per day relative to the standing stackhe mixed layer were particularly low
and varied from -0.03 % (Sta. 6) to 0.76 % (StaN#rate fluxes into the mixed layer were
positive and highly variable along the transect {o-81.3 pmol.rif.d™). The percentage of
daily diffuse supply relative to the pool reflettss result and varied from ~0 (Sta. 7 and
10) to 432 % (Sta. 8). The Silicic acid fluxes wegtebally higher than the phosphate and
nitrate fluxes calculated in the mixed layer (up5tl.1 pmol.rf.d®; Sta. 9). The daily
diffuse supply relative to the mixed layer pool ias and spread from 0.002 % (Sta. 5) to
0.48 % (Sta. 9).

3.3 Distribution of the heterotrophic prokaryotes

After staining with the SYBR green Il fluorescenyed three clusters of heterotrophic
prokaryotes were characterized by their differeeieg fluorescence mean intensities (Fig.
2). Figure5 shows the abundance of each heterotrophic proteawtaster at the surface,
along with latitude. In the surface samples of tKkaroshio region the average
concentrations of LNA, HNA and VHNA wer®,71x10+3.8x1¢, 3.27x10+1.4x10 and
2.64x10+1.2x10 cells.cn®, respectively. In the Subtropical area the average
concentrations of LNA, HNA and VHNA were 6.01X30.2x10, 2.97x10+1.4x10 and
1.84x10+6.4x10 cells.cm®, respectively. In the Transition zone the averamecentrations
of LNA, HNA and VHNA were 5.18x1%1.8x10, 4.38x10+1.6x1¢ and
1.15x16+6.2x10F cells.cn®, respectively. Despite the high variability between the
concentrations along the north-south transect,dib&ibution of the three heterotrophic
prokaryote groups was characterized by a commonmuan at station 4 and a minimum at
station 9. At station 4 the concentrations of LM#A and VHNA were 1.39x19 5.03x16
and 4.35x18ells.cm®, respectively. In contrast, the concentrationsLifA, HNA and
VHNA at station 9 were 2.07x201.6x1Gand 5.07x1€cells.cn?®, respectively. To a lesser
extent, high concentrations of LNA (9.13xt6lls.cn®) and HNA (3.62x18&ells.cn)
were identified at the northernmost station ofKlueoshio region (at station 1).
The vertical distributions of heterotrophic prokatgs were also investigated along the
transect (Fig6). As for surface, the vertical distributions of heterotrophic prokaryote
groups are characterized by lower cell concentatiat station 9. In this very station both
23
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LNA and HNA concentrations are significantly low#ran at the other stations (Kruskal
wallis test, n = 90, P value < 0.05). The LNA c&rgs numerically dominant in 99 % of the
samples. The VHNA concentrations are lower thanHN& in 75 % of the sampleS.he
contributions of each heterotrophic prokaryote telug terms of carbon biomass integrated
between the surface and the 200 m depth to thé hetarotrophic prokaryote carbon
biomass (sum of the biomasses of the three hebtpltt prokaryote clusters) is shown in
Fig. 7. LNA numerically dominated the carbon biosm&®m surface to the depth of 200 m
(Sta. 5 to Sta. 12). The latitudinal contributidrtlee LNA cluster to the total heterotrophic
prokaryotes in terms of carbon biomass varied fdm% (Sta. 9) to 63 % (Sta. 6).
Contribution of the HNA cluster is characterized d&yow percentage at stations 5 and 6
(22 % and 16 %, respectively) and a near constamitibution between station 7 and the
southernmost station 12 (33 £ 2 %; n=6). The cbation of the VHNA cluster was nearly
constant from station 5 to 9 (19 + 2 %; n=5). Theneached the lower values in the
Transition zone (14 % at Sta. 10, 5 % at Sta.1112%b at Sta.12).

