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Acidification of East Siberian Arctic Shelf
waters through addition of freshwater and
terrestrial carbon
Igor Semiletov1,2,3*, Irina Pipko3, Örjan Gustafsson4, Leif G. Anderson5, Valentin Sergienko6,
Svetlana Pugach3, Oleg Dudarev3, Alexander Charkin2,3, Alexander Gukov7, Lisa Bröder4,
August Andersson4, Eduard Spivak3 and Natalia Shakhova1,2

Ocean acidification a�ects marine ecosystems and carbon
cycling, and is considered a direct e�ect of anthropogenic
carbon dioxide uptake from the atmosphere1–3. Accumulation
of atmospheric CO2 in ocean surface waters is predicted to
make the ocean twice as acidic by the end of this century4.
TheArcticOcean is particularly sensitive to ocean acidification
becausemoreCO2 candissolve incoldwater5,6.Herewepresent
observations of the chemical and physical characteristics of
EastSiberianArcticShelfwaters from1999,2000–2005,2008
and 2011, and find extreme aragonite undersaturation that
reflects acidity levels in excess of those projected in this region
for 2100. Dissolved inorganic carbon isotopic data andMarkov
chain Monte Carlo simulations of water sources using salinity
andδ18Odata suggest that the persistent acidification is driven
by the degradation of terrestrial organic matter and discharge
of Arctic river water with elevated CO2 concentrations, rather
than by uptake of atmospheric CO2. We suggest that East
SiberianArctic Shelfwatersmaybecomemoreacidic if thawing
permafrost leads to enhanced terrestrial organic carbon inputs
and if freshwater additions continue to increase, which may
a�ect their e�ciency as a source of CO2.

The calcium carbonate (CaCO3) saturation state (Ω), both for
aragonite (Ar, ΩAr) and for calcite, is expressed by the product
of seawater CO3

2− and Ca2+ concentrations relative to their
stoichiometric solubility product at given temperature, salinity and
pressure7. Ω>1 waters favour the formation of CaCO3 shells and
skeletons;Ω<1 waters are corrosive, causing CaCO3 dissolution2,6.
Arctic OceanΩ is lower than in other oceans because CO2 is more
soluble in colder waters4–6. Model studies suggest that open Arctic
Ocean surface waters will be the first to become undersaturated
(Ω<1) owing to increasing absorption of anthropogenic CO2 from
the atmosphere; thismay happenwithin a decade7,8. River discharge,
icemelt, and anthropogenic pollutionwere shown to be contributing
to ocean acidification (OA)9–11. The present study synthesizes a
decade of observations on the remote Arctic shelf seas aimed at
exploring the extent to which natural Arctic system processes,
such as degradation of terrestrial organic matter translocated

from thawed permafrost to the shelf waters12,13, river discharge14,15,
and ice melt9, possibly amplified by regional warming16, may
serve as coupled mechanisms to cause Ar undersaturation in the
Arctic Ocean.

The extensive East Siberian Arctic Shelf, made up of the Laptev
Sea, the East Siberian Sea, and the Russian part of the Chukchi Sea,
which composes ∼25% of the Arctic continental shelf, is believed
to be a particularly vulnerable target area. The ESAS receives river
discharge from four large Arctic rivers (Lena, Yana, Indigirka and
Kolyma), which accumulate their waters from extensive permafrost-
underlain watersheds. River discharge represents a great source of
freshening11; it also transports terrestrial organic carbon (terr-OC)
to the shelves mobilized from extensive watersheds as a result of
permafrost thawing13,17,18. The ESAS near-shore system, including
riverbanks, deltas and coastlines, includes thousands of km of
Pleistocene ice complexes, composed of syncryogenic deposits with
massive ice wedges (Supplementary Fig. 1a). This system is strongly
affected by the warming that started in the early Holocene, when
this shelf was inundated by sea water19. This long-lasting warming
has caused the steep coastline to erode by several m yr−1, releasing
old organic matter held in permafrost into the shelf water20,21.
The massive amount of terr-OC delivered by rivers and coastal
erosion is partly degraded and subjected to significant degradation
during its residence in shelf water22,23. Degradation of terr-OC was
evident from levels of pCO2 oversaturation24–26, removal fluxes of
both terrestrial dissolved organic carbon27 and particulate organic
carbon28, and from the molecular-specific shelf-wide δ13C–114C
trends in particulate organic carbon13.

