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ABSTRACT: Sediment samples from the East China and Yellow Nr = 0%0
seas collected adjacent to continental China were found to have
lower 5'°N values (expressed as 5'°N = [ISN:MNSMHPIE/ NN, — B

. * — 9 i
1] X 1000%oc; the sediment N:*N ratio relative to the air ) hilnwi :“ﬂnﬂ‘% -
nitrogen N:'*N ratio). In contrast, the Arctic sediments from the ﬁ

Chukchi Sea, the sampling region furthest from China, showed = T Pristine
higher 6"°N values (2—3%o higher than those representing the East Anthropogenic N \ /

China and the Yellow sea sediments). Across the sites sampled, the X

levels of sediment 6'°N increased with increasing distance from ’ Y

China, which is broadly consistent with the decreasing influence of Sediment 815N

anthropogenic nitrogen (N*N™) resulting from fossil fuel EE——— E-_——
combustion and fertilizer use. We concluded that, of several BEN0%e W So~te

processes, the input of N*NTH appears to be emerging as a new

driver of change in the sediment 6"°N value in marginal seas

adjacent to China. The present results indicate that the effect of N*N™H has extended beyond the ocean water column into the
deep sedimentary environment, presumably via biological assimilation of N*N™ followed by deposition. Further, the findings
indicate that N*N™ is taking over from the conventional paradigm of nitrate flux from nitrate-rich deep water as the primary
driver of biological export production in this region of the Pacific Ocean.

B INTRODUCTION example, the N produced by vehicles ("N —4 to —1%o),"
fossil fuel burning (6N ~ 0%o0),” and inorganic fertilizers
(6"N =2 to 2%o0)" is more depleted in the heavier "*N isotope
compared with the N of the nitrate in the present-day deep
ocean (8" N-nitrate ~ 5%0).°

Therefore, the addition of NANTH to the marine environment
lowers the §"°N in both the water column and phytoplankton
and thereby lowering the sediment §'°N. Previous measure-
ments of the N isotope composition of organic matter in

The increasing use of nitrogen (N) fertilizers and fossil fuels
has more than doubled the oceanic loads of reactive N (i.e.,
NO, + NH, and dissolved organic forms) since the industrial
revolution." In particular, the marginal seas of the densely
populated northeast Asian countries have been found to be
vulnerable to the impact of anthropogenic nitrogen (N*NTH) @)
which mainly emanates from fossil fuel combustion and N

fertilizers, and its influence has been found to extend far into sediments from several lakes under the influence of NANTH
the open North Pacific Ocean.” However, to our knowledge, no showed decrease in 6'°N during the past 150 years.7 This trend
observational evidence has been reported showing a link of decreasing 5'°N approximately corresponds to the increase
between changes in N*™"™ input to the marine environment in production of industrial N during the same period. However,
and corresponding changes in sediment N biogeochemistry by the majority of previous studies investigating the influence of

NANTH NANTH

planktonic assimilation of
the sediments.

and subsequent deposition in were primarily focused on riverine and estuarine
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Table 1. Surface Sediment Ages for the East China Sea, the Yellow Sea, the East Sea, the Pacific Coast of Japan, the Okhotsk

