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winter vertical mixing. Time-series observation of carbon-
ate chemistry revealed that ocean acidification (OA) was 
ongoing at both stations, and that the rate of OA was faster 
at S1 than at K2 although OA at K2 is more critical for cal-
cifying organisms.

Keywords  Time-series stations K2 and S1 · Western 
Pacific · Primary productivity · Carbon budget · Missing 
source of nutrients · Ocean acidification

1  Introduction

The “biological pump” is one of the important mecha-
nisms by which atmospheric CO2 is taken up by the ocean 
and transported to the ocean’s interior, e.g., the concen-
tration of atmospheric CO2 would have risen to ~460 ppm 
from the pre-industrial value of ~280 ppm in the absence 
of the biological pump (Volk and Hoffert 1985). The bio-
logical pump transported  ~13 gigatons of carbon (GTC) 
per year (year−1) during the 2000s, during which time 
emissions of anthropogenic CO2 were  ~9 GTC year−1 
(The Intergovernmental Panel on Climate Change [IPCC] 
2013). However, recent increases of atmospheric CO2 and 
associated global warming have caused warming, strati-
fication, deoxygenation, and acidification of the ocean. 
There is now great concern that these changes of the ocean 
environment (multi-stressors) will affect the biological 
pump and its ability to mitigate increases of atmospheric 
CO2 in the future. Computer simulations have predicted 
possible future changes in factors that influence the bio-
logical pump, such as the ratio of the export carbon flux to 
primary production (ef-ratio) (Laws et al. 2000), primary 
productivity (Bopp et  al. 2001; Doney 2006), abundance 
and species of phytoplankton (Moran et  al. 2010; Bopp 
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et  al. 2005), CaCO3 production and particulate organic 
carbon (POC) vertical transport (Heinze 2004), depth of 
decomposition of POC (Kwon et  al. 2009), production 
of dissolved organic carbon (DOC) and transparent exo-
polymers (TEP) (Arrigo 2007), and nitrate uptake (Smith 
2011). Based on an inter-comparison of mathematical 
simulations (Coupled Model Intercomparison Project 5: 
OCMIP5) of future changes of ocean ecosystems caused 
by multiple stressors, Bopp et  al. (2013) projected that 
global primary productivity in the late twenty-first century 
(2090–2099) would decrease by  ~9 ±  8% from the rate 
in the late twentieth century (1990–1999) and that this 
change would be accompanied by a decrease of export 
production. However, as numerous authors have reported, 
changes of oceanic conditions will affect the biological 
pump and biogeochemistry differently in different loca-
tions in the ocean (Bopp et  al. 2001, 2005, 2013; Gregg 
et al. 2003; Heinze 2004; Doney 2006; Kwon et al. 2009). 
Recently, Boyd et  al. (2015) mathematically simulated 
future changes of multiple stressors, including iron (Fe) 
input. They also reported that the magnitude and effect 
of these multi-stressors on biogeochemistry would differ 
from one location to another. It is thus of great concern 
that an assessment be made of the current situation and a 
precise determination be made of any changes of the bio-
logical pump and biogeochemistry caused by changes of 
the ocean environment in the western North Pacific.

It is well known that the North Pacific Western Subarc-
tic Gyre (WSG) is a terminal area of deep water circula-
tion. The WSG is, therefore, rich in nutrients, the result 
being that the area is highly productive. Diatoms are the 
predominant algal taxon and have been reported to play an 
important role in the biological pump (e.g., Honda 2003; 
Buesseler et al. 2007, 2008). However, as described above, 
changes in the physics and chemistry of the ocean might 
change the ecosystem and biological pump in the western 
North Pacific. Previous studies have reported decreases 
of subsurface dissolved oxygen (Andreev and Watanabe 
2002; Watanabe et  al. 2008), net community productivity 
(Ono et al. 2002), primary productivity from 1950 to 2000 
(Chiba et al. 2008), CaCO3 flux from 1970 to 2000 (Watan-
abe et al. 2014), pH from 1997 to 2011 (Wakita et al. 2013), 
and an increase of small phytoplankton between 1970 and 
2011 (Ishida et al. 2009). However, it is not known whether 
these changes are caused by global/ocean change or dec-
adal variability such as Pacific Decadal Oscillation (PDO: 
Mantua et al. 1997). Hashioka et al. (2009) used a numeri-
cal simulation to investigate how primary productivity 
might change in a “high CO2 world” in the western Pacific. 
They pointed out the possibility that the spring bloom 
would occur earlier and that phytoplankton biomass would 
increase in some areas. However, there has been little data 
to validate their prediction.

In the subarctic Pacific, interdisciplinary time-series geo-
chemical observations have been conducted previously in the 
western Pacific (station KNOT; e.g., Saino et  al. 2002) and 
eastern Pacific (station OSP; e.g., Harrison et al. 1999), and 
general oceanographic conditions were assessed. Although 
both chemical and biological (zooplankton and bacteria) 
observations were made at KNOT (e.g., Liu et  al. 2002; 
Mochizuki et  al. 2002; Yamaguchi et  al. 2002), the role of 
related processes in the carbon cycle received little atten-
tion. In addition, because KNOT is located at the southwest-
ern edge of the WSG (44°N, 155°E) and close to the Kuril 
Islands, KNOT is sometimes affected by subtropical water or 
coastal water and is not necessarily representative of oceano-
graphic conditions in the WSG (e.g., Tsurushima et al. 2002; 
Harrison et  al. 2004). Prior to our study, Buesseler et  al. 
(2007, 2008) conducted a comparative study, the “VERTIGO 
project”, at station K2 and subtropical station ALOHA (see 
below). That study revealed the mechanism of carbon trans-
port to the ocean interior by taking into account both chemi-
cal and biological oceanography. However, observation at 
respective stations was conducted only in the summer in dif-
ferent years, and seasonal variability at both stations was not 
addressed. Between the early 1980s and middle 2000s, time-
series observations at OSP, which is located in the Alaskan 
gyre of the eastern Pacific (50°N, 145°W), provided com-
prehensive information on oceanographic conditions in the 
subarctic Pacific (e.g., Harrison et al. 1999). In addition, the 
impact of ocean warming and future changes in Fe supply on 
the biogeochemistry of the region has been mathematically 
simulated (Denman and Pena 2002). However, the oceanog-
raphy is very different at OSP and in the WSG with respect 
to nutrient supply (Wong et al. 2002a), phytoplankton ecol-
ogy (Harrison et al. 2004), CO2 exchange (Zeng et al. 2002), 
primary productivity (Harrison et al. 1999; Imai et al. 2002; 
Matsumoto et al. 2014), carbon export (Honda et al. 2002), 
and the magnitude and impact of Fe deficiency (Tsuda et al. 
2003). In addition, decadal variability such as the PDO affects 
meteorology and physical oceanography in opposite ways in 
the western and eastern Pacific (e.g., Mantua et al. 1997).