Figure 8a displays the ratios of HNA/LNA concentration degi@g on depth. In the
Kuroshio region, ratios are low and varied from&ta. 2) to 0.44 (Sta. 3). In the
Subtropical gyre area, the ratios varied from 3. 5, 70 m) to 0.82 (Sta. 7, 10 m). The
higher ratios (up to 1.03 at Sta. 10, 10 m) werseoled in the surface layer of the
Transition zone. In the Transition zone and thet®plcal gyre area the higher ratios
measured were found between the surface and 10@igaure 8b shows the ratio of
VHNA/HNA concentrations depending on depth. In #eroshio region the ratio varied
from 0.53 (Sta. 3) to 1.46 (Sta. 2). In the Sulitralpgyre area, the ratio varied from 0.10
(Sta. 7, 58 m) to 1.93 (Sta. 9, 175 m). In the $itaon zone the ratio varied from 0.10 (Sta.
12, 70 m) to 1.47 (Sta. 12, 180 m). The averagd®VHNA/HNA ratio (0.37 £ 0.35) in
the Transition zone was the lowest of the threepsadnregions (0.78 + 0.44 in the
Subtropical gyre; 0.88 £ 0.41 in the Kuroshio regio

34 Satistical analysis

Results of the Principal Component Analysis (PCAJ éhe Redundance Analysis (RDA)
are shown in Figs9 and 10, respectively. The correlation circle of the PGHsplays the
first two principal components (PC1 and PC2) whacicounted for 32.44 and 27.67 % of
the total inertia, respectively. The third and tbuprincipal components are not shown due

to the low inertia exhibited (11 and 8 % of theatohertia, respectively) and the lack of any
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clear ecological understanding. Silicic acid, @hIVHNA and LNA where differentiated
from temperature and salinity by PC1, while PC2niyadifferentiated depth, nitrate, and
phosphate (negative coordinates) from the HNA ehsst(positive coordinate). Using
hierarchical classification the sampling depths eveeparated into six different clusters
(Table 3 and Fig.9.) Cluster 1, black dot, characterized all theistet located in the
Kuroshio region. Cluster 2 samples were collecteth@ edge of the Subtropical gyre but
also contained the deepest sample collected abrst@t (200 m), which was in the
anticyclone eddy in the transition zone. All sarspie Cluster 3 were collected below a
depth of 125 m where nitrate and phosphate coratéaris were higher than for surface
samples. This cluster was defined as the deep tagep. Cluster 4 samples were collected
in the center of the subtropical gyre (stationsnd &) where heterotrophic prokaryote
concentrations were at their maximum in the seawatimn. Cluster 5 represented the
samples collected in the anticyclonic eddy wherenarked salinity has been reported
(Girault et al., 2013b). Located in the Transitmone, at the southernmost stations the sixth
and last cluster group was characterized by thiedsigsalinity and temperature values. This
last cluster (blue dots in the Figr) is distinguished from the deep layer group (teius,
green dots) by the low nutrient concentrations meskin the upper layer.

A redundancy analysis (FidlO) was then performed to find out how the measured
environmental factors influenced the distributioh heterotrophic prokaryote subgroups
sampled during the cruise. The cumulative percentdall canonical eigenvalues indicated
that 69.1 % of the observed heterotrophic clustariations were explained by
environmental factors. The first two axes of theARE&xplained 38 and 24 % of the total
variance, respectively. Monte-Carlo tests for thi@seaxes were significant (P value < 0.05,
using 999 permutations) and suggested that enveatahparameters might be important in
explaining heterotrophic prokaryote distributioreTfirst axis is negatively correlated with
salinity and positively correlated with the LNA ster. The second axis is negatively
correlated with temperature and the HNA cluster positively correlated with the VHNA
cluster. RDA suggested two main correlations betwdake LNA cluster and the
phytoplankton-related variables (Chl a and siliacid) and the HNA cluster with the
depth-related variables (nutrients such as niaatephosphate and depth).

To confirm and quantify these possible correlatidngartial RDAs were also performed:
one partial RDA using all the heterotrophic prokdeg at once and one additional partial
RDA for each heterotrophic prokaryote subgroup (L.N#NA and VHNA). Results of the
partial RDA performed on all the heterotrophic @mpjotes showed that among the six
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environmental variables measured during the crigabnity and temperature statistically
contribute for 24 and 7.5 % of the variation of tieterotrophic prokaryotes, respectively.
To a lesser extent, phosphate alone explained bthe variability, whereas Chl a, nitrate,
depth and silicic acid explained only 1.8, 1.7, antl 0.86 %, respectively. The partial
RDAs performed either on LNA, or HNA, or VHNA indited that environmental
parameters can explain 60, 55 and 27 % of the vat@nce, respectively (Tabig. Partial
RDA results showed that the spatial related pararsetione can explain up to 31 % of the
variation in the heterotrophic prokaryote distribnt The depth-related parameters
explained between 6 and 8 % of the variance arallyinhe phytoplankton-related group
explained a maximum 4 % of the variance in the Li#erotrophic prokaryotes. As far as
the HNA cluster is concerned, the joint variatidntlee spatial- and phytoplankton-related

parameters explained 22 % of the variance.