Sea, the Bering Sea, and the Arctic Ocean

basin location age (yr) (+SD) no. of samples method ref

East China Sea 31° N-35.5° N 8+ 10 9 210pp, 18, 19
123° E-126.5° E

Yellow Sea 35° N-36° N 8§+2 2 210pp, 19
123.2° E-124.8° E

East Sea 35.5° N-37° N 17 + 10 9 210pp, . 52, 53
129.5° E-131.5° E

Pacific coast of Japan 44.5° N, 145° E 13+ 7¢ 3 AMS'C 54, S5

Okhotsk Sea 49.5° N=51° N 42 + 157 3 AMS'C 56
146° E—152° E

Bering Sea 52° N-57° N 20 1 326R, 57
162° E—-177° W

Arctic Ocean Shelf 70° N-75° N 8+ 4 2 210pp, 58
165° W—175° W

Arctic Ocean Basin >75° N >1000 210pp,. 58

“Age values were calculated by multiplying 1 cm layer of sediment by reciprocals of the sedimentation rates (cm kyr™") based on the '*C method.
Note that no age determination was performed on shelf sediments from the Pacific coast of Japan and Okhotsk Sea where our samples were
collected. Use of the '*C method may lead to errors in ages estimated for shelf surface sediments. However, the estimated ages are likely to be upper
limits because the sedimentation rates in the shelf regions, where all of our samples were collected, are probably considerably higher than those in the
offshore regions where the sedimentation rate was determined using the '*C method.

. 8-10 .
environments. Moreover, the studies performed on the

marginal sea sedimentary environments were aimed to identify
key internal processes (e.g., denitrification or surface nitrate
availability to phytoplankton) influencing the sediment
S"N."'""° We are unaware of any study investigating the
influence of N*N™ on more remote marginal sea and open
ocean sedimentary environments, where riverine NANTH inputs
are insignificant but atmospheric N*N™ inputs can be
considerable. Previous studies probably overlooked the
possibility of an influence of N*N'™ on such remote marine
sedimentary environments, because such an influence was
thought to be negligible.''~"*

In this study, we evaluated the influence of N*N'™ on the
ocean sedimentary environment through analyses of the N
isotope composition of bulk organic matter. Analyses were
undertaken at various locations in the study area with rates of
NNTH jnput from atmospheric deposition and river ranging
from high to near-zero. Geographically, the locations
correspond to the East China and Yellow seas (highest
NANTH o 258 mmol m™2 yr!),»'*"° the East Sea (Sea of
Japan; NN~ 55 mmol m™ yr™!),'® the Pacific coast of
Japan (NANTH ~ 20 mmol m™> yr™!),'® the Okhotsk Sea
(NANTH 5 mmol m™ yr_l),lé the Bering Sea (NN ~ 3
mmol m™> yr_l),16 and the Arctic Ocean (lowest NANTH ~ 1
mmol m~2 yr™!)."

B MATERIALS AND METHODS

Sediment Sampling Methods. We collected one surface
sediment sample from each of 227 sites for the East China (n =
88) and Yellow (n = 139) seas using a grab sampler or a box
corer over various Korea Oceanographic Institute expeditions
conducted since 2000 (Tables S1 and S2). Loss of the core-top
of the sample due to use of a grab sampler was likely minimal
due to the fine-grained cohesive aggregate compositions that
are prevalent in these basins.'” Moreover, even if the core-top
material was disturbed, the high sedimentation rates in these
basins would mean that the sediments below the core-top
would likely still contain substantial amounts of NANTH '™
Only 16 sediment samples for the East Sea (n = 8) and the
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Arctic Ocean (n = 8) were taken using a multicorer between
2010 and 2013 (Tables S1 and S2). All sediment samples were
stored in an onboard freezer and prior to analysis samples were
freeze-dried for 4 days and then ground to powder with a
mortar and pestle.

In our analysis we also used additional 231 5"°N data from
231 distinct sites in the East China Sea (n = 71), the Pacific
coast of Japan (n = 102), the Okhotsk Sea (n = 22), the Bering
Sea (n = 30), and the Arctic Ocean (n = 6) obtained from the
Nitrogen Cycle in the Ocean, Past and Present database
(NICOPP; https://www.ncdc.noaa.gov/paleo/pubs/nicopp/
nicopp.html).”> Only key information about sampling methods
and sites is summarized in Table S1, and more detailed
information can be found in the work of Tesdal et al.”’