Time-series observations in the subtropical Pacific have 
been conducted since the late 1980s as part of the United 
States’s Hawaiian Ocean Time-series study (HOT) (e.g., 
Karl et al. 2001). At time-series station ALOHA (22°45′N, 
158°W) off Hawaii, interdisciplinary oceanographic studies 
have been conducted on almost a monthly basis by using a 
research vessel and moored systems to carry out replicate 
field observations. However, this time-series study does 
not always reflect biogeochemistry in the middle of the 
subtropical Pacific (~30°N) because at ALOHA the win-
ter mixed layer is very shallow (<125 m), nutrient (nitrate) 
concentrations are quite low (<0.01 μmol kg−1), and atmos-
pheric nitrogen fixation is one of the important sources of 
inorganic nitrogen in surface waters (Karl et  al. 2001). In 
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addition, net primary productivity at ALOHA (~460 mg-C 
m−2 day−1; Karl et al. 2001) has been determined by dawn-
to-dusk incubations and must, therefore, be higher than that 
determined by 24-h incubations (Karl et  al. 1996). Thus, 
although time-series observations have been conducted pre-
viously in the subarctic and subtropical areas in the North 
Pacific, there have been few biogeochemical time-series 
studies in the western Pacific based on nearly simultaneous 
comparative observations with the same methods.

To collect essential baseline data about this ecosystem 
and its biological pump to facilitate predictions of changes 
of material cycles via biological activity, a comparative 
study of the ecosystem and its biogeochemistry was planned 
at time-series stations set in the WSG (station K2) and sub-
tropics (station S1). These two regions are characterized 
by different physical, chemical, and biological oceanog-
raphy and are subjected to diverse allochthonous forcing, 
including seasonal monsoons, mesoscale eddies, and eolian 
inputs. This time-series study entitled “Study of Change in 
Ecosystem and Material Cycles Caused by Climate Change 
and its Feedback: K2S1 Project” was conducted with sea-
sonal scientific cruises of the R/V Mirai, time-series obser-
vations made with a mooring system, satellite data analysis, 
and numerical simulations. This report provides a summary 
of the oceanographic settings, a compilation of the carbon 
budgets and scientific highlights at both stations. Details are 
provided mainly in papers in the Journal of Oceanography 
special issue “K2S1 project” [vol 72 (3), 2016].

2 � Sampling and methods

2.1 � Time‑series stations

The subarctic time-series station K2 (47°N, 160°E; water 
depth 5300  m) was established in 2001 (Fig.  1a). Sta-
tion K2 is located in the WSG and is characterized by 
a dicothermal layer (subsurface temperature minimum 
layer) that is formed in winter and persists in other sea-
sons (Uda 1963); density is mainly determined by salin-
ity (Fig.  1b). With some hiatuses, various observational 
studies have been conducted with research vessels and 
mooring systems, and the characteristics of settling par-
ticles, nutrients, phytoplankton and zooplankton have 
been reported previously (Honda et al. 2006,; Honda and 
Watanabe 2007; Honda et al. 2009; Honda and Watanabe 
2010; Buesseler et al. 2007, 2008; Kawakami and Honda 
2007; Kawakami et  al. 2007; Wilson et  al. 2008; Stein-
berg et al. 2008a, b; Kobari et al. 2008, 2013; Fujiki et al. 
2014; Matsumoto et al. 2014; Kawakami et al. 2015).

As the counterpart of station K2, subtropical time-
series station S1 (30°N, 145°E; water depth 5800 m) was 
established in 2010 (Fig.  1a). Sub-Tropical Mode Water 
(STMW) is formed in this area (e.g., Suga and Hanawa 
1990). STMW, the temperature, salinity and sigma-
theta of which are  ~16  °C, 34.7 and 25.5, respectively, 
can be seen on the temperature-salinity (T-S) diagram 
for S1 (Fig. 1b). This station is also characterized by the 

Fig. 1   a Time-series stations K2 and S1 (Kawakami et al. 2014), b T-S diagram at K2 and S1. Data were obtained by CTD observations during 
cruises MR10-06 (autumn), MR11-02 (winter), MR11-03 (spring), and MR11-05 (summer). Isopycnal lines (sigma-theta) are also shown
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presence of North Pacific Intermediate Water (NPIW), 
which originates in the mesopelagic and is associated 
with a minimum salinity layer at a sigma-theta of ~26.8 
(Reid 1965). In addition, the fact that temperature is the 
principal determinant of density (Fig.  1b) is one of the 
characteristics of this subtropical water. As described 
later, this area of the ocean is oligotrophic. However, 
Limsakul et al. (2002) have reported that primary produc-
tivity increases in the spring after vigorous winter mix-
ing. Our observations indicated that S1 was just as pro-
ductive as K2 (see below).

2.2 � Scientific cruises and observations

Since January 2010, scientific cruises by the R/V Mirai 
have been conducted seven times (Table 1) as a part of the 
K2S1 project. During each cruise, the following measure-
ments and analyses were carried out:

•	 Dissolved components (salinity, oxygen, nutrients, pH, 
total dissolved inorganic carbon: DIC, total alkalinity: 
TALK, pCO2, dissolved organic carbon: DOC).

•	 Phytoplankton pigments by Turner fluorometer, high-
performance liquid chromatography (HPLC), and 
chemotaxonomic analysis (CHEMTAX program).

•	 Primary productivity by in  situ and simulated in  situ 
incubations with 13C, oxygen, and fast repetition rate 
fluorometry (FRRF).

•	 Zooplankton biomass and community structure by 
depth-stratified samplings using Intelligent Operated 
NEt Sampling System (IONESS) and North Pacific 
Standard net (NORPAC).

•	 Protozoan biomass by water sample collections using 
CTD-CMS.

•	 Viruses and heterotrophic nanoflagellates: abundance, 
and their role in microbial dynamics.

•	 Settling particles: seasonal and vertical variability in 
flux and chemical composition with drifting sediment 
traps in the upper 200  m, and bottom-tethered, time-
series sediment traps below 200 m.

•	 Suspended particles, POC(sus), with in situ pumping sys-
tem.

•	 Physical oceanography by conductivity-temperature-
depth measurements.

In addition, during the MR11-05 cruise (July 2011), to 
elucidate the relationship between meso-scale eddies and 
ocean primary productivity/the biological pump, multiple 
drifting profiling floats (ARGO floats), each with a dis-
solved oxygen sensor, were deployed near station S1. The 
results of this intensive study, named “S1-INBOX”, have 
been reported elsewhere (Inoue et  al. 2016a, b; Kouk-
etsu et al. 2016a, b). Besides oceanographic observations, 

satellite data analysis and numerical simulations were con-
ducted to elucidate inter-annual and decadal variability in 
meteorology and oceanography, to clarify the mechanisms 
associated with the cycling of materials at these stations.