4 Discussion

4.1 Relationship between the heterotrophic prokaryotes and phytoplankton along
the oligotrophic gradient

The spatial distribution of the heterotrophic pngkde clusters defined by flow cytometry
can be discriminated into three main areas thatspond to different seawater masses: (i)
the Kuroshio region, where the highest heterotrophiokaryote concentrations were
measured, (ii) the Subtropical gyre and (iii) thrarsition zone both characterized by a high
variability in the heterotrophic prokaryote congatibns in the seawater column (Figs51,
and6). Separation between the Subtropical gyre andthesition zone was made using the
salinity front observed south of station 8 (Giragt al., 2013b). The hierarchical
classification performed on the first two axes bé tPCA, statistically confirmed this
latitudinal pattern and also provided addition@rmation on the relationships between the
environmental parameters and specific mesoscaletgtes encountered during the cruise.
Discrimination of six different clusters highligltethe complex assemblages of the
mesoscale structures in the three main areas a®psty reported in the NPSG area (Aoki
et al., 2002) (Fig9). For example, stations located in the Transidone were statistically
discriminated into two clusters (Clusters 5 andl6¢ to the high salinity and temperature
values in the anticyclonic eddy (station 9). Ini&idd to the latitudinal variations, vertical

distribution is also important and this is taketoinonsideration with cluster 3. This cluster
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grouped the deep layer samples which were chalzstiely higher nutrient concentrations
than found in the upper layer (negative coordinate®CA2). An interesting result obtained
from the PCA and RDA, is that PC1 characterizedhbthte silicic acid and Chl a
concentrationsThis result suggests a possible link between ti@@dnce of phytoplankton
and silicic acid concentrations. Concerning thegdaphytoplankton,evidence of Si
depletion (<11 nmol.t) associated with bloom of diatoms was previouslyorted in the
Kuroshio current and highlighted that under specdonditions such as an eddy, large
phytoplankton can be controlled in part by the Emlity of the silicic acid in this area
(Hashihama et al., 2014). Howevtlre effect of silicic acid on phytoplankton ovelaeger
scale is unexpected, as the lowest concentrationghosphate and nitrate have been
reported in the euphotic layer of the western mdrthe NPSG areaand Si : N : P
stoichiometry measured during the Tokyo—Palau eruidentified nitrogen and/or
phosphorus to be potential limiting factors (Hashila et al., 2009, 2014; Girault et al.,
2013Db). The nature of the control and the role of microorgarsiswith a smaller size,
including small diazotrophs, on the silicic acidtale are still controversial. Based on the
nutrient uptake valuemeasured in the NPSG area, relationship betweervehe high
efficient uptake of silicic acid and silicified @gisms was reported in Krause et al. (2012).
This high efficiency of silicic acid uptake may éxip in part the correlation between these
two variables as observed both in the PCA and RBgpide the low concentrations of large
silicified organisms measured in this area (Giraetltal., 2013a).0On the other hand,
measurements of the Si-bioaccumulation in somenstia Synechococcus were reported in
Baines et al. (2012), suggesting that some organisithout a Si-skeleton may also be
involved in this silicic acid-Chla correlation. In the Tokyo—Palau cruise, high
Synechococcus concentrations were measured in the Subtropica ggd in the Kuroshio
regions and may lead to an unidentified Si padhese aread-inally, the availability of a
Si pool may be in part promoted by the regenerati@chanism initiated from the marine
bacterial assemblages (Bidle and Azam, 1999). Tkedation of silicic acid and Chlwas
proposed in this study to quantify the extent taclwtenvironmental parameters can explain
the variation in heterotrophic prokaryotes. Thipraach seemed to be ecologically sound
for the Tokyo—Palau cruise, as demonstrated bydnial RDA (silicic acid and Chl a were
grouped together).