To investigate the state of ΩAr and elucidate factors controlling
OA in two biogeochemical provinces of the ESAS29 (Fig. 1a),
we determined total alkalinity (TA), pH, dissolved inorganic
carbon (DIC), pCO2 , dissolved oxygen (O2), apparent oxygen
utilization (AOU), coloured dissolved organic matter (CDOM),
suspended particulate matter (SPM), turbidity, conductivity–
temperature–depth (CTD), and benthic calcifiers’ total species
biomass (TSB), performed a Markov chain Monte Carlo simulation
of different water sources using salinity and δ18O, and assessed
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Figure 1 | Spatial distribution on the ESAS system of terr-OC in
surface sediments and ΩAr in the water column. a, Distribution of terr-OC
(mg terr-OC (g dw)−1) in surface sediments over the ESAS as estimated
from δ13C and OC measurements. b,c, Distribution ofΩAr over the ESAS
based on observations over the last 13 years (1999–2011) in surface waters
(b) and bottom waters (c). Black curved lines in b and c show the position of
the boundary along which theΩAr equals 1. The blue dotted curve in a shows
the boundary between two biogeochemical provinces—WBP and EBP.

DIC concentrations and δ13CDIC compositions in the samples as
compared to conservative mixing between river water and sea
water. The warmer and fresher Western Biogeochemical Province
water (WBP, located eastwards of the Lena Delta to ∼160–170◦ E)
is characterized by strong river and coastal erosion impacts
(Fig. 1a). The saltier and colder Eastern Biogeochemical Province
water (EBP, located eastwards of ∼160–170◦ E) is mainly affected
by nutrient-rich Pacific water that creates favourable conditions
for high summer primary production30. An extensive data set
(>1,500 samples) was collected in years 1999, 2000–2005, 2008 and
2011 (Methods, Supplementary Tables 1 and 2).

The lowest ΩAr levels were observed in the WBP, where the
influence of both river runoff and terr-OC input is much stronger
than in the EBP. In the WBP, ΩAr varied from 0.01 to 1.42
(mean = 0.45, s.d. = 0.23) in surface water (above the pycnocline)
(Fig. 1b) and from 0.01 to 1.27 (mean= 0.44, s.d.= 0.23) in bottom
water (below the pycnocline) (Fig. 1c). Lower ΩAr in the WBP
was associated with higher pCO2 and lower pH in both surface and
bottom water (Supplementary Fig. 2). In bottom water, the decrease
in O2 saturation (<40%) was accompanied by a decrease in pH
(r=0.79, n=316, p<0.05) and increase inDIC (r=−0.59, n=316,
p< 0.05); there was a strong correlation between pH and AOU

(r =−0.97, n= 108, p< 0.05), suggesting in situ organic matter
(OM) mineralization, which was manifested in pCO2 buildup and
decreasing ΩAr (Supplementary Table 2 and Supplementary Figs 3
and 4). Most of the surface water was supersaturated with respect
to CO2 (463.7 ± 194.2 µatm, n=336); low pH correlated with high
pCO2 (r =−0.72, n= 339, p< 0.05), but correlation between pCO2

and O2 was weak (r =−0.44, n= 339, p< 0.05). Hence, primary
production had aweaker impact on pCO2 than degradation of organic
matter. Consequently, there is a need for a source of pCO2 to theWBP
surface water. We suggest this is river-transported pCO2 .