N and C Isotope Analysis for Sediments. For N isotope
analysis, approximately 70 mg of sediment sample was weighed
and wrapped in a tin capsule. N isotope composition (§"°N)
was measured using a PDZ Europa ANCA-GSL elemental
analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass
spectrometer (Sercon Ltd., Cheshire, UK) at the Stable
Isotopes Facility Center of the University of California at
Davis.”' N isotope values were expressed in § (%) with respect
to the atmospheric nitrogen standard, which was calibrated
against National Institute of Standards and Technology
Standard reference materials (IAEA-N1, IJAEA-N2, IAEA-N3,
USGS-40, and USGS-41). The measurement error was
reported to be less than 0.3%0.”> The sampling locations of
our sediment samples and the corresponding §"°N values are
listed in Table S2. For the NICOPP §"°N data used in our
analysis, the analytical methods used and the corresponding
sampling locations are summarized in Table S1 and can also be
found in the work of Tesdal et al.”’

The carbon isotope ratio (5°C) was also measured for
selected sediment samples for sites located more than 50 km
from the mouth of a major river (n = 7 for the East China Sea,
n = S for the Yellow Sea, n = 4 for the East Sea, and n = 4 for
the Arctic Ocean). For 6"C analysis, sediment samples were
treated with 1 M HCl for 3 days in a precombusted (500 °C)
glass beaker to remove CaCOj, then washed with distilled
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water several times, and dried at 60 °C for 3 days.
Approximately 70 mg of dried sample was weighed and
wrapped in a silver capsule. The §"°C was measured using a
Vision EA Stable Isotope Ratio Mass Spectrometer System with
Elemental Analyzer (Isoprime, Manchester, UK)*' at the
National Instrumentation Center for Environmental Manage-
ment at Seoul National University. The results were expressed
in 5 (%o) with respect to the Pee Dee Belemnite standard,
which was calibrated against National Institute of Standards and
Technology Standard reference materials (USGS-40 and
USGS-41). The measurement error was reported to be less
than 0.2%0.”

Total Nitrogen (TN) and Total Organic Carbon (TOC)
Analysis for Sediments. The concentrations of TN, total
carbon (TC), and total inorganic carbon (TIC) in the dried
and ground sediment samples were measured using a Thermo
Electron Corp. Flash EA 1112 Series NC Soil Analyzer for TN
and TC and a CO, coulometer (model CM5014, UIC Inc.) for
TIC (Waltham, MA, USA).>> TOC concentrations were
calculated by subtracting TIC from TC.

Atmospheric Nitrogen Deposition and Surface Ocean
Nitrate Data. The atmospheric nitrogen deposition data (n =
457) were obtained from the Oak Ridge National Laboratory
Distributed Active Archive Center (https: //daac.ornl.gov/ ),16
and the surface ocean nitrate concentration data (n = 472) were
obtained from the World Ocean Atlas 2013 (http://www.nodc.
noaa.gov/OCS/woal3/w0al3data.html).24

B RESULTS AND DISCUSSION

Surface Sediment §'°N (%c) in the Marginal Seas of
the Northwestern Pacific Ocean. A key requirement in
studies on the effect of N*N"H on sediment §°N is that the ages
of surface sediments (<1 cm depth) sampled across the study
area are similar. The published rates of sedimentation for all
basins in the study area indicated that, except for some open
Arctic basin samples, most surface sediments compared in this
study are young and similar in age (17 + 12 years), indicating
that most sediment samples used in this study contained fresh
organic matter that had recently accumulated (Table 1).

The 6N value (%o) for surface sediment samples was
lowest for the East China Sea (5.0 + 0.8%o¢) and progressively
increased in a northeast direction from the East Sea (5.4 +
0.3%0) to the Bering Sea (6.9 + 1.5%0) and the Arctic Ocean
(8.0 + 0.7%o); these locations are increasingly distant from the
major N*™ source continent (China) (Figures 1 and 2). The
northeastward increase in surface sediment §"°N is inversely
related to the northeastward decrease in the deposition of
NANTH (Figure 3). A similar inverse correlation was also evident
between the deposition of N*N"™ and the §"N trend of sinking
particulate organic matter (sinking POM) collected in the
overlying water column close to the sediments (§°N = 2.9—
4.2%o for the East China Sea sinking POM and 9.4—13.9%o for
the Bering Sea sinking POM) (inset in Figure 3). Although
sinking POM 6"°N values are not exactly equivalent to surface
sediment 5'5N values collected from the Bering Sea, the inverse
relationship between sinking POM N and N*N™H input
obtained across our study area provides further evidence
supporting the dilution effect of N*N™ on the water column
SN, which leads to reductions in sinking POM SN and
eventually sediment §'°N. Other studies also showed that
sediment or POM "N values from more pristine regions (near
Hawaii or South Atlantic Ocean) had 8.1 to 11.5%0 (Table
S3),25_27 whereas 6'*N-nitrate or ammonium values for NANTH