By using partial RDA analyses, the quantificatiohtloe effects of the environmental
variables was in agreement with the PCA result®e Mydrological parameters including

temperature, salinity and to a lesser extent migieonfirms the key role of the mesoscale
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circulation. At the subgroup level LNA, HNA, and WA distributions appeared to be
spatially different. This pattern is illustratedtiwithe patchy distribution of the VHNA in
comparison to the LNA and HNA distributions. Withlp 27 % of the variance explained,
the distribution of VHNA is difficult to relate téhe specific environmental parameters
measured during the cruise, despite a non-neghgialrt of total variation explained by
temperature and salinity (Table 4). The significesle of spatial-related variables is also
observed in the LNA and HNA cluster distributionsdamatches well with the mesoscale
circulation. “Pure” phytoplankton-related variablghl a, silicic acid) as a general control
(bottom up) of the VHNA, HNA, and LNA distributioreeccounted only for a small fraction
(1-4 %) of the explained variation. Indeed, in casitt to some recent investigations, this
study suggests that Chl a and silicic acid varslalee poorly correlated to the distribution
of the various heterotrophic prokaryote subgrougise(r et al., 2006; Bouvier et al., 2007;
Van Wambeke et al., 2011). However, when the pHstdon-related variables were
combined with spatial-related variables, the coratiam gave a negative loading for VHNA
and LNA, while 22 % of the variance was calculatedthe HNA. This may suggest that
phytoplankton related variables are less impotfian¥HNA and LNA than for HNA. This
means that the variation in HNA is more likely te $patial and phytoplankton dependent.
The link between HNA and the spatial- and phytokian-related variables is not obvious
in Fig. 9 because PCA cannot quantify the unique variatietoriging to the specific
variables. The partial RDA provided possible evimerand quantified that: (i) the LNA
distribution is mainly explained by temperature aadinity and (ii) HNA distribution is
mainly explained by an association of variablemierature, salinity, Chl a and silicic acid)

rather than a single environmental factor.

4.2 Diffusive nutrient fluxes and their biological relevance

Relationships between the vertical distributionnoftrients and ultraphytoplankton were
investigated in a previous article (Girault et &Q13b). Results pointed out that both
phosphate and nitrate concentrations were partlgu@awv in the upper layer of the ocean
and characterized an oligotrophic environment comtbiwith a complex assemblage of
seawater masses. Calculation of Brunt-Vaisala bumydrequencies confirmed the well
stratified structure observed along the transespieeially at stations 10 and 11 where the
higher values of Rlwere found. Contrasting to some other oligotropdrieas the depth
receiving 1 % of the irradiance in surface (useddéfine the euphotic layer) was not
coupled with the thermocline, suggesting that a pérthe organic material could be
28
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transported below the euphotic layer (by verticagration of organisms for instance). In
these low nutrient conditions, theoretical caldolatof nutrient supplies from the mixed
layer was investigated in order to estimate theuémfce of these nutrient supplies in the
upper mixed layer (Tables 1 and 2). The resultaiobt should obviously be taken with
caution, especially for nitrates due to the impaectaof diazotrophy as previously reported
and to episodic dust deposition not negligiblena NPSG (Wilson, 2003; Kitajima et al.,
2009; Maki et al., 2011). However, results of thegphate and nitrogen diffuse fluxes were
in agreement with the value reported in oligotreptonditions (Gasol et al., 2009). Silicic
acid diffuse fluxes were also in the range of valueported by Painter et al., (2014).
Negative diffuse fluxes of phosphate observedadissts 5 and 6 resulted from the variation
of phosphate concentration in the mixed layer deddepth of the phosphacline (found at
~200 m depths). The oscillation of positive and ateg values in phosphate-depleted
condition also pointed out the approximation linked the limit of detection of the
phosphate concentration (3 nM) in the oligotropingper layer. The comparison between
the phosphate or silicic acid fluxes and the mitbeg@r integrated concentration of nutrients
suggested that the daily diffuse fluxes were ofanimportance to resupply nutrients to the
surface Ocean. This result is coherent with thgotdophic conditions observed during the
cruise and emphasized the important role of theahial loop to sustain the growth of
organisms in the western part of the NPSG.

The particular high gradient in nutrients obsenmdween 100 m and 155 m depth at
station 8 matched very well with the possible pneseof the subtropical counter current,
STCC (Sta. 100 m to 130 m), as reported in Girautl., (2013b). Despites no noticeable
pattern of variation of buoyancy frequency at thespths, nutrient gradients clearly
indicated two zones of high gradients separatedalgyer of lower or null gradient.
Interestingly, the depths with high nutrient grage were similar for silicic acid and
phosphates but higher nitrate gradients were ldcptst beneath this layer. This result
suggested that utilization of nitrate differed fra@inosphates and silicic acid in the vicinity
of the STCC layer. In terms of nitrate daily flidated to the standing pool, an anomalous
percentage of 432% was evidenced suggesting tffasigle role of nitrates linked to the
STCC was particularly important. This anomalousceetage was the result of two
mechanismg) a nitrate-depletion in the mixed layer anyl the depth of the nitracline
corresponded to the depth of the thermocline. Aatoa of nitracline with thermocline
mathematically maximized the daily flux relatedtb@ standing pool and lead to this high