Comparison between the observational data and the
conservative mixing line for DIC and δ13CDIC revealed that
many of the samples in the analysed data set did not fall on
the line of conservative mixing between the Lena River water
and Arctic sea water (Fig. 2). The most pronounced features
were DIC concentrations that fell above the conservative mixing
line, and δ13C values that were lighter than those expected from
conservative mixing; that was consistent with terr-OC degradation,
and suggested only a minor role of primary productivity (PP). In
the near-shore WBP water, PP was shown to be suppressed by lack
of sunlight owing to low transparency of shelf water overloaded
with SPM and river-borne CDOM (Supplementary Table 1 and
Supplementary Fig. 3). Indeed, our data showed that mean
concentrations (± s.d.) of SPM and CDOM in the WBP surface
water were 12.8 ± 26.6mg l−1 and 25.6 ± 19.1 µg l−1, respectively;
that is, up to ten times greater than in the EBP surface water. In
some WBP areas, mean SPM concentrations increased by a factor
of 3–5 times during the observed period (Supplementary Fig. 5).

EBP ΩAr varied from 0.45 to 3.28 (mean = 1.74, s.d.= 0.68)
in surface water and from 0.35 to 2.21 (mean = 0.88, s.d.= 0.42)
in bottom water. Lower ΩAr was associated with deeper, saltier,
lower-pH water (Supplementary Fig. 2e–h). Correlation between
pH and O2 (r = 0.75, n = 121, p < 0.05) and between DIC
and O2 (r =−0.64, n= 121, p< 0.05) in bottom water clearly
points to OC decomposition processes in the water column and
water/sediment interface. In surface water, higher pH correlated
with lower pCO2 (r=−0.85, n=121, p< 0.05), as is expected from
PP. At the same time, there was no correlation between O2 and
pCO2 ; this could be due to the different air–sea exchange rates of
these two gases. Correlation between ΩAr and salinity (r = 0.76,
n=121, p<0.05) could be due to seawater freshening. Analysis of
multi-year data (1999–2002 versus 2008–2011 ) revealed a notable
trend (t(331)=12.77, p<0.05) towards lower surface water ΩAr
(Supplementary Fig. 6). We attributed this shift to an increasing
influence of the riverine plume, which has been propagating further
east with the Siberian coastal current over the past ten years (Fig. 3).

To assess the contribution of freshening sources to the ΩAr
state in both biogeochemical provinces, we performed a Markov
chain Monte Carlo mass-balance mixing calculation using salinity
and δ18O. Results of the analysis suggest that the mean (±1 s.d.)
contributions of three endmembers (sea water, riverine water,
and ice melt water) to the surface water compose 59.7 ± 4%,
34.3± 3.5%, and 5.9± 4% in the WBP and 87.5± 5.4%, 5± 2.8%,
and 7.4 ± 5% in the EBP, respectively (Fig. 4). The WBP surface
waterΩAr reflects the freshening effect of river discharge, which also
adds water with river-transported pCO2 and translocated terr-OC,
some of which gets degraded to CO2 in the recipient shelf water,
resulting in significantly decreased ΩAr, >3.5 times lower in the
WBP than in the EBP (0.45 versus 1.74, t(141)= 20.91, p< 0.05).
ΩAr in EBP surface water varied from 0.45 to 3.28, but averaged
slightly above 1, possibly reflecting the interplay between the rivers’
freshening effect andCO2 removal during photosynthesis supported
by nutrient-rich Pacific-derived waters27,30.

To investigate the role of the river-freshening effect versus
terr-OC input due to coastal erosion, we established two groups of
WBP sites where the contribution from each source was expected

362

© 2016 Macmillan Publishers Limited. All rights reserved

NATURE GEOSCIENCE | VOL 9 | MAY 2016 | www.nature.com/naturegeoscience

http://dx.doi.org/10.1038/nego2695
www.nature.com/naturegeoscience


NATURE GEOSCIENCE DOI: 10.1038/NEGO2695 LETTERS

−10

−8

−6

−4

−2

0

2

0 5 10 15 20 25 30 35
0

500

1,000

1,500

2,000

2,500

0 5 10 15 20 25 30 35

AW

LR

Primary
production

Degradation
of OCter

2007:

2008:

Surface water
Bottom water

Surface water
Bottom water

a b

S (%%) S (%%)

δ13
C D

IC
 (%

%
)

D
IC

 (μ
m

ol
 k

g−1
)