6046

60°N

40°N

.
sef{“‘/\;éc:[ﬁc coast

120°Ef -

150°E 18[0°W 615N3(%0)
Figure 1. Sediment 5"°N values in the study area. Surface sediment
5"N values (%o; colored circles) and atmospheric nitrogen deposition
(AND; mmol m™ yr™}; colored dashed lines) in the East China Sea,
the Yellow Sea, the East Sea, the Pacific coast of Japan, the Okhotsk
Sea, the Bering Sea, and the Arctic Ocean. The map was created using
Matlab and Simulink (R2017a version).

deposition measured in the China®® and the East Sea were
<0%o (Table S4). Therefore, our observation of the increasing
trend in sediment 6N from the East China Sea to the Arctic
Ocean can be associated with N*N™ contamination.

NANTH Input Influencing Sediment 6'°N (%oc). The
marginal seas bordering the northwestern Pacific Ocean receive
NANTH via atmospheric trans}l)ort and deposition and from river
and groundwater discharge.”” Near-shore environments and
marginal seas in close proximity to China receive large amounts
of nitrate and ammonium (11 X 10*° mol N yr™") from the
Changjiang River,'* whereas the Arctic Ocean only receives 3.6
X 10” mol N yr' from the Mackenzie and Yukon rivers.””
Thus, riverine nitrate probably contributes substantially to the
5N signals in sedimentary environments in the vicinity of
China, via assimilation by phytoplankton. However, it is
difficult to distinguish the relative strengths of sources of
NANTH because the effects of the major NN sources
(fertilizers, fossil fuel burning, and organic wastes) vary
considerably among location and over time.”* Furthermore,
riverine nitrate (as well as groundwater nitrate) is largely
confined to coastal waters and thus does not leave a
homogeneous footprint throughout the study area, making it
difficult to establish correlations between N*NT™ input and
sediment 6"°N signal change. Therefore, we used atmospheric
nitrogen deposition (AND) as a proxy for the total NANTH
signal in the marine environment, because it probably best
represents the basin-scale influence of NANTH,

To evaluate whether N*N'™ influences variations in sediment
SN in the study area, the values for sediment 6N were
compared with the AND values in the surface ocean
immediately above the sites where sediment 5'°N values were
determined. We found an inverse correlation between the
sediment 6N values and corresponding AND values
throughout the study area (Figure 3). The high correlations
between sediment 5'°N and AND (r = 0.93, p < 0.01) are a
strong indication that geographic variations in sediment 5°N
values in the marginal seas of the northwest Pacific Ocean are
probably caused by differences in N*N™ input, resulting from
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Figure 2. Mean sediment 5"*N values (%o) for various basins. §"°N values (%o) for surface bulk sedlments from the East China (n = 159) and the
Yellow (n = 139) seas (NANTH ~ 258 mmol m~2 yr!),»"*'S the East Sea (n = NANTH ~ 52 mmol m™ yr ~1),'¢ the Pacific coast of_]apan (n=102;
NANTH 20 mmol m™2 yr™), !¢ the Okhotsk Sea (n = 22; NAN™H ~ § mmol m~ 2yr ~1),'6 the Bering Sea (1 = 30; N*¥™ ~ 3 mmol m™2 yr ~1),'¢ and
the Arctic Ocean (n = 14; N*N™H ~ | mmol m™2 yr™!). i6’ Note that the N*NTH input into the East China and Yellow Seas combined includes N*NTH
deposition and riverine inputs. The mid lines in the boxes indicate the median, and the lower and upper lines in the boxes are the first and third
quartiles (respectively). The lower and upper whiskers indicate the minimum and maximum values (respectively), and the colored dots are outliers.
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Figure 3. Plot of sediment 5'°N values as a function of atmospheric nitrogen deposition (AND). AND data (mmol m™2 yr™") and sediment 5"°N
values (%o; colored circles) for the East China Sea, the Yellow Sea, the East Sea, the Pacific coast of Japan, the Okhotsk Sea, the Bering Sea, and the
Arctic Ocean. Colored circles indicate the mean §"*N values (+SD) for each pixel (latitude 2.5° X longitude 5°; the number of sediment samples
ranges from 1 to 92), whereas open diamonds indicate individual basin means for 515N and AND. The inset shows the AND and 6N values (%o)
for sinking particulate orgamc matter (Sinking POM) for the East China Sea (n = 2),%* the Yellow Sea (n = 3),® the Pacific coast of Japan (n = 3),**
and the Bering Sea (n = 10)* sites. Colored triangles and open squares indicate individual sinking POM §"*N values and individual basin means for
5N (+SD), respectively.