percentage at station 8. Although, Figure 6 did eatlence particular distribution of
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heterotrophic prokaryotes close to the STCC laygegrated heterotrophic prokaryote
abundance and carbon biomass of HNA in the Sulmabgyre area were maximum at
station 8 (Fig. 7). This result is also observethuhe ultraphytoplankton distribution where
high concentrations were also found at this sta{@mmault et al., 2013b). Relationships
between the STCC and microbial food weila the nutrient fluxes appeared to be an
important mechanism to sustain the ecosystem in Shbbtropical pacific gyre area.
Although the statistical analyses were performedhenentire data set, RDA results tend to
confirm and emphasize this relationship between whgance of HNA distribution,
phytoplankton distribution and depth related paranse(Table 2).

4.3 Theroleof nutrientsin thedistribution of HNA and L NA

The partial RDA showed that the “pure” depth-raflat@riables explained between 6 and
8 % of the total heterotrophic prokaryotes variaiideese percentages are low but the sum
of their joint effect (including the depth-relatedriables) can explain more than 26 % of
the total variation in the LNA distribution. Diffences in nutrient utilisation and
requirements could also lead to different hetepdtio prokaryote distributions and a
possible discrimination of certain organisms subjecthe oligotrophic gradienfThese
variations can in part be observed thanks to thiesraf the abundances of the various
clusters (Fig. 8)Figure 8 shows two opposite relationships betwhemticleic acid content
of the heterotrophic prokaryotes and the spatistridution. Considering the VHNA/HNA
ratio, a northward increase of the ratio was foumtthe upper layer (from the surface to 100
m) and suggested that these microorganisms witlerg kigh nucleic acid content are
outcompeted by the HNA prokaryotes in the mostatfigphic region (Transition zone). It
should be noted that the relationship between tH&IA and HNA appeared to be rather
centered on the boundary between the Transitioe zmad the Subtropical gyre areas, and
not related to a continuous modification of theioradlong the gradient (average and
standard deviation of VHNA/HNA ratio in the Kuroshiegion are close to the ones in the
Subtropical gyre area). In contrast, Figure 8a shinatHNA/LNA ratio increasedrom the
northernmost station 1 to the southward statiorinlthe upper layer (from the surface to
100 m), especially from station 6. In addition,exitase in the HNA/LNA ratio was found
below 100 m at station 7 in the Subtropical gyreaathrough to the Transition zone. In
opposition to other cruises conducted in oligotioptonditions, the Tokyo—Palau cruise
demonstrated a latitudinal gradient\ifittNA, HNA and LNA concentrations in the upper
layer and from the surface to the deep layer (Vaanb®ke et al., 2011). Nutrient data
30
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displayed in Fig. 6 (Girault et al., 2013b) show#tht both phosphate and nitrate
concentrations decreased between stations 6 andut7 wiere measured in high
concentrations under the thermocline. From the peetsve of nutrients these results
suggest that LNA is less abundant than HNA under pthosphate and nitrate conditions.
This is in contrast with the hypothesis proposadstverely P-limited environments which
suggests that inorganic phosphorus can exert nemeres physiological constraints on the
growth of HNA than LNA (Nishimura et al., 2005; Waret al., 2007). However, it is
important to note that both LNA and HNA clusters &kely to include different strains of
microorganisms including species adapted to themwavhich have been shown to have
lower minimal P cell quotas (Hall et al., 2008).eThnk between these warm-adapted
species and the nucleic acid content is still uarctend depends on the type of environment
studied. For example, the warm-adapted species MA lwere expected to have an
advantage over cells with high nucleic acid con{gttlA) in the warm resource limited
environment of the Mediterranean Sea (Van Wanbekd ,e2011). In contrast, the work of
Andrade et al. (2007) found that LNA accountedtha high proportion of cells in cold and
“nutrient rich” waters, whereas cells with highelA concentrations were prominent in the
oligotrophic high temperature regions of the SoutbiwAtlantic Ocean. According to
Andrade et al. (2007), the variation in the HNA/LNAtio observed suggests that low
nutrient conditions favour HNA cells over LNA cellShis result along with the statistical
analyses performed in this study may suggest tiN# ldpecies are more warm-adapted
than LNA in the Subtropical gyre and Transition ednecrease of the VHNA/HNA ratio
also suggests that the numerically dominant spewigshigh nucleic acid content (HNA)
might be more warm-adapted than the cells withhigbest nucleic acid content (VHNA).
These contrasting results highlight the complex raowl linear link between the cell nucleic
acid contents and the various ecological meanisgeported in Bouvier et al., (2007) and
Van Wanbeke et al., (2009).