Primary
production

LR

AW

Degradation
of OCter
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Figure 3 | Distribution of salinity (hhh) in the EBP inferred frommulti-year data. a,b, Summertime salinity observed in 2000–2012 versus that observed in
1932–2000 in surface water (a) and in bottom water (b). In a the position of the isohaline= 23h observed in 2000–2012 is marked as a black solid line
(2000–2012); its position in 1932–2000 is marked as a black dotted line; the area of its extension to the east during the last 12 years, equal to
∼116,000 km2, is shown as the hatched area.

to be high: the Lena River estuary (large freshening effect, five
stations), and an area near the coast that was exhibiting high
coastal erosion rates (large eroded terr-OC impact, three stations).
We also investigated two groups of control sites: one group in
the Lena River delta (10 stations) and one group of offshore sites
away from the direct influence of either river discharge or coastal
erosion (28 stations, Supplementary Fig. 1d). Our results show
that the acidifying effect of terr-OC decomposition at the erosion-
dominated site was more than five times stronger than that of
estuary freshening (531% versus 100.5%), (Supplementary Table 3).
Inter-annual variability in DIC (Supplementary Fig. 3b) and ΩAr
(Supplementary Fig. 7) could be attributed to dynamics in coastal
erosion rates21 and to the hydraulic regime of the Arctic rivers
(Supplementary Fig. 8).

We suggest that low ΩAr observed in the bottom water in
both ESAS biogeochemical provinces is determined by in situ OC
decomposition. Because rates of coastal erosion and the acidifying
effect of terr-OC input due to coastal erosion and river input
are higher in the WBP than in the EBP21,26, this results in mean
WBP ΩAr that is half as much as in the EBP [0.44 versus 0.88,
t(158)=12.35, P < 0.054]. Because shelf water with ΩAr <1 is
corrosive, it might cause dissolution of the CaCO3 that forms the
benthic species’ shells and skeletons. Long-term effects of lower
ΩAr could result in lower biomass of benthic calcifying species and
further suppression of their populations. Indeed, we observed that
the TSB of WBP macro-benthic calcifying species varies by a factor
of five, with the lowest TSB values observed where pCO2 was highest

and ΩAr was lowest (Supplementary Fig. 9). This distribution in
the benthic calcifying community could be a direct consequence of
seawater acidification.

The results of this study clearly show a major OA pattern in
the ESAS resulting in severe Ar undersaturation of shelf waters
caused by degradation of terr-OC exported from thawing coastal
permafrost, and freshening due to growing Arctic river runoff
from extensive permafrost-underlain watersheds and ice melt.
In contrast to other marine ecosystems, where organic carbon
originates from planktonic and riverine sources, coastal erosion
represents a significant source of terr-OC to the ESAS. The dual-
carbon isotope (δ13C and 14C) composition of ESAS OC establishes
that old permafrost-released erosional carbon dominates burial
of OC on the ESAS, and that 57 ± 2% of this terr-OC is from
permafrost-originated ice complexes of Pleistocene age23. This
translocated terr-OC represents a source of OA different from that
of the generally considered atmospheric CO2 uptake. Persistent and
potentially increasing Ar undersaturation of ESASwater has already
far exceeded projected levels for the year 2100, which are based only
on atmospheric CO2 uptake (Supplementary Fig. 10). Because Ar
undersaturation is characteristic of the entire ESAS bottom water,
we suggest that the observed suppression of the benthic calcifying
community might be pervasive throughout the entire ESAS, which
alone composes >25% of the Arctic Ocean open water. As these
waters are exported to the surface of the central Arctic Ocean by the
transpolar drift as well as into the Beaufort Gyre, the consequences
of OA, triggered by climate-change-driven mechanisms, might
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affect Arctic marine ecosystems over extensive scales. This study
also calls into question the capacity of the Arctic Ocean to serve as
a sink for a growing amount of anthropogenic CO2.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Data gathering. Seawater samples were collected in Niskin bottles and then
transferred into smaller bottles for chemical analysis. pH was determined
potentiometrically and reported on the total hydrogen ion concentration scale31.
pH measurement precision was about±0.004 pH units. Direct comparison
between potentiometric and spectrophotometric pH measurements (both on the
‘total’ scale) was carried out in September 2008. Results of this comparison
demonstrate good concurrence between the two methods32. In 2008, the carbon
dioxide (CO2) system was studied by measuring concentrations of dissolved
inorganic carbon (DIC), total alkalinity (TA) and pH, and computations using the
different constituents showed good pH accuracy; DIC and TA were calibrated
versus certified reference materials (CRMs) supplied by A. Dickson, Scripps
Institution of Oceanography.