2.3 � Estimation of carbon budget

In this study, carbon budgets in the annual maximum surface 
mixed layer (SML) and mesopelagic layer (MPL: from bot-
tom of the SML to 1000 m) at both stations were determined 
using previously reported results and new data such as DIC, 
TALK, DOC, phytoplankton biomass and primary produc-
tivity, zooplankton/prokaryote biomass and carbon demand 
and settling particles. Most of the data are available on the 
“K2S1 database” (http://ebcrpa.jamstec.go.jp/k2s1/en/). 
Detail procedures used to estimate the principal components 
of the carbon budgets are described in Online Appendix 1.

3 � Oceanographic settings of K2 and S1

Figure  2a–r shows the seasonal variability of important 
parameters at K2 and S1. To understand seasonal variability 
at a decadal timescale, we used hydrographic observation 
data (Fig.  2a–h, k, l) at K2 and S1 obtained during other 
cruises from 2004 to 2013 (Japan Agency for Marine-Earth 
Science and Technology [JAMSTEC], Japan Meteorologi-
cal Agency [JMA], and WOCE-P2) in addition to K2S1 
project data. Moreover, data obtained by other cruises, 
ARGO profiling float data (ARGO float mixed layer grid 
point values [MILA GPV] during 2001–2010; Hosoda 
et al. 2010), climatological data (World Ocean Atlas 2009 
[http://www.nodc.noaa.gov/OC5/WOA09/pr_woa09.html]; 
hereinafter WOA 2009), and satellite data are also shown 
in some figures to elucidate the seasonal variability of some 
parameters. We sorted the data by month without regard to 
observation year because inter-annual variability of oceano-
graphic conditions in these areas is much smaller than sea-
sonal variability (Wakita et  al. 2013). Details of seasonal 
variability in respective components are documented in 
Online Appendix 2. Major characteristics of oceanographic 
settings at both stations are shown in Table  2 and can be 
summarized as follows:

(a)	 Mixed layer depth (MLD) at S1 was larger than that at 
K2 (Fig. 2a, b).

(b)	 Water temperature at S1 was always about 15  °C 
higher than that at K2 (Fig. 2b, c).

(c)	 Salinity at S1 was about 1.5 times higher than that at 
K2 (Fig. 2e, f).

(d)	 K2 (S1) was the source (sink) of CO2 in winter and the 
sink (source) of CO2 in summer (Fig. 2g, h).

http://ebcrpa.jamstec.go.jp/k2s1/en/
http://www.nodc.noaa.gov/OC5/WOA09/pr_woa09.html
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(e)	 Annual mean of photosynthetic active radiation (PAR) 
at S1 was about 1.5 times higher than that at K2 
(Fig. 2i, j).

(f)	 Nutrient (nitrate and nitrite: NOx) at S1 was less than 
1.5 μmol kg−1 even in winter and very low or below 
detection limit during other seasons (Fig. 2k, l).

(g)	 Although nutrient was very low at S1, difference in 
annual mean of integrated chlorophyll-a (IChl-a) 
between two stations was small (Fig. 2m, n).

(h)	 Diatom was pre-dominant of phytoplankton during 
many seasons at K2 while smaller phytoplankton such 
as Prochlorococcus was pre-dominant during many 
seasons at S1 (Fig. 2o, p).

(i)	 Annual mean of integrated primary productivity (IPP) 
at S1 was comparable to or slightly higher than that at 
K2 despite of lower nutrient at S1 (Fig. 2q, r).

4 � Highlights of K2S1 project

4.1 � Carbon budget

Figure  3a, b and Table  2 show the annual average of 
the carbon balance in the SML and in the MPL at K2 
(Fig.  3a) and S1 (Fig.  3b). Note that observations indi-
cate that the SML extends from the surface to 150 m at 
K2 and to 200 m at S1. Averages of variables were esti-
mated mainly with data obtained from cruises MR10-06, 
MR11-02, MR11-03, and MR11-05 (Table 1). Although 
the inputs and outputs of carbon from the various boxes 
in Fig. 3 are not necessarily balanced, this depiction of 
the carbon balance was constructed from the perspec-
tive of marine chemistry and biology. In the future, this 
figure will hopefully be used to validate numerical mod-
els and simulate future changes. It is, however, noted 
that some numbers are not always same as numbers in 
original papers due to the difference in target period and 
depth: for example, IPPs at K2 (S1) were estimated to be 
315 (369) mg-C m−2 day−1 based on data obtained from 
R/V Mirai core cruises (Table  3) (this study), whereas 
the IPPs at K2 (S1) were estimated to be 292 (303) mg-C 
m−2 day−1 (Table 2) based on data from every cruise in 
Table  1 (Matsumoto et  al. 2016). Principal points rela-
tive to the carbon balance are as follows:

4.1.1 � Dissolved inorganic and organic carbon

The annual mean CO2 net influx (CO2 flux from the 
atmosphere to the ocean) at K2 was estimated to be 
27.3 ± 8.2 mg-C m−2 day−1 (Table 3). This influx is com-
parable to the influx of ~23 mg-C m−2 day−1 at OSP (Wong 
and Chan 1991). At S1, the annual mean CO2 net influx 
was estimated to be 46.7 ±  14.1  mg-C m−2 day−1. This 

influx was ~1.6 times that at K2 and about twice the influx 
of  ~23  mg-C m−2 day−1 at ALOHA (Winn et  al. 1994). 
This difference might be caused by to the production of 
STMW near S1 and the transport of more surface water 
CO2 to the ocean interior (IPCC 2013). Detail is reported in 
Wakita et al. (2016).

Entrainment of DIC from the MPL by diffusion at K2 
and S1 was estimated to be 28.3 and 47.7 mg-C m−2 day−1, 
respectively (Fig.  3a, b; Table  3). This vertical diffusive 
flux at S1 was  ~1.5 times that at K2, mainly due to the 
larger vertical diffusivity at S1 (K2: 3.5 ± 10−5 m2 s−1, S1: 
2.0 ± 10−4 m2 s−1, Wakita et al. 2016). The sum of DOC 
output estimated by diffusion, prokaryote carbon demand 
(Prok CD), and mineralization (i.e., conversion to DIC: 
this is the annual DOC flux of −0.68  mol-C m−2 year−1 
reported by Wakita et al. 2016) at K2 was estimated to be 
170 mg-C m−2 day−1 (1 + 147 + 22, respectively; Fig. 3a). 
The analogous sum of DOC output at S1 was estimated 
to be 195 mg-C m−2 day−1 at S1 (8 + 166 + 21, respec-
tively; Fig. 3b), comparable to or slightly higher than that 
at K2. It is noteworthy that a little DOC at both stations 
was exported to the MPL.

4.1.2 � Phytoplankton biomass and primary productivity

The estimated phytoplankton biomass of 3006 ± 595 mg-C 
m−2 at K2 was comparable to that at S1, 3229 ± 1413 mg-C 
m−2 (Fig. 3a, b; Table 3).

