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21st-century rise in anthropogenic
nitrogen deposition on a remote

coral reef
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With the rapid rise in pollution-associated nitrogen inputs to the western Pacific, it has
been suggested that even the open ocean has been affected. In a coral core from Dongsha
Atoll, a remote coral reef ecosystem, we observe a decline in the *®N/**N of coral skeleton-
bound organic matter, which signals increased deposition of anthropogenic atmospheric
N on the open ocean and its incorporation into plankton and, in turn, the atoll corals. The
first clear change occurred just before 2000 CE, decades later than predicted by other
work. The amplitude of change suggests that, by 2010, anthropogenic atmospheric N
deposition represented 20 £ 5% of the annual N input to the surface ocean in this region,
which appears to be at the lower end of other estimates.

itrogen is one of the essential nutrients
limiting phytoplankton growth throughout
much of the low-latitude surface ocean. Bio-
logically available nitrogen, or fixed N, is
primarily supplied to the surface ocean from
nutrient-rich subsurface water, but it is also added
by in situ biological N fixation and atmospheric
deposition. Atmospheric transport and deposition
of reactive nitrogen (nitrogen oxides, ammonium
and/or ammonia, and N-bearing organic com-
pounds) is an increasingly important source of
fixed N to open-ocean surface waters, owing to
the rapid increase in emissions from fertilizer
usage and combustion of fossil fuels. Model esti-
mates suggest that N input from the atmosphere
to the open ocean has more than doubled over
the past 100 years, accounting for up to one-third
of the ocean’s external N supply (7). This dramatic
increase in anthropogenic atmospheric N (AAN)
has been calculated to have increased ocean
productivity by 3% globally () and up to 25%
regionally (2). However, except in some near-
shore environments (3), there is little evidence
so far that anthropogenic N inputs have led to
significant changes in the open ocean’s N cycle
and ecosystems.
The northwest Pacific Ocean is an expected hot
spot for increased AAN deposition, due to rapid

!Department of Geosciences, National Taiwan University, Taipei,
Taiwan. “Department of Geosciences, Princeton University,
Princeton, NJ 08544, USA. *Research Center for Environmental
Changes, Academia Sinica, Taipei, Taiwan. “Department of
Ocean, Earth and Atmospheric Sciences, Old Dominion
University, Norfolk, VA 23529, USA. ®Department of Geology
and Geophysics, Woods Hole Oceanographic Institution, Woods
Hole, MA 02543, USA. ®Department of Earth Sciences, National
Taiwan Normal University, Taipei, Taiwan.

*Corresponding author. Email: abbyren@ntu.edu.tw tPresent
address: Division of Geological and Planetary Sciences, California
Institute of Technology, Pasadena, CA 91125, USA. tPresent
address: School of Earth Sciences and Oceans Institute, The
University of Western Australia, Crawley, Western Australia,
Australia. §Present address: Australian Research Council Centre of
Excellence for Coral Reef Studies, The University of Western
Australia, Crawley, Western Australia, Australia.

Ren et al., Science 356, 749-752 (2017) 19 May 2017

population growth and burgeoning industrial ac-
tivity in the northeast Asian countries. Northeast
Asia, especially China, has become the largest
source for anthropogenic N emissions over the
past 30 years (4, 5). Although these growing
N emissions have caused a clear increase in N
deposition over land (6), little long-term monitor-
ing data exist for the marine environment, es-
pecially the nutrient-limited open ocean. Model
estimates and existing coastal data suggest that
atmospheric N deposition accounts for 10% of
the new production in the west Philippine Sea (7),
20% in the southeastern South China Sea (7), and
more than one-third in the northwestern South
China Sea (I). Observations of nutrient ratios
appear to support a rise in AAN since 1980 (8).

Nitrogen isotopes have the potential to trace
changes in N sources in this region. The §'°N of
shallow subsurface nitrate in the northern South
China Sea is 5.0 to 5.5%o0 (9) (fig. S2), which is
higher than that for N fixation (~-1%o0) (10) and for
atmospheric N deposition in this region (~-2.7%o)
(I1). Given the low 8"°N of atmospheric N deposi-
tion relative to that of the subsurface nitrate that
is mixed up from below, the increase in anthro-
pogenic N emissions and deposition should cause
the "N of surface ocean N pools to decrease with
time. The coral skeletal (CS)-bound organic N
5N (CS-8'°N) in shallow-water scleractinian cor-
als has been shown to reflect the §'°N of the N
supply to reefs (12-14). Changes in 8N over time
are preserved within the coral skeleton, which
makes CS-8'°N a powerful archive for assessing
the impact of AAN on the ocean’s N cycle and
ecosystems.