the dramatic increase in N*N'™ emissions in northeast Asia this budget calculation depends on the validity of our
since the 1970s.>"> assumption that any 5'°N-nitrate change in the euphotic layer
Another potentially powerful approach to assessing whether of the East China and Yellow seas, arising from the input of
NANTH was responsible for the sediment 5'°N values being NANTH will be comparably reflected in the sediment 6'°N value
lower in the East China and Yellow seas than the baseline value via the complete utilization of all available nitrate (added
representing the pristine environment is to conduct a budget NANTH and upwelled nitrate; another major source of nitrate for
calculation of N*N™ in the East China and Yellow seas much of the ocean euphotic layer). Within the uncertainties of
combined, that is, to include the ocean regions under the the measurements and estimations (Table 2), the §'°N decrease
greatest influence of N*N™ in the study area. The accuracy of (AS"N ~ 1.9%0) predicted for the water column from the
6047 DOI: 10.1021/acs.est.6005316
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Table 2. Impact of N*N™ on the Seawater Dissolved Inorganic N (DIN) Isotope Values in the East China and Yellow Seas in
the 2000s

winter mixed layer water column nitrate riverine DIN input” NANTH deposition” predicted measured
area (km?) depth (m)*’ inventory” (T mol) (T mol yr~ g (T mol yr™") ASSN? (%) ASSNE (%o)
6.6 x 10° 30 0.07 0.13 0.04 1.9 2.7 £0.7

“Calculated by integration of all nitrate contents to the average of bottom depths of the East China and Yellow seas. The annual mean of ocean
nitrate for 1955 to 2012 yr were obtained from the World Ocean Atlas 2013 (https //www.nodc.noaa.gov/OCS/woal3/woal3data. html)24and
represented all 1° latitude X 1° longitude pixels included in the basins specified. ®The annual mean flux of DIN (nitrate and ammonium) from
Chinese rivers (e. g., Changjiang, Liaohe, Haihe, Huang He rivers) and Korean rivers (e. g., Han, Keum, and Aprock rivers) for the 2000s. 1415 eThe
mean N*NTH deposition rate measured at the two sites (Cheju Island and Imsil) for the 2000s (0.065 mol m™ yr™') was extrapolated to the entire
area of the Fast China and Yellow seas.” “Calculated using the following the mixing model equation®

mF + mFE + mF,

Fy = _yx yy =z

(m, + m, + m,)

where Fy = the expected 6N value (%o) after mixing F,, F,, and F,, m, = the total amount of water column nitrate inventory (T mol), F, = the
5" N-nitrate isotopic ratio of the water column (We used the global mean of deep ocean values (5%o). ), m, and m, = total amounts of annual
riverine DIN flux (m,)'*'* and annual air-NANTH deposition (m,) (T mol),> and Fy and F, = N isotopic values for riverine N (F, = 3%0)°" and NANTH
deposition (F, = 0%o)."* Predicted A5"N is the difference between F, and Fy. “Measured differences in sediment 5'°N between the baseline value

and each basin (n = 298 for the East China and Yellow seas and n = 8 for the East Sea) and 1o from the mean of measured differences.