4.4  Distribution of the heterotrophic prokaryotes and eddies

During the Tokyo—Palau cruise the transect crosseald core cyclonic eddy near station 3

and a warm core cyclonic eddy at station 9. Cycdaddies usually enhance biological

activities as reported by the measurements of cafilzation, nutrient uptake, and oxygen

production (Bidigare et al., 2003). At station I3¢ pumping effect initiated by the cyclonic

eddy was seen by recording the nutrient ratio atehtifying the microphytoplankton

taxonomy (Girault et al., 2013a, b). The high corition of Chl a measured at station 3
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and the numerical dominance of large phytoplankigreed with the description of cold
core cyclonic eddy event (Vaillencourt et al., 2008 high concentration of heterotrophic
prokaryotes was found at the edge of the cycloddygSta. 4). The effect of the eddy on
the similar concentrations of heterotrophic prok#éeg were measured at stations 2 and 3.
In oligotrophic conditions, environmental factorentrolling the distribution of the
heterotrophic prokaryotes were compared in twoeené& cases: the stations located under
the influence of the eddy and the ones outsidanilsence (Baltar et al., 2010). However,
few investigations target the distribution of hetewphic prokaryotes along the spatial
oligotrophic gradient (Thyssen et al., 2005) oretakto account the age of eddy (Sweeney
et al., 2003; Rii et al., 2007). With three stafiamly (stations 2, 3, 4), a snapshot of the
eddy effects was presented and it remained diffiewdt to say impossible, to describe the
local effect of the eddy. However, by using sakeltata and daily surface currents of the
bulletin of the Japanese coast guard, it was plestbdetect that the creation of the eddy
structure was linked to the instability in the me@anof the Kuroshio Current between 9 and
12 July 2010. This phenomenon has been commonlgredd in this area (e.g. 17 April
2012; 14 May 2013) and its lifespan is usually dabamumonth. In comparison, the sea
surface current map suggested that the mesoscattuse observed during the cruise was
older than six months. On the basis of the “closaddel proposed for an eddy, a six month
old cyclonic eddy is associated with its decay phashere intense blooms can be observed
but which lack significant diatom abundance (Sekiak, 2001). During the cruise, the
highest abundance of microphytoplankton was obseatestation 3, suggesting that the
classical biogeochemical properties normally asgedi with an eddy (i.e. single nutrient
pulse, “closed system”) were not apparent in theloryc eddy encountered during the
Tokyo—Palau cruise. This phenomenon has also bleseneed in other oligotrophic areas
(Seki et al., 2001; Bidigare et al., 2003; Landryak, 2008). According to Nencioli et al.
(2008), the association of a horizontal translatggadient with multiple nutrient inputs
might explain the variability in organisms betwestations 2, 3, and 4. Indeed, the cold core
of the cyclonic eddy moved to the north-west betwBecember and the sampling time of
the cruise. Station 4 therefore is the first statio be influenced by the eddy, the center of
cyclonic eddy then moved towards station 3, but md reach station 2 located in the
vicinity of the Kuroshio Current. The path of theld core cyclonic eddy could explain the
possible decrease in the nutrient uptake from thtéoim layer at station 4 and lead to an
oligotrophic system dominated by regeneration @ses. The high abundance of

heterotrophic prokaryotes measured at the edgleeotyclonic eddy could be explained by
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the high activity in the microbial loop. This difence in heterotrophic prokaryote
abundance between the center and the edge of theredy be due to a more efficient
vertical exchange of seawater masses which has tepemted at the periphery of some
eddies rather than at the center of them (Stapletal., 2002; Klein and Lapeyre, 2009).
Similarly, the numerical dominance of Synechococalserved only once in the surface
samples during the cruise, may explain the chang&ophic conditions (Girault et al.,
2013b).