The annual average of net primary productivity 
(NPP =  IPP) at K2 was estimated to be 315 ±  39 mg-C 
m−2 day−1, ~20% lower than that at S1 (369 ±  47 mg-C 
m−2 day−1). Gross primary productivity (GPP) at S1 was 
estimated to be 825  ±  101  mg-C m−2 day−1, 1.5 times 
that at K2 (536 ± 106 mg-C m−2 day−1). As a result, the 
ratio of NPP to GPP at K2 (~0.59) was ~30% higher than 
the ratio at S1 (~0.44). We suspect that the sum of DOC 
production and respiration accounts for the differences 
between GPP and NPP. Based on the empirical relationship 
between DOC production and NPP (see Online Appendix 
1), we estimated DOC production at K2 (S1) to be 17 ± 2 
(79 ±  10) mg-C m−2 day−1 (Fig.  3; Table  3). Details of 
NPP and GPP and higher DOC production at S1 than K2 
have been reported elsewhere (Matsumoto et al. 2016).

4.1.3 � Settling particles

Observed POC fluxes at the bottom of the SML (150 m for 
K2 and 200 m for S1) were 48.0 ± 4.8 mg-C m−2 day−1 
at K2 and slightly higher than that at S1 (36.4 ± 3.6 mg-C 
m−2 day−1). This is supported by another observa-
tion that POC flux at 400  m estimated from 210Po at K2 
was higher than that at S1 (Kawakami et  al. 2015). The 
observed Particulate Inorganic Carbon (PIC) flux at K2 was 
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Fig. 2   Seasonal variability in a b MLD, c d water temperature, e 
f salinity, g h pCO2 (partial pressure of CO2) in the ML, i j surface 
PAR, k l average NO3 + NO2 in the ML, m n integrated chlorophyll-
a (IChl-a) in the upper 200  m, o p phytoplankton composition in 
the euphotic layer: 1-dinoflagellates, 2–diatoms, 3-chlorophytes, 
4-prymnesiophytes, 5-cryptophytes, 6-chrysophytes, 7-prasinophytes, 
8-cyanobacteria, 9-prochlorophytes, and q r integrated primary pro-
ductivity (IPP) in the ML for K2 and for S1, respectively. Open cir-
cles for both stations and gray circles for K2 are data observed during 
the K2S1 project (Table 1) and before this project, respectively. Line 
graphs in panels (a) through (f) are monthly averages of respective 
components around K2 and S1 obtained from mixed layer data of 
ARGO floats in MILA GPV, e.g., Hosoda et al. (2010). Line graphs 
in (g) and (h) are monthly averages of pCO2 in air (pCO2(air)) around 
K2 and S1 (zonal average of 48.6°N and 30°N, respectively, obtained 

from NOAA Greenhouse Gas Reference: Dlugokency et  al. 2014). 
Line graphs in panels (i) and (j) are climatological daily PAR around 
K2 and S1 obtained from MODIS data. Line graphs in panels (k) and 
(l) are monthly averages of NO3 around K2 and S1 obtained from 
the WOA 2009. Data with error bars in panels (m) and (n) are cli-
matological surface Chl-a concentrations obtained from the MODIS 
satellite between 2002 and 2012. Data with error bars in panels (q) 
and (r) are climatological IPP obtained from the MODIS satellite 
between 2002 and 2012 and using the VGPM model (Behrenfeld and 
Falkowski 1997). Horizontal lines in panels (m) and (n) for IChl-
a and (q) and (r) for IPP are seasonal averages estimated with data 
from the four R/V Mirai “core” cruises (thick lines) and data from all 
cruises (thin lines) (Table 1). Note that scales of the vertical axes for 
temperature (a, b), salinity (c, d) and NO3 + NO2 (k, l) are different 
between stations
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9.0 ± 0.9 mg-C m−2 day−1 and slightly lower than that at 
S1 (13.9 ± 1.4 mg-C m−2 day−1). Based on the carbon bal-
ance, POC, and PIC fluxes were estimated to be 47 (82) 
and 7.2 (2.3) mg-C m−2 day−1, respectively, at K2 (S1) 
(Wakita et  al. 2016). These estimates are comparable to 
the fluxes observed with drifting sediment traps at K2, but 
inconsistent with those at S1 (Figs. 3a, b; Table 3). Fecal 
pellets comprised 1–40% of the POC flux at K2 and less 
than 3% at S1 (Kobari et al. 2016). Based on drifting sedi-
ment trap experiments, Wong et  al. (2002b) reported that 
POC (PIC) fluxes at 200 m at OSP are ~53 (19) mg-C m−2 
day−1, the indication being that the POC flux at OSP is 
comparable to that at K2 and the PIC flux at OSP is higher 
than that at K2. At ALOHA, POC (PIC) fluxes at 150  m 
have been estimated to be 27.8 ±  10.3 (3.0 ±  1.7) mg-C 
m−2 day−1 based on archived data (HOT project database: 

http://hahana.soest.hawaii.edu/hot/hot-dogs/pfextraction.
html). Thus POC (PIC) fluxes at Station ALOHA are com-
parable to (lower than) those at S1.

POC and PIC fluxes at 4810  m at K2 were 5.7 ±  0.6 
and 4.8 ± 0.5 mg-C m−2 day−1, respectively, about twice 
those at S1 (POC: 2.0  ±  0.2  mg-C m−2 day−1; PIC: 
2.8 ± 0.3 mg-C m−2 day−1). Assuming that POC and PIC 
fluxes decrease exponentially with depth (see Sect. 2.3.5), 
the interpolated POC (PIC) fluxes at 1000  m were esti-
mated to be 15.0 ± 2.3 (6.4 ± 1.0) mg-C m−2 day−1 at K2, 
higher than those at S1 (POC: 9.3 ± 1.4 mg-C m−2 day−1; 
PIC: 6.2 ± 0.9 mg-C m−2 day−1) (Table 3). There is reason 
to suspect that the magnitudes of the rate of change with 
depth of the POC and PIC fluxes were larger at S1 than at 
K2 (Honda et  al. 2016, K2S1 database). POC (PIC) flux 
at 1000 m and 3800 m at OSP were reported to 5.7 ± 3.4 

0

10

20

30

40

50

60

70
S1-PAR

P
A

R
(m

o
l p

h
o

to
n

s 
m

-2
 d

ay
-1

)
Jan DecNovOctSepAugJulJunMayAprMarFeb

0

10

20

30

40

50

60

70
K2-PAR

P
A

R
(m

o
l p

h
o

to
n

s 
m

-2
 d

ay
-1

)

Jan DecNovOctSepAugJulJunMayAprMarFeb

280

320

360

400

440

480
K2-pCO2

K2 pCO2
K2 pCO2(<2010)
K2 pCO2(air)

p
C

O
2 

(µ
at

m
)