increase in N*NTH content of the East China and Yellow seas and the Bering Sea showed 5"°N values ~1.9%0 lower than the
was approximately consistent with the measured decrease basin mean of 6.9%o. This may be an indication of incomplete
(AN ~ 2.7%o0) in sediment 5N of the same basins. The nitrate utilization due to intrusion of Fe-limited water from the
good correspondence between the predicted seawater 5'°N Gulf of Alaska. However, these local effects did not affect the
decrease and measured sediment 6N decrease constitutes overall conclusion of our study.
compelling evidence that sediment 6"°N in marginal seas with The observed northeastward increase in sediment §'*N may
high loads of N*N™ has already declined considerably, via the be also derived from possible changes in §"°N as a result of site-
complete utilization of all available nitrate (added N*N™ and specific microbial transformation of organic matter following
upwelled nitrate) and subsequent deposition. The key deposition.”* As microbial transformation of organic matter
assumption upon which our calculation is based (ie., the following deposition increases in the sedimentary environment,
complete utilization of nitrate in the study area) is more the ratio of TOC to TN is expected to increase along with the
thoroughly confirmed in the next section. increasing §"°N. This is because microbial processes preferen-
Other Factors That May Influence Sediment §"°N (%o). tially utilize protein over carbohydrate (ie, N over "N),
The difference between the baseline 5'°N values and those for making the residual organic matter more enriched in
sediments from individual basins may not be solely attributable carbohydrate (increasin§ the TOC:TN ratio) and N
to anthropogenic factors, because the production of organic (increasing the 6'°N).”> In summary, the higher the
matter at a location will alter the concentration of surface TOC:TN ratio the greater is the postdepositional alteration.
nitrate, which may in turn influence the planktonic "N value Therefore, we assessed the postdepositional change in 5"°N by
and hence the sediment 5'°N value."” This effect is expected to plotting the normalized sediment 5'°N values as a function of
be particularly important in phosphate-limited or Fe-limited the corresponding TOC:TN ratios in individual basins (Figure
and high nutrient and low chlorophyll environments (Gulf of 4b). The normalized 5"°N values did not change over a wide
Alaska, eastern Equatorial Pacific, and Southern oceans)'>"? range of TOC:TN ratios among the various basins, indicating
but not in nitrate-limited environments. Most of our study area, that microbial alteration of §"°N following deposition did not
with the exception of a small region in the Bering Sea bordering bias our 5"°N values and thus did not affect interpretation of
the Fe-limited Gulf of Alaska, is known to be largely nitrate- the results. Another approach to establishing whether sediment
limited,”® and any added nitrate would be rapidly and 5N is affected by differences in microbial transformation of
completely utilized by phytoplankton during the spring organic matter is by plotting the water depth at which sediment
bloom period; the low levels of nitrate (<2 M) in the study was sampled versus normalized sediment 6'°N. The rationale
area in summer support this premise. For each basin we plotted behind this analysis is that organic matter in sediments at
sediment 5'°N values as a function of the spring surface nitrate greater depth has spent longer in the water and hence will have
concentrations at locations where organic matter is produced. undergone greater transformation.’* However, we did not find
As the effect of N*N™ input on sediment 5'°N differed among any significant change in normalized §"*N as a function of water
the basins, we sought to minimize the effect of such basin-to- depth (Figure 4c). Therefore, we ruled out the possibility that
basin differences by normalizing each sediment §°N value the observed northeast increase in sediment 6"°N values was
(6"Ngayp) to the corresponding basin-mean &N value due to microbial alteration of 5'°N following deposition.
(6"NMEAN). Regardless of the nitrate levels that phytoplankton Marine N, fixation cannot be completely ruled out as an
encountered during spring blooms, we found no correlation alternative, albeit highly unlikely, explanation for the north-
between the surface nitrate concentrations and the normalized eastward increase in sediment §"°N. This process generally
sediment 5'°N values (Figure 4a). The absence of any produces organic matter depleted in °N (ie., "N ~ 0%o),
correlation was a strong indication that the available nitrate which has the effect of reducing sediment SN values. Thus,
was largely consumed during the spring bloom. Note that four the trend in sediment 6N values could potentially be
samples taken near the boundary between the Gulf of Alaska explained, at least in part, by a decrease in N, fixation in the
6048 DOI: 10.1021/acs.est.6b05316
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Figure 4. Sediment 5"°N values as a function of [NO;™] (umol L"),
TOC:TN (mol mol™), and water depth (m). The ratio of each
sediment 5N value (6"*Nguyp; %o) to the corresponding basin-mean
(6"NMSN; %o) as a function of (a) spring mean concentration of
surface nitrate (umol L™"); (b) sediment TOC:TN ratio (mol mol™);
(c) water depth at which surface sediments were sampled (m). No
relationship between &N value and nitrate utilization (nitrate
concentration), post digenesis (TOC:TN ratio), and possible
alteration by sinking (water depth).