The frontal structures observed between the Sulsabgyre and the Transition zone are
usually defined by an accumulation zone for orgamatter and an area of high
heterotrophic prokaryote abundance is found (Agistend Montero, 2005; Baltar et al.,
2009; Lasternas et al., 2013). However, the aniticye eddy at station 9 is characterized by
the lowest concentrations of heterotrophic prokeryausters found during the cruiSéie
low concentrations of the dominant LNA cluster vedso observable in terms of integrated
carbon biomass, and highlighted the response &f @aster to the change of environmental
conditions, such as the salinity front (Fig. Among the environmental variables, low
nutrient concentrations are expected to be onerfacintrolling the specific distribution of
heterotrophic prokaryote clusters (Girault et 2013b). The partial RDA suggests that the
spatial related variables are the most importaoiipwed by the “pure” depth-related
variables which explained between 6 and 8 % oftthal variation in the heterotrophic
prokaryote cluster abundances. The low differengaercentages between LNA, HNA, and
VHNA clusters was in agreement with the constantherically dominant group found
between the surface and 160 m. This result sughektd the anticyclonic eddy did not
enhance nor limit one particular heterotrophic prgkte cluster in the upper layer (F&).
However, below 160 m a high increase in VHNA andALBbundance was measured
compared to HNA. This result is uncommon in the oneand bathypelagic zones of
oligotrophic areas where the concentration of HNAl &NA heterotrophic prokaryotes
decreased significantly with depth (Van Wambekalgt2011; Yamada et al., 2012). The
increase in nutrient concentrations associated thighsloppy feeding mechanism initiated
by the concentration of VHNA may partially leadtb@ high abundance of LNA observed at
the bottom of the euphotic layer (Thyssen et 805).

5 Conclusions

This study along a 2300 km transect in the NorthifRasubtropical gyre area during a
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strong La Nifia condition showed that the heterdgtroprokaryote distribution is correlated
with three different seawater masses identifief)ate Kuroshio, (ii) the Subtropical gyre
and (iii) the Transition zone. A latitudinal incezain the HNA/LNA ratio was found along
the equatorwardoligotrophic gradient and suggested different retehips between the
various heterotrophic clusters and the environmesgaables measured in situ during the
cruise. The statistical analyses highlighted thatrhajority of the heterotrophic prokaryote
distribution is explained by temperature and ssliflutrients and phytoplankton-related
variables had different influences depending onliNé&, HNA and VHNA clusters. LNA
distribution is mainly correlated with temperatued salinity while HNA distribution is
mainly explained by an association of variablemfierature, salinity, Chl a and silicic acid).
During the cruise, two eddies (one cyclonic and am&yclonic) were crossed. The vertical
distributions of LNA, HNA and VHNA were investigateBased on the current surface map
and the microorganism distribution, it is reasoratad form the hypothesis that the high
concentration of heterotrophic prokaryotes obsemfestation 4 was linked to the path of
the cold cyclonic eddy core. In contrast, in theawaore of the anticyclonic eddy, lower
heterotrophic prokaryote concentrations are sugdetd be linked to the low nutrient
concentrations. All the results described in thiglg highlight the high variability of each
heterotrophic prokaryote cluster defined by thaiclaic acid content (LNA, HNA, and
VHNA) with regard to the mesoscale structures dreldligotrophic gradient observed in

situ within the area of the North Pacific subtraigyre.
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1 Table 1. Literature estimates of vertical turbuldiftusivity rates obtained using different

2 methods in the oligotrophic conditioma indicates information not mentioned.
Depth | Diffusivity
Domain Location Reference
(m) (cn’.sY)

North Pacific 22°N-158°W 300-500 | 0.1-0.5 (Christian and Lewis, 1997)
Subtropical 35—-44°N, 150-170°W| na 0.2-0.4 (White and Berstein, 1981)
Gyre 10°N-40°N 0-1000 | 0.3 (Van Scoy and Kelley, 1996

22°N-158°W Euphotic | 1-2 (Emersoret al., 1995)
Pacific Ocean | 20°S-20°N 125 0.5 (Li etal., 1984)

20°N-60°N 100 1.8 (Li etal., 1984)
Tropical North| 5°N-10°N, 90°E na 0.05-0.16 | (King and Devol, 1979)
Pacific Ocean | 10°N-15°N, 85°E na 0.44-1.10 | (King and Devol, 1979)
Subtropical 25°N, 28°W 300 0.12-0.17 (Ledwellet al., 1998)
North Atlantic | 28.5°N, 23°W 100-400 | 0.37 (Lewiset al., 1986)

31°N, 66°W <100 0.35 (Ledwellet al., 2008)
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Table 2. Phosphate, nitrate and silicic acid diffesluxes into the surface mixed layer and the ongnce of supply term relative to the

standing pool size.

