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ABSTRACT: The three large marine ecosystems (LMEs) borgef? veiow
ing China (Yellow Sea/BohaSea,EastChina Sea,and South 2 5,152/,
China Sea) have received excess nitrogen (N) and phospho@ggﬁ)aa \ L e
in the past decades with detrimentahsequences for ecosystem, i "0 %5
functioning, such as increased productivity, loss of biodiversify1 K .
proliferation of harmful algal blooms (HABb)oading increaseds -
much faster than that of Rere,we show that HABs in the threQ e
LMEs started to proliferate after the N:P molar ratio exceedeg t 53 23] 25 S0 S5 40
threshold value oR5 in the 1980s.The mismatch ofN and P © ohina "
inputs is not only related to differences in loads but also inhef&ent|S*2
to the differencesn their biogeochemicatycleswhich more &
efficiently filter P than N in land- and waterscdpesire SharedZ
Socioeconomic Pathways show that high N:P ratios will persist for

decades to comeyen worsening in a future oriented toward sustainabititindicate that HABs may be a persisting problem in
China’s coastalatersWhile efforts in agriculturaystems are governed by the agronomic crop requirements and are not easy to
manage with respect to N:P ratitreg separate collection of urine in urban and ramehs could contribute to decreases in both
total nutrient loads and N:P ratios.
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.INTRODUCTION addition to nutrient availability and ratios, the vulnerability of a
The rapidly growing population and productionfobd and particular sea area to HAB proIifgration is als_q deftermined by
energy expanding agriculturdénd, and increasing fertilizer the hydro?zynamlccondltlons,part|cularly stratification and
use, dischargeof sewagewater, and animal waste have circulation= Climate change may thusplay a critical role
perturbed the Earth system by accelerating the glopeles through warming and changes in stratification and circulation.

of essentiahutrients such as nitrogen (N) and phosphorus ~ In recent decadest{ABs have been spreading in China’s
(P). Loads and concentrations of N and P are now increasingoastalaters:'® Herein, we explore the changing sources,
in nearly every waterbody acrossthe globe with multiple loads,and elementratios of total nitrogen (TN) to total

effectson the ecosystem structure and functionirgych as phosphorus (TP) in China’s coastatersand wherewhen,
changes in the community structure (e.g., from macrophytesdiod how these changes are related to the occurrence of HABs.
fast-growingmacro-and microalgaeand from diatoms to To assess future risk 6fAB proliferation in China’s coastal
flagellates) and reduced watelarity due to enhanced algal  waterswe projectfuture nutrientioadings and their cocktail
productionThe decay of algal detritus may eventually deplet?i_e. ratios) basedon the community consensusShared

the oxygen in the water and lead to hypoxia, causing an array, ioeconomidPathways(SSPs). Since projecting future
secondary problems such as degradation of marine habitatsrﬂﬂﬂent loading is fraught with uncertaintieswe avoid

massive fish death® Under specific conditionsecosystem : :

changes may lead to the proliferation of toxic Afyblence, selecting a most probable scenario and present the outcomes
harmfulalgalblooms (HABs) producing harmfuleffectson :
fish, shellfishpirds, marine mammalgnd humans comprise ~ Received: January €021
nontoxic high-biomassand toxic bloom events both with Revised: January 18021
substantialeconomiclosse$=® The proliferation of HABs ~ Accepted: January 12021
does not follow a simple dose-response relatioashifABs

may increase disproportionally with eutrophicakepgnding

on which nutrient changesand in what proportion'®'" In
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Figure 1.(a) Our conceptuahodelof nitrogen and phosphorus loadings to coaatats(b) Location and drainage area into the three large
marine ecosystems (LMEs) bordering Cheg/ellow Sea/Bohai Sea (YS/BSJarkest colorsEast China Sea (EC&hd South China Sea

(SCS,in lightest colorsBrown or gray colors represent drainage areas and blue or white colors representlseananelasrs in the figure

represent different countries: (1) China, (2) Vietnam, (3) Malaysia, (4) Singapore, (5) Indonesia, (6) Brunei, (7) Philippines, (8) Japan, (9) S
Koreaand (10) North KoredData on land areagricultural arearopland areappulationand river discharge for the years 1970 and 2000 are
listed in Table S1 in the Supporting Information.

for five differentSSPs thatepresent wide range offuture (Liaoning, Hebei, Shandongand Jiangsu) and the Korean

scenarios. Peninsula (Table S1byyith an area 0f380,000 krfiand an
Excess nutrients in China’s coastgbtems originate from  average water depth of 44 The totalarea draining the 381

agriculture, aguaculture,industry, and wastewaterinputs kn? of freshwater into the YS/BS is 1.95 Mkancommodat-

through rivers and groundwater(Figure 1a)!* Since the ing 551 million inhabitants with an increaseafer 60% for
1970s, in China, most food is produced in a nutrient-inefficietite pastfour decades (Table S1afhe ECS has an area of
agriculturalsysten? its aquaculturesystem makesup for 760,000 krand consists primarily of continental shelves with

more than 60% ofthe globalproduction'® with freshwater ~ depths less than 200 m bordered by China (Shanghai,
aquaculturecontributing to river export and mariculture  ZhejiangFujian,and Taiwan)South Koreaand JapanThe
directly discharging nutrients in coasteiterd® Urban and ~ land area draining the 939 Krof freshwater into the ECS is
rural wastewater is an important and rapidly growing source &0 Mkn?, with a population thatincreased by 57% to 556
nutrients in Chinese inland and coastabters’ Submarine ~ Million inhabitants between 1970 and 20TBe SCS covers
fresh groundwaterischargemay locally be an important ~ @n area of ~3.5 MKhas an average water depth of ~1200 m,

source particularly of N."® Finally, atmosphericieposition ~ @nd is more open to the ocean than the YS and ECS.