northeast direction in our study area. However, even in the
Yellow and East China seas, the regions of our study areas likely
to exhibit the greatest effect of N, fixation, Bashkin et al.”
estimated N, fixation to contribute only <7% of the
contribution from atmospheric N deposition and riverine N
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input; thus, the magnitude of N, fixation across the study area
is small. The advection of water (from the tropical western
Pacific including the South China Sea) high in N, fixation
activity into the East China and Yellow seas may also lower
water-column 6N values and thereby lowering freshly
produced POM 6N values. However, the South China Sea
already contained the N*N™ component (61—87 mmol N m™>
yr1),°7%% which is far greater than the N, fixation component
(24-21 mmol N m™> yr_l).”_41

Removal of the lighter '*N isotope through water column
denitrification is another process that may have contributed to
the northeastward increase in §'°N. This process would lower
the abundance of "N relative to '*N and thereby increase the
surface water 5"°N. Therefore, phytoplankton in high 5N
water would produce organic matter having high §'°N values
and eventually increase the sediment §*°N value. If the level of
water column denitrification increased in a northeast direction
in the study area and was sufficiently large to change the surface
6"N to levels comparable to those observed in the sediments in
our study, the effect of N*N™ input may be dismissed.
However, the denitrification rates of water column in the East
China Sea (1.4—3.4 mmol N m™> d™") were found to be higher
than those of the Okhotsk (0.8—1.1 mmol N m™* d™'), Bering
and Chukchi seas (0.8—1.7 mmol N m™ d™').** Therefore, we
ruled out this process as an explanation for the northeastward
increase in sediment 5'°N values. In addition, if high-level 5N
water (caused by intensive denitrification) originating from the
northeastern Pacific water were intruded into the Bering Sea,
the sediment 6N in the limited area of the Bering Sea
bordering the Fe-limited Gulf of Alaska would have been higher
than the levels found in the Arctic Ocean. However, the trend
was found to be opposite to this. Therefore, the influence of
intrusion of high levels of 5'*N-nitrate into the Bering Sea, or
further north into the Arctic Ocean, was probably insignificant.
In some cases, high 8N values have occasionally been
reported for coastal sediments of the Bering Sea. These could
in part be a result of the coupled sediment nitrification and
denitrification processes, which preferentially remove “*N.*
However, the occurrence of high values is an isolated
phenomenon that does not significantly affect our interpreta-
tion.