TA. In August–September 2004 and 2005, and in winter 2002 and 2007, TA was
determined as proposed in DOE31. The TA samples were poisoned with a mercuric
chloride solution at the time of sampling. Samples were kept in the dark and were
analysed in the lab within one month using an indicator titration method in which
25ml of sea water was titrated with 0.02M hydrochloric acid (HCl) in an open cell
according to Bruevich33. In 2000 the Carbon Dioxide in the Ocean working group
of the North Pacific Marine Science Organization (PICES) performed an
intercalibration of TA in sea water using CRMs. The results of the intercalibration
showed that the alkalinity values obtained by the Bruevich method are in
agreement with the standard within±1 µmol kg−1 when state-of-the-art analytical
practice is applied34. In August–September 2008, TA was determined after pH from
the same sample on board the ‘Yakob Smirnitskiy’, using an open-cell
potentiometric titration method; 0.05M HCl was used and the end point was
determined by a Gran function35. The concentrations thus obtained were calibrated
against CRMs. In September 2011, AT was determined on board the ‘Academic
Lavrentiev’ according to Bruevich33, again using CRMs. The precision of both
titration methods was similar, at about 0.1%.

DIC. To measure DIC (fall seasons in 1999, 2000) we used a TSVET-530 or
LKHM-80MD gas chromatograph (GC), with a Poropac T (1.5m, 80–120 mesh)
and a flame-ionization detector (FID) run isothermally at 30 ◦C with hydrogen
carrier gas; a stripping GC technique similar to that described in Weiss36 was used.
The total CO2 (TCO2) calibrations were based on 0.73, 1.02 and 1.99mM standard
solutions of sodium carbonate (Na2CO3) that were prepared gravimetrically in
freshly distilled water. Conversion of CO2 to methane (CH4) after the Poropac
column was done in a nickel (Ni)-catalyst column (14 cm Chromaton, 80–100
mesh, coated with Ni) at 400 ◦C (ref. 37). The measurements are reproducible to
within±1–2%. In August–September 2008, DIC was determined by a coulometric
titration method31, having a precision of∼2mmol kg−1, with the accuracy set by
calibration against certified reference materials (CRM), supplied by A. Dickson,
Scripps Institution of Oceanography (USA). The seawater DIC was computed from
pH–TA using CO2SYS38 for cruises in 2003, 2004, 2005, 2007 and 2011.

Partial pressure of CO2 (pCO2
). The seawater pCO2 was computed from pH–TA

using CO2SYS38, except for cruises in 1999 and 2000, during which the pH–CT pair
was used. The carbonic acid dissociation constants (K1 and K2) of
Mehrbach et al.39, as refitted by Dickson and Millero40, were used. The uncertainty
in computed pCO2 was about± 10 µatm.

Dissolved oxygen (O2), ΩO2 and apparent oxygen utilization (AOU).
O2 concentrations were obtained using aWinkler titration system, giving a precision
of∼3 µmol kg−1 for 1999–2005 data and∼1 µmol kg−1 for 2008 and 2011 data.
These values were then converted to percentage saturation (ΩO2 ), followingWeiss36.
AOU represents one estimate of the O2 utilized due to biochemical processes
relative to a preformed value. AOU was calculated as the difference between
the O2 gas solubility ([O∗2]) and the measured O2 concentrations, expressed as
AOU=[O∗2]−[O2], in which O∗2 is the O2 solubility concentration calculated as a
function of in situ temperature and salinity, and one atmosphere of total pressure41.

Nutrients. Nitrates, nitrites, silicates and phosphates were determined by
traditional oceanographic techniques prescribed in ref. 42. In September 2008,
nutrients were determined using a SmartChem analyser (Westco Scientific
Instruments; http://www.westcoscientific.com/pages/smartchem200.htm#
applications). More detailed descriptions can be found elsewhere43,44. The samples
were filtered before analysis and evaluated by a 6- to 8-point calibration curve at
∼1% precision.