Jan DecNovOctSepAugJulJunMayAprMarFeb
280

320

360

400

440

480
S1-pCO2

S1 pCO2

S1 pCO2(air)

p
C

O
2 

(µ
at

m
)

Jan DecNovOctSepAugJulJunMayAprMarFeb

5

10

15

20

25

30
K2 NO

3
+NO

2

K2 NO3+NO2
K2 NO3+NO2 (< 2010)
K2 NO3 (WOA)

N
O

3 +
 N

O
2

(µ
m

o
l k

g
-1

)

Jan DecNovOctSepAugJulJunMayAprMarFeb
0

1

2

3

4

5
S1 NO

3
+NO

2

S1 NO3+NO2

S1 NO3(WOA)

Jan DecNovOctSepAugJulJunMayAprMarFeb

N
O

3 +
 N

O
2

(µ
m

o
l k

g
-1

)

(g)

(k) (l)

(h)

(i) (j)

Fig. 2   continued
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(5.3 ±  3.4) and 2.7 ±  1.9 (4.1 ±  2.4) mg-C m−2 day−1, 
respectively (Timothy et  al. 2013). Thus, POC flux at K2 
was significantly higher than that at OSP and PIC flux was 
comparable to that at OSP.

4.1.4 � Zooplankton biomass and carbon demand

At K2, biomass of mesozooplankton (or metazoans) in 
the SML and MPL were estimated to be 2734 ±  1370 
and 2247 ± 159 mg-C m−2, respectively. These are about 
one order of magnitude higher than those at S1 (276 ± 68 
for SML and 298 ±  83  mg-C m−2 for MPL) (Table  3). 
This observation is noteworthy because phytoplank-
ton biomass and primary productivity at shallow depths 
are comparable at K2 and S1, as noted before. Possible 
explanations are that (1) the respiratory and excretory 
carbon losses by large zooplankton at K2 are lower than 

those by small zooplankton at S1 (2) the lower tempera-
ture at K2 leads to lower carbon loss by mesozooplank-
ton, (3) the higher turnover rates of small zooplankton 
population at S1 keep biomass lower, and (4) dormant 
and non-feeding copepods, including Eucalanus and 
Neocalanus, which have longer life spans and accumu-
late lipids in their bodies, are dominant in the MPL at K2 
(Kitamura et al. 2016).

Proto and metazoan carbon demand in the SML was 
estimated to total 279 (87  +  192)  ±  122  mg-C m−2 
day−1 at K2. It is noteworthy that proto- and meta-
zoan carbon demand at S1 was estimated to be 257 
(136 + 121) ± 55 mg-C m−2 day−1, comparable to that 
at K2, although zooplankton biomass was much smaller 
at S1 than at K2. The carbon export flux from the SML 
to the MPL by mesozooplankton is the sum of ontoge-
netic migration, fecal pellet sinking, and active carbon 
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flux (respiration and excretion in the MPL by diel vertical 
migratory zooplankton). At K2 that flux was estimated to 
be ~13.2 (2.3 + 7.0 + 3.9, respectively) mg-C m−2 day−1, 
about two times the flux at S1 (5.2 =  ~0 +  0.6 +  4.6, 
respectively) assuming that ontogenetic migration at S1 
is quite smaller than that at K2. Export carbon flux by 
mesozooplankton was comparable to ~32 and 15% of the 
POC flux without fecal pellets at K2 and S1, respectively.

Mesozooplankton carbon demand in the MPL at K2 
was estimated to be ~100 ± 4 mg-C m−2 day−1. However, 
the carbon flux from the SML (sum of POC flux losses in 
the MPL: < 33.0 and zooplankton ontogenetic migration: 
2.3  mg-C m−2 day−1) did not satisfy mesozooplankton 
carbon demand. Mesozooplankton carbon demand at S1 
was estimated to be 40 ± 11 mg-C m−2 day−1. This car-
bon demand cannot be supported by the carbon flux from 
the SML either (sum of POC flux loss in the MPL: <27.1 
and zooplankton ontogenetic migration:  ~0  mg-C m−2 
day−1 suspected above). Steinberg et  al. (2008b) have 
also reported a mismatch between the carbon demand of 

zooplankton and the POC flux based on observations dur-
ing the summer at K2. In our study, this mismatch could 
not be explained at both K2 and S1, even when based on 
seasonal observations.

4.1.5 � Prokaryote biomass and carbon demand

Unlike zooplankton, the difference in prokaryote 
(bacteria and archaea) biomass between the two sta-
tions was not large: 1280  ±  64  mg-C m−2 in the 
SML and 1440  ±  72  mg-C m−2 in the MPL at K2; 
1030 ±  52  mg-C m−2 in the SML and 940 ±  47  mg-C 
m−2 in the MPL at S1 (Fig.  3a, b). Prokaryote carbon 
demand (DOC demand) in the SML was estimated to be 
147 ±  19  mg-C m−2 day−1 at K2 and 166 ±  22  mg-C 
m−2 day−1 at S1. These demands can be supported suf-
ficiently by the sum of DOC production in the SML 
(originating from phyto/zooplankton and prokaryotes). 
Prokaryote carbon demand in the MPL was estimated to 
be 13.9 ± 1.8 mg-C m−2 day−1 at K2 and 9.6 ± 1.2 mg-C 

Table 2   Summary of Oceanographic settings at stations K2 and S1

For comparison, some oceanographic settings at other time-series stations in the subarctic Pacific Ocean, stations OSP (Harrison et al. 1999), 
and the subtropical Pacific Ocean, station ALOHA (Letelier et al. 1996; Karl et al. 2001), are also shown. Details are described in Online Appen-
dix 2

* Daytime incubation

K2 S1 Note

Surface mixed layer depth
(m)

Fig. 2a, b annual maximum 〜150 〜200 OSP: < 125
ALOHA: < 125

Temperature
(oC)

Fig. 2c, d annual amplitude 〜1.5–12 〜18–28

Salinity Fig. 2e, f annual amplitude 〜32.5–33.3 〜34.2–34.9

pCO2(sea)
(μatm)

Fig. 2g, h annual amplitude 〜300–440 〜320–440 pCO2(air): 〜390

(Winter > Summer) (Summer > Winter)

Photosynthetically Active 
Radiation

(mol photons m−2 day−1)

Fig. 2I, j annual average 〜17.5 〜29.7

Nitrate + Nitrite
(μmol kg−1)

Fig. 2k, l annual amplitude 〜5–25 〜0–2 OSP: 〜5–15
ALOHA: < 0.01

Integrated Chlorophyll-a
(mg m−2)

Fig. 2m, n annual amplitude 〜35–75 〜20–105

annual average 〜45 〜34 OSP: 〜23

ALOHA: 〜23

Phytoplankton  
composition

Fig. 2o, p Major species diatom (late winter - 
early summer)

Prochlococcus (spring - 
autumn)

Prymnesiophytes (late 
summer - winter)

Prymnesiophytes, diatom 
(winter)

Integrated Primary  
productivity

(mg-C m−2 day−1)

Fig. 2q, r annual amplitude 〜100–850 〜100–950

annual average 〜292 〜303 OSP: 〜380–590

ALOHA: 〜460 *



657Highlights of K2S1 project

1 3

m−2 day−1 at S1. These values accounted for 27–41% 
of organic carbon delivery available for prokaryote con-
sumption (attenuation of sinking POC flux +  DOC dif-
fusive export:  <33.0  +  0.95  mg-C m−2 day−1 at K2 
and <27 + 8.23 mg-C m−2 day−1 at S1) in the MPL. In 
addition, the flux of suspended matter or slowly sinking 
POC might be another potential source of DOC available 
for prokaryotes (Giering et al. 2014).