The riverine input of terrestrial organic matter to the study
area would bias sediment 6N values if the contributions were
substantial, because terrestrial organic matter has low SN
values (0—5%o).** Such an influence may be high in areas in
close proximity of major rivers (i.e., Changjiang, Huang He, and
Han rivers flowing into the East China and Yellow seas and
Mackenzie and Yukon rivers flowing into the Chukchi Sea of
the Arctic Ocean). Contrary to this hypothesis, all sediments
sampled greater than 50 km distance from the mouth of the
major rivers showed a 5"°C value of —20%¢ and a TOC:TN
ratio of <10.5 (mol mol™) (Table 3), providing robust
evidence that the organic matter in the sediments was of marine
origin.”~* The limited number of samples with a high
TOC:TN ratio (>15 mol mol™"; Figure 4b) observed in the
East China and Yellow seas are indicative of a contribution of
organic matter of terrestrial origin;45 however, these data
account for only <6% the total data points. In addition, studies
based on a biomarker index (this method minimizes the biases
associated with allochthonous inorganic N content and a wide
range of §"*C values) showed that sedimentary organic matter
from the East China, Yellow, and Chukchi seas was largely of
marine origin.”*™>" Our measurements indicate that terrestrial
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Table 3. A"*C (%0) and TOC:TN (mol mol™") Values for
Surface Sediments Sampled >50 km Distance from the
Mouth of the Major Rivers

TOC:TN
513CPee Dee Belemnite (mOI m°171) no. Of
basin river (%o0) (£SD) (+£SD) samples
East Changjiang —-20 + 0.8 9.0 + 1.8 7
China
Sea
Yellow Huang He 21+ 1.0 9.7 + 1.6 S
Sea
East Sea —-21 + 04 9.1+ 0.5 4
Arctic Mackenzie —24% + 1.1 9.0 + 1.1 4
Ocean and Yukon

“The §"C of marine plankton in cold water was reported to be in the
range of —25 to —30%0.*

organic matter was largely trapped in river and estuary before
reaching the marine environment, and thus, the direct influence
of terrestrial organic matter on our sediment 5'°N values was
probably minor.

Two other factors (i.e, the effects of a northeastward
increase in the 5"°N-nitrate value of the upwelled water and
riverine discharge of Illite-bound ammonium into the study
area) that may cause the observed northeastward increase in
sediment 6"°N were thoroughly examined in the Supporting
Information. Our analysis ruled out these factors as likely
explanations.

In this analysis, we were unable to precisely estimate the
contributions of all of the processes involved in determining
sediment 5'°N values. Such estimations will only be possible
when §"°N measurements are performed on samples ranging
from anthropogenic nitrate, water column, sinking fresh POM,
and finally surface marine sediments. Such measurements are
urgently needed to more accurately estimate and thus to
confirm the role of N*N™ in ocean regions under the influence
of NANTH,

The lowered 6"°N in the ocean regions with high N*NTH
input may indicate a shift in the major driver of biological
export production. In the East China and Yellow seas and the
East Sea, most added N*N™ was assimilated and exported as
organic matter and deposited in the sediments. The deposited
organic matter eventually lowered the sediment §"°N. As a
result, the greater decline in sediment 5'°N compared to the
baseline value indicates a greater contribution of NN to
export production. Indeed, the large declines in sediment 5"°N
disclosed in the present study indicate that, in this region of the
northwestern Pacific Ocean under the greatest influence of
NANTH biological export production is increasingly fueled by
NANTH rather than nitrate flux from nitrate-rich deep water.

This study revealed a coherent sign of N* N input, via
planktonic assimilation and deposition, to the sedimentary
environment of the nitrate-limited marginal seas of the
northwestern Pacific Ocean, located downwind of the
populated northeast Asian countries. This may have broader
implications for future biological production and subsequent
production of nitrous oxide in the marginal seas adjacent to
China. Given that the magnitude of N*"" input will continue
to increase in the future, this anthropogenic perturbation will
increase primary production and the frequency and intensity of
algal blooms. Increased algal blooms would increase export
production of organic matter and subsequent remineralization,
which in turn will increase nitrous oxide production by
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potentially enhancing nitrification and denitrification, both in
the water column and the sediments.
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