_ Daily diffusive | Daily diffusive | _ Daily diffusive
_ _ Mixed layer | Phosphate flux | Nitrate flux | Silicic acid flux _
Station | Latitude , 1. | supply relative , 1. | supply relative - supply relative to
depth (m) | (umol.m“.d~) (umol.m=.d") (umol.m=.d")
to pool (%) to pool (%) pool (%)
5 28.98 141 -0.52 -0.01 3.63 0.01 2.25 0.002
6 27.16 136 -1.34 -0.03 12.88 0.04 54.09 0.03
7 24.83 109 9.43 0.69 0 0 142.21 0.21
8 22.83 101 7.78 0.76 81.3 432 351.36 0.39
9 20.78 140 6.48 0.68 13.91 5.7 571.1 0.48
10 19.98 95 1.38 0.16 0 0 0.006 0.01
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2
3

Table 3. List of observations from stations 1 to 11 aneirtlclassification into six clusters

according to the principal component analysis (PCA)

PCA _ Latitude _
Cluster Observations N) Station Depth (m)
1 1 33.6 1 0
1 2 33 2 0
1 3 31.6 3 0
1 4 31 4 0
2 5,6,7,8,9,10,11,12,13 28.6 5 0,40,60,70,78,801000140
2 15,16,17,18,19,20,21,22,237.1 6 0,25,60,75,80,90,100,115,125
2 32,33,34 24.5 7 75,90,101
2 40,41 225 8 110,125
2 55 20.5 9 200
3 14 28.6 5 160
3 24 27.1 6 150
3 42,43,44 22.5 8 135,150,165
3 54 20.5 9 160
3 61 19.6 10 125
4  25,26,27,28,29,30,31 24.5 7 0,10,25,40,58,59,60
4  35,36,37,38,39 22.5 8 0,25,50,75,95
5 45,46,47,48,49,50,51,52,530.78 9 0,25,50,75,100,120,130,140
5 59,60,62 19.6 10 75,100,150
6 56,57,58 19.6 10 0,25,50
6 63,64,65,66 17.2 11 0,30,45,60

44



Table 4. Partial redundancy analysis performed on eachrbigophic prokaryote cluster

optically resolved by flow cytometry: low nucleiccid content (LNA), high

nucleic acid content (HNA) and very high nucleicidacontent (VHNA).

According to the PCA results, Caland silicic acid are the phytoplankton-related

variables. Temperature and salinity are the spetlated variables. Nitrate,

phosphate and depth are the depth-related varididdegtive values characterized

the lack of any correlation between heterotrophickaryote clusters and the

variables tested.

LNA HNA VHNA
Total explained variance 60% 55% 27%
Phytoplankton-related and
Joint variation 6% -1% -1%
spatial- and depth-related
Spatial-related and
-1% 22% -4%
phytoplankton-related
Partial joint variation Spatial- and depth-related 9% 1% 5%
Depth-related and
3% 1% 0%
phytoplankton-related
Phytoplankton-related 4% 1% 1%
Unique variation Depth-related 8% 8% 6%
Spatial-related 31% 23% 20%
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Figure 2: Example of the optical resolution obtditg the analytical flow cytometry of the
heterotrophic prokaryote assemblages sampled dtinmgiokyo-Palau cruise at station 8
(25 m depth). Cytogram of green fluorescence inter{SYBR Green Il ®) versus side
scatter intensity showed up three groups of hetgshic prokaryotes : one defined by
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Figure 9: Hierarchical clustering illustrated for the firsto principal components of the
principal component analysis performed with theadadllected from stations 1 to 11 (a).
According to the classification (Table 1) the samgpldepths (numbers) were discriminated
into 6 clusters: one characterizes the Kuroshioioreg(Cluster 1, black), another
incorporates stations 5 to 9 (Cluster 2, red),ra thne the deep layer (Cluster 3, green) and
the last three clusters characterize the subtrbpyyae (Cluster 4, white) and the
southernmost stations (5, blue and 6, dark greye Tircle (b) shows the first two
dimensions of the principal component analysis. €heironmental variables taken into
consideration are temperature, salinity, deptirat@t(N), phosphate (P), silicic acid (Si),
and chlorophyll (Chl a).
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Figure 10: Correlation plot of the redundancy analysis (R[@A)the relationships between
the environmental variables and the three subgrotipgeterotrophic prokaryotes observed
during the cruise (LNA, HNA, VHNA). Ch&, N, P, and Si stand for chlorophwl nitrate,
phosphate, and silicic acid, respectively.
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