4.2 � Missing source of nutrients at S1

As described before, the biomass of phytoplankton and pri-
mary productivity at S1 were unexpectedly high and com-
parable to those at K2, although the nutrient concentrations 
at S1 were very low. Based on comprehensive observation, 
it has been verified that the factors limiting primary pro-
ductivity at S1 were the concentrations of major nutrients 
such as NO3 (Matsumoto et al. 2016; Siswanto et al. 2015), 
whereas light (Matsumoto et al. 2014; Siswanto et al. 2015) 
and the micro-nutrient Fe (Fujiki et al. 2014) were limiting 
at K2.

Sasai et al. (2016) simulated the seasonal variability of 
primary productivity using a one-dimensional, physical-
biological model. They successfully reproduced primary 
productivity during the winter productive season, when the 
SML was well developed, and nutrients were supplied to 
the euphotic zone. However, they underestimated primary 
productivity during the other seasons, when the ocean was 
strongly stratified and the supply of nutrients was inad-
equate. They also pointed out that the annual uptake ratio 
of NO3 to NO3 + NH4 (f-ratio) at S1 was ~0.3, lower than 
the ratio at K2 (~0.5). It is, therefore, possible that phyto-
plankton at S1 uses more regenerated NH4 instead of NO3 
than at K2. It has been reported that regenerated production 
accounts for most primary production at ALOHA (Karl 
et al. 1997).

Regenerated NH4 seemed to be a major nitrogen source 
during the stratified season at S1, but another nitrogen 
source is atmospheric nitrogen (N2) fixation. At ALOHA, 
N2 fixation contributes ~50% of the nitrogen for new pro-
duction (Karl et  al. 1997). On the basis of algological 
observations, symbiotic cyanobacteria (Richelia sp.), which 
are diazotrophs, were found in association with diatoms 
at S1 (Yamaguchi and Kawachi 2013). Such diatoms have 
occasionally been abundant during the summer at ALOHA 
(Villareal et al. 2011). However, it is unlikely that N2 fixa-
tion is a major nitrogen source at S1 because microscopy 
and flow cytometry suggest that the population of diazo-
trophs at S1 is quite small compared with that of other phy-
toplankton throughout the year (Matsumoto et  al. 2016). 
It is well known that N2 fixation depends on Fe and phos-
phorus availability (Sohm et  al. 2011). The very limited 
supply of both phosphate and nitrate during the stratified 

season at S1 (Wakita et al. 2016) would, therefore, restrict 
N2 fixation.

In the summer of 2011, 18 profiling floats with a 
dissolved oxygen sensor were deployed around S1 to 
observe the spatial and temporal variability of the physi-
cal structure in this subtropical area and to study the 
interactions between physical oceanography and biogeo-
chemistry. As a result, it was observed that in the follow-
ing autumn, the concentration of oxygen increased in the 
subsurface layer (around 50 m) when a meso-scale eddy 
passed through the region (Inoue et al. 2016a; Kouketsu 
et al. 2016a). At that time, increases of subsurface Chl-a 
and organic carbon flux at 200 m were observed with the 
underwater profiling buoy system and time-series sedi-
ment trap (Inoue et al. 2016b). In addition, based on anal-
ysis of remotely sensed sea surface temperatures (SSTs), 
sea surface height anomaly (SSHA), and Chl-a, a posi-
tive association between the presence of a cyclonic eddy 
and Chl-a (Kouketsu et al. 2016b) and a negative correla-
tion between SST and Chl-a (Siswanto et al. 2016a) were 
reported. These relationships suggest that a meso-scale 
eddy is one of the possible sources of nutrients at S1 
and in subtropical regions. Sasai et  al. (2010) simulated 
the effect of a cyclonic eddy on the marine ecosystem 
in the Kuroshio extension region. Oka and Qiu (2012) 
have reported that the stability of the Kuroshio exten-
sion impacts the frequency and magnitude of associated 
mesoscale eddies. The important role of eddies has previ-
ously been reported at the Bermuda-Atlantic Time Series 
(BATS) station in the subtropical North Atlantic. High 
biomass and primary productivity at the oligotrophic 
BATS site is partially maintained by episodic eddy-
Ekman pumping (McGillicuddy et al. 1998).

Moreover, during the season when the ML is strati-
fied, meteorological events such as storms and typhoons 
also thicken the ML, resulting in a supply of nutrients and 
an increase of phytoplankton (Babin et  al. 2004; Toratani 
2008; Siswanto et  al. 2007, 2008; Shibano et  al. 2011). 
Because climate change might alter the frequency and 
magnitude of typhoons in the future, continued time-series 
observations of meteorology, physical oceanography, and 
biogeochemistry in the subtropics will be required.

Another possible source of allochthonous nutrients is 
eolian inputs. It has been reported that eolian dust includes 
major and micro-nutrients (e.g., nitrogen and Fe, respec-
tively), and terrestrial materials that enter the ocean affect 
ocean biogeochemistry (e.g., Jickells et  al. 2005; Duce 
et al. 2008). During the 2013 summer cruise, only surface 
nutrient concentrations were elevated at S1. Nutrient con-
centrations below the surface to a depth of 100  m were 
depleted, and primary productivity was increased slightly 
compared to other summer cruises (MR13-04 Preliminary 
Cruise Report 2013). These observations may be evidence 
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of eolian nutrient inputs and their impact on primary pro-
ductivity. In addition, during the K2S1 project, aerosols 
were collected onboard, and soluble Fe was measured. The 
results showed that aerosols smaller than 2.5 μm (PM2.5) 
contained more soluble Fe than particles larger than 2.5 μm 
(F. Taketani, personal communication). The former and lat-
ter are likely anthropogenic and natural particles, respec-
tively. The relatively large amount of soluble Fe in anthro-
pogenic eolian dust has been previously reported (Sedwick 
et al. 2007; Baker and Croot 2008; Sholkovitz et al. 2009). 
Monitoring studies should therefore be undertaken to deter-
mine how an increase of eolian dust has an impact on ocean 
ecosystems and productivity in future.