Here we report a 45-year seasonally resolved
CS-5"N record from Dongsha Atoll located at
20°40'N and 116°50’E, 340 km from land in the
northern South China Sea (75) (Fig. 1). The prox-
imity of Dongsha Atoll to major AAN sources
combined with the relatively deep (1300-m) water
that surrounds it allow Dongsha to serve as a
sensitive recorder of the rise in AAN deposition

without the complexities of the coastal zone. The
coral core was collected from a living Porites sp.
in June 2013 from the northern reef flat in Dongsha
Atoll (filled circle in Fig. 1B), and it was sampled
along the maximum growth axis [fig. S3 for age
model (15)]. The average CS-8"°N over the past
45 years is 7.2 = 0.7%o. This is about 2%o higher
than the thermocline nitrate 8'°N, consistent with
previous findings (13, 14). CS-6'°N declines over
time, with a 1.3%. difference between the §"°N
averages of 1968-1977 and 2003-2012 (Fig. 2). The
CS-8"N decline before the 21st century is subtle
(0.3%o0), but the rate of decline accelerates within
a few years of the turn of the century. The decline
is superimposed on seasonal, interannual, and dec-
adal variation, which also appear to become slight-
ly stronger after 1990 (Fig. 2 and fig. S4). A shorter
CS-8"N record from the east end of the lagoon
was generated for comparison (open circle in Fig.
1B and fig. S1). The two records, although from dif-
ferent reef environments, have very similar CS-8"N
values and seasonal variation for the overlap-
ping period (2009-2012) (fig. S1). Thus, the CS-8¥N
is best interpreted in terms of the entire atoll (15)
(fig. S10). Although the atoll is in a single location
within a vast region, lateral circulation and mixing
in the ocean will tend to disperse AAN to generate
a regional signal, which the atoll should capture.

The §”N decline most likely reflects a change in
the N sources to the reef system. Vertical nitrate
supply is the primary source of N to the waters
surrounding the reef. The §"°N of the subsurface
nitrate in waters surrounding Dongsha Atoll is
5.5 + 0.2%o, similar to the subsurface nitrate §°N
of 5.2%o at SEATS (South East Asian Time Series
Station) in the northern South China Sea (fig. S2).
We also found subsurface waters with measurable
nitrate concentration within the lagoon, and these
had a nitrate 5'°N of 5.5%o, consistent with the
regional subsurface nitrate 5°N. Climate warm-
ing in the past decades could have stratified the
surface ocean (16), reducing the upward mixing of
nutrient-rich thermocline water and thus increas-
ing the relative importance of ’N-depleted N
sources from N fixation or atmospheric N deposi-
tion. However, because of the relatively low rate
of N fixation, the §°N of the N supply to the sur-
face ocean is rather insensitive to changes in
vertical nitrate supply, such that the observed
CS-5"N decline would require at least 50% re-
duction in upward mixing of thermocline nitrate
(15). This would cause a clear decrease in sur-
face ocean production, but chlorophyll concen-
tration has been remarkably stable over the past
15 years (17, 18), which suggests that any increase
in density stratification has been offset by other
changes. In addition, on the basis of available
data, the 8'°N of shallow subsurface (~100-m
depth) nitrate at SEATS has been stable or has
risen slightly from 1997 (9) to 2012 and 2013 (fig.
S2), whereas reduced vertical mixing should al-
low the subsurface nitrate 8"°N to diverge more
from underlying water; these findings argue against
a significant decline in vertical mixing over time.

N fixation is one of the main external N sources
in the South China Sea as a whole. Although
there are no measurements of in situ N fixation
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Fig. 1. Dongsha Atoll sampling sites. (A) Dongsha Atoll (white square) is located at 20°40'N and 116°50'E, 340 km from land in the northern South
China Sea. Model-predicted atmospheric N deposition rate for 1993 (25) is shown in the background. (B) The 45-year CS-8'°N record was generated
using a coral core collected from the northern reef flat in Dongsha (filled red circle), and a 3-year CS-8'°N record for comparison was generated from
the east end of the lagoon (open red circle). Nitrate concentration and §'°N were analyzed in the upper ocean both within and surrounding the atoll (white

triangles) (15).
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Fig. 2. The 45-year records of CS-5"°N and skeletal carbonate §'20. CS-5"°N declined across
the record, with a 1.3%o difference between the average §'°N values from 1968-1977 and 2003-2012.
The major decline in CS-8°N occurred in the 21st century. VPDB, Vienna Pee Dee Belemnite standard.

rate at Dongsha, the stability of shallow sub-
surface nitrate 5°N argues against a basin-wide
increase in this process (9, 19). If N fixation alone
drove the 5N decrease, it would require that the
N fixation rate increased at least fivefold over
this period, which is contradicted by all box model
estimates and direct measurements of N fixation
in the northern South China Sea (19, 20). In
addition, increasing AAN deposition would be
expected to relax N limitation, possibly sup-
pressing N fixation (21).