Dissolved organic carbon (DOC). DOC contents of samples sealed in glass tubes
were determined using a Shimadzu TOC-5000 high-temperature catalytic
oxidation technique in the University of Alaska Fairbanks laboratories.

Hydrological parameters. During the 2004–2011 cruises, a Seabird SBE19plus
Profiler (www.seabird.com) was used for measurements of conductivity,

temperature, photosynthetically active radiation (PAR) (by LI-193SA Spherical
Quantum Sensor), turbidity (by OBS-3 Sensor) and fluorescence. A WetStar
fluorimeter was used to assess the in situ coloured dissolved organic matter
(CDOM) concentration; this instrument has a single excitation (Ex=370 nm)/
emission (Em= 460 nm) wavelength pair. These measurements characterized the
distribution of CDOM at vertical intervals of 0.20m at the oceanographic stations.

Total species biomass (TSB). Samples were collected using a Van-Veen grab
(0.1m2) and a Petersen grab with a sampling area of 0.025m2 to a depth of 10 cm.
Samples were gently sieved through 0.5mmmesh screen using ambient sea water.
The material retained on the screen was transferred to 1-l labelled glass jars and
preserved in sea water with 10% buffered formalin and Rose Bengal stain. In the
laboratory, samples were washed in fresh water; the organisms were separated from
the detritus and sorted into major taxa using a binocular dissecting microscope.
After sorting, the organisms were weighed (accuracy±0.001 g), fixed by 70%
ethanol, identified to the lowest possible taxonomic level (species), and counted.
Ash-free dry weight biomass was measured for each species by drying the organisms
to a constant weight at 60 ◦C, followed by ashing in amuffle furnace at 500 ◦C for four
hours. TSB was calculated as ash-free dry weight, summed over all the organisms
in the sample, and normalized to grams per metre squared of the sea floor45–47.

Saturation level of aragonite (ΩAr).ΩAr was also computed from pH and AT using
the same software, CO2SYS, and constants. Calcium carbonate (CaCO3)Ω of the
waters was calculated as:Ω=[Ca2+] · [CO3

2−
]/K′sp, where [Ca2+] and [CO3

2−] are
the concentrations of dissolved calcium and carbonate ions respectively, and K′sp is
the apparent solubility product, which depends on temperature, salinity, pressure,
and the particular mineral phase48.

Terrestrial organic carbon (terr-OC). Terr-OC concentrations were derived from
δ13C and OC measurements. Source apportionment calculations were performed
with a marine endmember δ13C signature of−24h for the WBP and−21h for
the EBP. These values were chosen based on previous studies49–52. For the
terrigenous endmember, the weighted average δ13C of ice-complex deposits
(80%, δ13C=−32.1h, ref. 51) and topsoil permafrost sources
(20%, δ13C=−26.3h, ref. 51) was used (δ13Cterr=−27.5h). Results of the
mass-balance equations were then multiplied by measured OC concentrations for
every location.

Suspended particulate material (SPM). The SPM content was obtained by
filtration through membrane filters with a pore diameter of 0.47 µm followed by
gravimetry; the details can be found elsewhere53.

Water source apportionment. The relative contributions of riverine, sea melt, and
Arctic Ocean to collected water samples were differentiated using salinity and the
stable oxygen isotope signature (δ18O) as source markers in a mass-balance mixing
model54. The endmember values for the three sources were estimated as: riverine,
salinity 0 psu, δ18O−21.4± 1.7h; sea melt, salinity 4± 4 psu, δ18O 1± 1h;
Arctic Ocean, salinity 33.3± 2.9 psu, δ18O−2.5± 1h (refs 55–57). To account for
the variability in the endmember values, the mean fractional contribution of the
three sources for each sampling station was estimated using a Markov chain Monte
Carlo approach58. For each sampling station, the mean source signature of multiple
water samples was used for the source apportionment calculations.