4.3 � Current status of ocean acidification

Carbonate chemistry has been monitored since 1997 at 
KNOT and since 2001 at K2. As a result, it has been sta-
tistically verified that the pH at the in  situ temperature 
[pH(in situ)], in winter ML has decreased, and this decrease 
has been accompanied by an increase of xCO2 (CO2 mol 
fraction in dry air) in the WSG (Fig. 4a). Below the ML, 
the pH(in situ) has decreased by a rate of 0.005 year−1. In 
addition, the saturation depths for aragonite and calcite 
in 2011 were estimated to be ~115 and ~160 m, respec-
tively (Fig. 4c), based on calculation with DIC and TALK 
data obtained during the K2S1 project and required con-
stants (the carbonate dissociation constants: Mehrbach 
et al. 1973 as refitted by Dickson and Millero 1987, the 
thermodynamic solubility product constant: Mucci 1983). 
The saturation depth of calcite has shoaled at a rate of 
3 m year−1 (Fig. 4c). These changes are thought to have 
been the result of increases of anthropogenic CO2 uptake 
by the ocean and of the decomposition of organic materi-
als evaluated from apparent oxygen usage (AOU: Wakita 
et  al. 2010, 2013) caused by the increase of residence 
time of the intermediate water (Ono et  al. 2001; Watan-
abe et  al. 2001; Deutsh et  al. 2005). The North Pacific 

subarctic gyre has a low CaCO3 saturation state (Ω) (e.g., 
Feely et al. 2009). The indication is, therefore, that future 
progression of ocean acidification would critically dam-
age calcifiers. It is noted that saturation depth for arago-
nite did not show significant decrease trend unlike that 
for calcite at K2 (Fig. 4c). As shown in Fig. 4c, saturation 
depth for aragonite is located at around bottom of winter 
mixing layer (~110 m). On the other hand, xCO2 (pH) in 
this layer show significant increase (decrease) trend (Fig, 
4a). This is not incredible because, numerically, change 
rate of degree of saturation (Ω), that determines satura-
tion depth of CaCO3, is smaller than that of xCO2 and pH 
(Egleston et al. 2010). In addition, change rate of Ω for 
aragonite [Ω(ara)] is smaller than that for calcite [Ω(cal)] 
on same isopycnic surface (Wakita et  al. 2013). At K2, 
thickness of winter mixing layer varies inter-annually 
(~90–140  m: Wakita et  al. 2013). It should introduce 
inter-annual variability in magnitude of vertical supply 
of subsurface water and/or horizontal supply of north-
ern or southern water resulting in inter-annual variabil-
ity in water temperature, salinity and carbonate system. 
Solubility constant (Ksp) for aragonite is more sensitive 
to change in temperature and salinity than Ksp for cal-
cite (e.g. Sarmiento and Gruber 2006). Thus, larger inter-
annual variability in Ω(ara) might also hide significant 
decrease trend of saturation depth for aragonite. Contrast 
to saturation depth for aragonite, saturation depth for 
calcite is located subsurface layer (~160–200  m) where 
it is relatively more stable than the winter mixed layer 
from the viewpoint of physical oceanography and where, 
on the other hand, decomposition of organic materials 
occurs actively, resulting in a larger significant decrease 
in pH (Fig. 4a, c) and larger significant increase in DIC 
(Wakita et  al. 2013) than in the winter mixing layer. 
Thus, the above points are likely reasons why saturation 
depth for aragonite did not show a significant decrease 
trend this study. In order to detect significant trend in 
carbonate system including ocean acidification near the 
upper ocean, more longer time-series observation at K2 is 
strongly recommended.

Of relevance to ocean acidification at S1 and through-
out the western Pacific subtropical region is the fact that 
the estimated rate of decrease of pH(in situ) in the ML at S1 
was 0.002 pH(in situ) year−1 (Fig. 4), which is similar to the 
rate estimated from previous observations near S1 (30°N, 
137°E) (0.0018 pH(in situ) year−1: JMA report, http://www.
data.jma.go.jp/gmd/kaiyou/english/oa/oceanacidification_
en.html, based on Midorikawa et al. 2010) and at ALOHA 
(0.0019 pH(in situ) year−1: Dore et al. 2009), and faster than 
the rate at K2 (0.001 year−1; Wakita et al. 2013) (Fig. 4a, 
b). Compared to the saturation depth for calcite in 2004 
(~900  m; Feely et  al. 2012), the rate of shoaling of the 
saturation depth between 2004 and 2011 was estimated to 

Fig. 3   Carbon budget at a K2 and b S1. Abundances or reservoir 
sizes (numbers in square) are in mg-C m−2 and respective fluxes are 
in mg-C m−2 day−1. Black (blue) numbers and lines are particulate 
(dissolved) phase. Broken lines are dissolved organic carbon (DOC). 
Numbers in green are flux at respective boundaries. Suspended sub-
stances, POC(sus) are regarded as the sum of detritus: DT, phytoplank-
ton: PP, and heterotrophic microbes: M for the SML and sum of DT 
and M for the MPL. ZP is zooplankton. Underlined numbers are esti-
mates based on respective budgets (see text). The n.d. means no data. 
“Proto” and “Meta” are protozoans (microzooplankton) and metazo-
ans (mesozooplankton), respectively. CD, resp., and FP are carbon 
demand, respiration, and fecal pellet, respectively. Respective esti-
mates are from the following papers: a Wakita et al. (2016), b Mat-
sumoto et al. (2016), c Kobari et al. (2016), d Honda et al. (2016) and 
e K2S1 database. Note that some numbers do not match numbers in 
original papers because of the difference in target cruises and depths

◂

http://www.data.jma.go.jp/gmd/kaiyou/english/oa/oceanacidification_en.html
http://www.data.jma.go.jp/gmd/kaiyou/english/oa/oceanacidification_en.html
http://www.data.jma.go.jp/gmd/kaiyou/english/oa/oceanacidification_en.html
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Table 3   Comaparison of annual averages of carbon budget between K2 and S1

K2 S1 Reference

= Surface mixed layer: SML (K2: 0 - 150 m, S1: 0 - 200 m) =
CO2 influx (mg-C m−2 day-1) * 27.3 ± 8.2 46.7 ± 14.1 Wakita et al. 2016

DIC abundance (mg-C m−2) 4,167,000 ± 3,000 4,969,000 ± 4,000 Wakita et al. 2016

DIC entrainment from MPL (mg-C m−2 day-1) * 28.3 ± 0.3 47.7 ± 0.7 Wakita et al. 2016

DOC abundance (mg-C m−2) * 100,000 ± 1,000 146,000 ± 2,000 Wakita et al. 2016

DOC entrainment from MPL (mg-C m−2 day−1) * 0.95 ± 0.03 8.23 ± 0.33 Wakita et al. 2016

(= ~ DOC efflux from SML)

POC(sus) (mg-C m−2) * 4,430 ± 343 3,437 ± 578 Kawakami et al. 
2014

Phytoplankton

  Biomass (mg-C m−2) 3,006 ± 595 3,229 ± 1,413 Matsumoto et al. 
2014, 2016

  Primary Productivity (PP)