Ren et al., Science 356, 749-752 (2017) 19 May 2017

Therefore, the sole remaining explanation for
the decline in CS-8"°N over the past 45 years is
as the result of increased deposition of atmo-
spheric N to the open ocean associated with an-
thropogenic emissions. Increased anthropogenic
N emissions since the Industrial Revolution have
been invoked to explain observed declines in the
5N of nitrate in Greenland ice and of organic
N in the sediments of remote lakes over the past
150 years (22, 23), as well as a 5'°N decline in
tree rings from China over the past 60 years

(24). Located downwind of northeast Asia, the
northern South China Sea is one of the open-
ocean regions that could be most affected by
AAN deposition associated with the rapid growth
in agricultural and industrial development in
China (7).

If one assumes the §'°N for oceanic nitrate, N
fixation, and atmospheric N deposition are 5.5,
-1 (10), and -2.7%o (1), respectively, the 1.3%o
decline in CS-6"°N from 1968-1977 to 2003-2012
suggests that, by the latter time interval, atmo-
spheric N input had increased to account for 20 +
5% of the total N input to the surface of the
northern South China Sea (75) (Fig. 3 and figs. S5
to S7). Although uncertainties in vertical nitrate
input and N fixation rate are both large, the
increase in atmospheric N deposition as a pro-
portion of the total N input is robust (75). The
greatest single source of uncertainty is whether
N fixation remained constant or declined in re-
sponse to the increase in atmospheric N depo-
sition (21). On the basis of the CS-8'°N record,
we calculate for the year 2000 that atmospheric
N deposition accounted for 17% or 23% of the
total N flux, assuming constant N fixation or de-
clining N fixation, respectively (Fig. 3 and figs.
S5 to S7).

Although Dongsha Atoll cannot speak directly
to the global pattern of AAN deposition, it pro-
vides a local test of ocean models that are tasked
with producing a globally comprehensive picture.
Our estimate of AAN as a proportion of fixed N
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Fig. 3. Changes in atmospheric N deposition near Dongsha Atoll reconstructed from CS-5°N
using an isotope mixing model. (A) Vertical nitrate flux (blue) and N fixation rate (green) are
respectively assumed to be 204 mmol N m™2 yr* and 20 mmol N m= yr™ (19, 20) and are held
constant in this version of the model. Accordingly, the recorded CS-5°N decline over the past 45 years is

interpreted as atmospheric N deposition (red). A 3-

used for this calculation. Atmospheric N deposition

year running average of the CS-6°N record is
(pink bars) from global models are shown for 1993

(25), 2000 (1), and 2005 (26). (B) Comparison of the relative fractions of different N sources calculated
from the model of (1, 25) and our study for the year 2000. Atmospheric N deposition contributes
17 to 23% of the total N flux in our study, depending on whether N fixation is assumed to

remain constant over the study period (weak feedback) or to have declined with the rise in

atmospheric N deposition (strong feedback) (15)

CS-8"°N (%o vs. air)

(figs. S5 to S7).

— 3000
- 2500
- 2000
I~ 1500
I~ 1000

I~ 500

(. 1A 61) euyp ul asn Jazi|e4
(LAJ/( juajeAInba |10 Jo suo} QOL)
eUIYD Ul uondwnsuod [eo)

b
[
o

I
1990
Calendar year

[ [ [
1960 1970 1980
Fig. 4. Comparison of the CS-5'°N decline with
sions in China. Higher values of CS-8'°N (red) are

I
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two contributors to anthropogenic N emis-
plotted downward. Data on N fertilizer use (black)

and coal consumption (blue) are from the Earth Policy Institute (www.earth-policy.org/
data_center/). Coal consumption is shown here as a proxy for nitrogen oxide emissions, although
vehicle use and associated petroleum consumption are also important sources (fig. S8).