Assessment of the shift in acidity. Ocean acidification refers to a reduction on the
pH of the sea water over an extended period. pH is measured by concentration of
hydrogen ions (H+ or [H+]) in a solution that is expressed on a log scale ranging
from 0 to 14 (equals to 1 to 10−14 moles per litre), where pH is defined as minus the
logarithm of [H+] (that is, pH=−log10[H+]). Thus, a tenfold change in the
hydrogen ion concentration results in a pH change of 1. Ocean acidification (OA)
is attributed to the increased concentrations of CO2, which combined with water
forms carbonic acid (H2CO3), a weak acid, which then partially dissociates to
release H+ ions that lead to increasing acidity of the ocean. As pCO2 of the sea water
increases, the acidity increases and pH decreases. The change in acidity observed at
four groups of sites presented in the Supplementary Table 3 was assessed following
ref. 4, which are sourced from the National Oceanic and Atmospheric
Administration (NOAA) Pacific Marine Environmental Laboratory (PMEL).
According to this source, shift in pH= 8.2 (that is, H+=6.3×10−9) to pH= 8.1
(that is, H+=7.9×10−9), equal to a change in acidity of+26%; shift in pH= 8.2
(that is, H+=6.3×10−9) to pH= 7.9 (that is, H+=1.3×10−8) equal to a change in
acidity of+100% and so on. The reference level was set based on the mean global
pH of 8.2 at the beginning of the Industrial Revolution4.

Measurements of δ18O and δ13CDIC. δ18O values were determined using a Thermal
Conversion Elemental Analyzer (TC/EA) and a Finigan Delta V spectrometer at
Stockholm University, Department of Geological Sciences. Stable isotope ratios
were reported in notation as parts per thousand (h) deviation from the
international standards, V-SMOW (Vienna Standard Mean Ocean Water). The
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overall precision based on standard measurements is estimated to be better than
0.1h (ref. 60). For the determination of C isotope composition in water, we
followed similar sampling techniques to those described in ref. 59. δ13C of DIC
values are measured using a Thermo GasBench II carbonate analyser with a
DeltaPlusXP Mass Spectrometer at the Institute of Marine Sciences/University
Alaska Fairbanks Isotope Facilities. Water samples use 1 to 0.5ml, and are placed
into square bottom exetainer tubes. The tubes are purged for 20min with ultra
purified helium and then 0.1ml of 85% H3PO4 is manually added by syringe to the
sample through the septum. The headspace gases are then transferred to the
GasBench II, where the water is removed through a Nafion dryer. CO2 is separated
chromatographically from other gases present, and then transferred to the IRMS,
where the isotopes of carbon are measured. δ13CPDB values are reported with
reference to international isotope standards. The quality control scheme involves
analysing a blank every twenty samples and two laboratory working standards
every ten samples. Twice a year, the laboratory working standards are compared to
NIST and IAEA standards to confirm quality assurance.

Estimation of population parameters. Variables from each data set were plotted
as different distributions in the Minitab 17 statistics software package and were
tested using the Goodness of Fit Test61. The test for normality was performed via
the Anderson Darling test, for which the null hypothesis (H0) is that data are
normally distributed and the alternative hypothesis (HA) is that data are not
normally distributed. Because both subpopulations have a p value above 0.05, it was
concluded that variances in both subpopulations are normally distributed.
Descriptive statistics for normal distribution were calculated as arithmetic mean
(M)± 1 standard deviation (s.d.). To compare whether the average difference
between two subpopulations (M) (the Western Biogeochemical Province, WBP,
and the Eastern Biogeochemical Province, EBP) is significant, or if it is due to
random chance, we applied the two-sample t-test using Minitab 17 statistics
software. H0 stated that the difference between two means (M1–M2) equals zero;
HA stated that the difference is not equal to zero. Data were standardized; standard
errors (SEs) ofM and t-values were calculated. The method was applicable to all
subpopulations because they were all greater than 30 samples. Alpha (α) was set
at 0.05. The critical value of standardized difference of theM(t)s was set at 2.06.
The difference between subpopulations was determined to be significant if the
t-value was larger than 2.06. Results of independent group t-tests in the main text
and Supplementary Tables 5–7 are presented as subpopulation mean, s.d. and SE of
the mean, t-value with degree of freedom (DF), and p value.
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