    Gross PP (mg-C m−2 day−1) * 536 ± 106 825 ± 101 Matsumoto et al. 
2014, 2016

    Net PP (mg-C m−2 day−1) 315 ± 39 369 ± 47 Matsumoto et al. 
2014, 2016

    DOC production (mg-C m−2 day−1) * 17 ± 2 79 ± 10 Matsumoto et al. 
2014, 2016

Zooplankton

  Biomass

    Protozoan (mg-C m−2) * 129 ± 73 48 ± 11 This study

    Metazoan (mg-C m−2) * 2,734 ± 1,370 276 ± 68 Kobari et al. 2016

  Carbon demand

    Protozoan (mg-C m−2 day−1) 87 ± 60 136 ± 28 This study

    Metazoan (mg-C m−2 day−1) 192 ± 62 121 ± 27 Kobari et al. 2016

  Ontogenetic migration (mg-C m−2 day−1) 2.3 ± 0.98 n.d. This study

  Fecal pellet flux (mg-C m−2 day−1) * 7.0 ± 2.0 0.6 ± 0.2 Kobari et al. 2016

  Active carbon flux (mg-C m−2 day−1) 3.9 ± 1.5 4.5 ± 1.1

Prokaryote

  Biomass (mg-C m−2) 1,280 ± 64 1,030 ± 52 This study

  Carbon demand (mg-C m−2 day−1) 147 ± 19 166 ± 22 This study

Sinking particle from SML

  POC flux (150m) (200m)

    by Drifting sediment trap (mg-C m−2 day−1) * 48.0 ± 4.8 36.4 ± 3.6 Honda et al. 2016

    by Carbon balance (mg-C m−2 day−1) ** 47 ± 14 82 ± 19 Wakita et al. 2016

  PIC flux (150m) (200m)

    by Drifting sediment trap (mg-C m−2 day−1) * 9.0 ± 0.9 13.9 ± 1.4 Honda et al. 2016

    by Carbon balance (mg-C m−2 day−1) 7.2 ± 5.6 2.3 ± 7.6 Wakita et al. 2016

=Mesopelagic layer: MPL (K2: 150 - 1000 m, S1: 200 - 1000 m) =
DIC abundance (mg-C m−2) 25,325,000 ± 17,000 21,987,000 ± 17,000 Wakita et al. 2016

DOC abundance (mg-C m−2) 440,000 ± 8,000 452,000 ± 8,000 Wakita et al. 2016

POC(sus) (mg-C m−2) * 3,122 ± 94 2,146 ± 64 Kawakami et al. 
2014

Zooplankton

  Biomass

    Protozoan (mg-C m−2) n.d n.d

    Metazoan (mg-C m−2) * 2,247 ± 159 298 ± 83.2 Kobari et al. 2016

  Carbon demand
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be ~9 m year−1, faster than the rate at K2 (~3 m year−1) 
(Fig. 4c, d). These results are consistent with the fact that 
the western Pacific subtropical area, including S1, is a 
major anthropogenic CO2 sink outside of the polar deep-
water formation region (Sabine et  al. 2004; Park et  al. 
2010). Although the Ω in the subtropical region is higher 
and the water is not corrosive for calcifiers at this moment, 
much attention should be paid to the rapid rate of acidifica-
tion in this region.

4.4 � Inter‑annual variability and decadal change 
in biogeochemistry

Siswanto et  al. (2015) conducted analysis of satellite-
based estimates of SST, air temperature, wind velocity, 
Chl-a, and climatological data in the ML and revealed 
that, in the winter and autumn, the Pacific Decadal Oscil-
lation Index (PDOI) and MLD were positively and nega-
tively correlated in the northern area north of 42°N and 
southern area south of 42°N, respectively. They also found 
that the MLD was positively correlated with Chl-a in the 
southern part of the western North Pacific and negatively 
correlated with Chl-a in the northern part. Chiba et  al. 
(2008) have also observed that deepening of the ML by the 
PDO was negatively correlated with Chl-a in the subarc-
tic area. This correlation is likely caused by deepening of 
the ML in the subtropical area increases the nutrient sup-
ply and increases the Chl-a, whereas deepening of the ML 

reduces the average PAR in the ML in the subarctic area, 
where nutrients are plentiful, even after autumn. Siswanto 
et al. (2016b) also conducted a trend analysis with sixteen-
year-long satellite data. They revealed that a weak, but sig-
nificant rising trend in sea surface temperature (SST) was 
responsible for the weak but significant Chl-a increasing 
trends in high latitudes (roughly north of 45°N) contrast 
to decreasing trend in the low latitudes (south of 45°N, 
east of 165°E). These observations thus indicate possible 
evidence that changes in meteorology and physical ocean-
ography affect biogeochemistry differently in different 
locations.

5 � Concluding remarks

Based on a seasonal comparative study, essential infor-
mation about the ecosystem and cycling of materials 
was obtained in the subarctic and subtropical areas of 
the Northwestern Pacific. This information will aid pre-
dictions of how future climate/oceanic changes will 
affect the ecosystem and material cycles in the ocean. 
More studies were carried out as part of the K2S1 pro-
ject including genetic analysis of bacteria (Kaneko et al., 
2016) and regulation mechanisms of prokaryote produc-
tion and respiration (Uchimiya et  al. 2016) to elucidate 
microbial biodiversity, an analysis of nitrogen isotopes 
of sinking particles for the purpose of clarifying the 

Table 3   continued

K2 S1 Reference

    Protozoan (mg-C m−2 day−1) n.d n.d

    Metazoan (mg-C m−2 day−1) * 100 ± 4 40 ± 11 Kobari et al. 2016

Prokaryote

  Biomass (mg-C m−2) * 1,440 ± 72 940 ± 47 This study

  Carbon demand (mg-C m−2 day−1) * 13.9 ± 1.8 9.6 ± 1.2 This study

Sinking particle from MPL (1000m) (1000m)

  POC flux (mg-C m−2 day−1) * 15.0 ± 2.3 9.3 ± 1.4 This study

  PIC flux (mg-C m−2 day−1) 6.4 ± 1.0 6.2 ± 0.9 This study

=below 1000 m=
Sinking particle at deep (4810m) (4810m)

  POC flux (mg-C m−2 day−1) * 5.7 ± 0.6 2.0 ± 0.2 K2S1 database (see 
URL in the text)

  PIC flux (mg-C m−2 day−1) * 4.8 ± 0.5 2.8 ± 0.3 K2S1 database (see 
URL in the text)

Erros for respective budgets are measurement error or repeatability or standard deviation of seasonal variability (see Online Appendix 1)

* There is significant difference

** POC flux estimated based on carbon balance includes active carbon flux
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nitrogen cycle (Mino et al. 2016), and a modeling study 
aimed at understanding the process of N2O production 
(Yoshikawa et al. 2016).
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