input to the upper ocean is notably lower than
an estimate of >33% in the northern South China
Sea for the year 2000 from a prominent global
model-based analysis (7, 25) (Fig. 3 and figs. S5 to
S7). Using estimates for vertical nitrate supply
and N fixation of ~200 mmol N m™2 yr and
~20 mmol N m™ yr™, we calculate from our data
an atmospheric N deposition rate of 49 + 15 mmol
N m2 yr in 2000. An analysis based on data
from stations surrounding the South China Sea
indicated an indistinguishable rate of 55 mmol
Nm™2yr for 2000-2010 (7). However, the study
region was farther from Asia and excluded Dongsha
Atoll's western margin environment, where N depo-
sition rates are far higher (e.g., Fig. 1A). The impli-
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cation is that our estimate for the same time
period is again comparatively low. In contrast,
our estimate is remarkably consistent with a
recent model reanalysis by Jickells et al. (26),
which estimates an atmospheric N input of
39 mmol N m™2 yr! in the region of Dongsha
for year 2005 (Fig. 3). The authors note that the
major driver of change in the revised fluxes is
the incorporation of observational findings that
a substantial fraction of gross open-ocean N dep-
osition reflects an ocean-atmosphere N cycle
rather than a net continental input (27). Our re-
sults thus appear to provide additional support
for the importance of ocean-atmosphere cycling

in the reactive N chemistry of the marine atmo-

sphere (28), which complicates the quantifica-
tion of AAN input from direct deposition rate
measurements.

Another significant finding is that the CS-5N
decline was minor until ~2000, decades later than
anthropogenic N emissions increased in China
(5). The timing of CS-6'°N change resembles the
increase in the nitrogen oxide emissions asso-
ciated with fossil fuel burning more than it does
the ammonia emissions from food production
(N fertilizer use and animal husbandry) (Fig. 4
and fig. S8). In particular, coal consumption and
the number of vehicles have increased exponen-
tially over the past decades, coinciding with
the more rapid CS-6"°N decline since the late
1990s. Thus, the data suggest that fossil fuel
energy use has been the major driver of increas-
ing AAN deposition in the South China Sea. This
is consistent with the dominant role of energy
use in the N deposition on land from the 1990s
to the 2000s (29).

Superimposed on the decreasing trend, CS-5°N
shows seasonal and decadal variations. The sea-
sonal changes coincide with (but slightly lag)
changes in §'°0, indicating that low 8°N values
occurred in the winters and high values in the
summers (Fig. 2 and figs. S1 and S4). The sea-
sonal variation in CS-8°N is between 0.5 and 1%,
appearing stronger since the late 20th century
(fig. S4). One possible driver of the seasonal
variation is a seasonal cycle in atmospheric N
sources. During winter, the strong northeasterly
monsoon blows polluted air from northeast Asia
to Dongsha, delivering more low-3'°N AAN relative
to the summer, when southwesterly monsoons im-
port cleaner maritime air (30). Consistent with
this explanation, nitrate in wet deposition in
Dongsha is observed to be ~5%o lower in winter
than summer (Z7). An increase in AAN deposi-
tion since the late 20th century may thus also
explain the recent increase in 5N seasonality.
Further work will be required to test this inter-
pretation. The cause of the decadal variability in
CS-8"N is difficult to assess with current infor-
mation; El Nifio-Southern Oscillation variation
may be involved (fig. S9).

Anthropogenic emissions have fundamentally
changed the biogeochemical cycling of nitrogen
on land and in coastal regions [e.g., (31, 32)] and
have been suggested to impact the open ocean,
especially its nutrient-limited low-latitude regions
(I, 33). Our Dongsha CS-5"°N record provides
a multidecadal accounting of AAN deposition
on the open ocean, showing that AAN has indeed
increased, but the reconstructed increase falls in
the lower range of prior estimates. Our findings
point to energy use and vehicles as the major
concern for impacts on this region of the open
ocean and thus raise the prospect that reduc-
tions in nitrogen oxide emissions in East Asia
achieved by upgrading combustion technology
or switching to renewable energy sources could
largely spare the open western North Pacific from
anthropogenic N fertilization. A spatially extensive
network of N isotope records from corals and
similar archives from ocean islands and offshore
reefs, when combined with direct measurements
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and numerical models of the reactive N cycle,
has great potential to clarify the evolving anthro-
pogenic impact on the open-ocean N cycle.
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Editor's Summary

From air to shining sea

Nitrogen is an essentia nutrient for phytoplankton growth. Nitrogen is primarily supplied to the
surface ocean by mixing from below. However, as fertilizer use and combustion of fossil fuelsrise, the
atmosphere is expected to become an increasingly important source. Ren et al. measured nitrogen
isotopes in organic matter from a South China Sea coral (see the Perspective by Boyle). Their findings
suggest that atmospheric deposition of anthropogenic nitrogen began right at the end of the 20th
century. This pathway now supplies nearly one quarter of the annual nitrogen input to the surface ocean
in this region.
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