combustion (both stationary and mobilelind P-containing Mkn?, deliver 2450 krhof freshwaterand host 426 million

dust from soil erosion may form an important nutrient input t1habitantswith a nearly 2-fold increase since 1970 (Table
the coastaéind open ocearls. S1a)

We consider the scale of large marine ecosystems :(?_MES)'
There are three LMEs bordering China’s coastline and thoseBMATERIALS AND METHODS

neighboring Asian countrigss.,Yellow Sea/Bohdea (YS/  Thjs section presents a summaryroéthods and data used.
BS), EastChina Sea (ECS),and South China Sea (SCS)  petails are presentedin Text S1 in the Supporting

(Figure 1b). TheseLMEs span a rangeof climatesfrom Information.
temperateto subtropical to tropical zones,have different Modeling Nutrient Loadings to Coasts. The Integrated
geologicalsettings,drainagepatterns,and freshwaterdis-  Model to Assessthe Global Environment-GlobaNutrient

chargesand differ in their watershed population density, Model (IMAGE-GNM) (0.5° x 0.5° resolution}*?' was
nature and intensity of economic and agricultural activities, amskd to simulate variousiutrient sourcedo rivers, riverine
changes therein during past decades (TableBi@aBSisa  nutrient exportand submarine fresh groundwater N discharge
shallow continentalea bordered by the Chinese provinces of to the three LMEs for the period 1970-201#sed on grid-
Liaoning,Hebei,and Shandong and municipality dfianjin based land-use and climate data from the Integrated Model to
and connected to the YS via the BoB#iait,with an area of ~ Assess the Glob&nvironment (IMAGE¥ and hydrological
77,000 krhiand an average water depth of 18Time YS is a data from PCRaster Global Water Balance (PCR-
semiclosed continental shelf sea between the Chinese main@h®BWB)?* The IMAGE-GNM aquaculture nutrient budget

B https://dx.doi.org/10.1021/acs.estlett.1c00012
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Environmental Science & Technology Letters

pubs.acs.org/journal/esticu

a. Nitrogen sources

M ariculture .
[_JAtmospheric deposition _
EESSubmarine fresh groundwater discharge
5 -ERiver export
4 -
T T
> >
z 37 o
()] (@)}
[ [
2 -
1 -
0 -
1970 2010 1970 2010 1970 2010
YS/BS ECS SCS

" b. Phosphorus sources

0.3 1
0.2 1
0.1 1
0.0 -
1970 2010 1970 2010 1970 2010
YS/BS ECS SCS

26 TN:TP in inputs to coastal YS/BS gld TN:TP in inputs to coastal ECS

30-/\/_/~/\,\_\ 30
20

TN:TP=16

20 A

10 A

__________________________________

?o' TN:TP in inputs to coastal SCS

30_/M

20 4

10 4

0 T T T 0 T
1970 1980 1990 2000 2010 1970 1980

1990

T 0 T T T
2000 2010 1970 1980 1990 2000 2010

Figure 2. Sources of nitrogen (a) and phosphorus (b) inputs to the coastal waters of the Yellow Sea/Bohai Bast (188SJea (ECS),
and South China Sea (SCS) for 1970 and 2010 and molar TN:TP ratios in inputs to coastaEE® Y@ ,ar)d SCS (e) between 1970 and

2010.Data represent the aggregated inputs twa#tad.5° x 0.5° grid

cells.

modef*~26 (0.5° x 0.5° resolution) was used to calculate
nutrient flows in mariculture systembsased on FISHSTAT
data®’ The TM5-FAst ScenarioScreeningTool (TM5-

FASST) model (1° x 1° resolution}® and Community
Atmospheric Model(CAM4) (2° x 2° resolution}® were
used to calculate the atmospheric nutriemfeposition onto

coastal grid cells and the results were converted to 0.5° x 0.

resolution by interpolationExtensive sensitivity/uncertainty

P dischargeto surfacewater are basedon relationships
between income and human emissialegiree ottonnection

to sewerage systemegsence of wastewater treatment plants,
and their levebf nutrient removagfficiency.

Data Sources of Chlorophyll-a and HABs. Annual
average chlorophyll-a (Chl-a) concentratioimsthe coastal
greas ofhe LMEs for the period 1978-2010 (9 km % 9 km
resolution) were obtained from SeaWiFS and CZCS datasets

analyses and model validation are presented in several previBt{gs://oceancolor.gsfc.nasa.gov) and rescaled to 0.5° x 0.5°

studieéfl,21 ,24,26,28,30,31

resolutionThe time,location frequencyareaand dominant

SSP Scenarios. The PCR-GLOBWB hydrology model waspeciesof reported HABsin Chinese coastawatersduring

run until 2099 using anomalies from the RCP simulations fro

the HadCM3 GlobaCirculation Modéf bias-corrected with
observed weather over the histopegiod 1960-1999° On
the basis ofthe projected globathange in radiative forcing
from IMAGE combinations of SSP1-RCP83P2-SSP4 with
RCP6.0and SSP5-RCP8.5 were implementethe SSP?
fertilizer projections used projected food demaratje,and
production from IMAGE in a so? dynamic modehcluded
in IMAGE-GNM.>* N fertilizer projectionsare based on

A970-2010 were obtained from the _Investigation and
evaluation of red tide disasters in China.

.RESULTS AND DISCUSSION

Changes in the Coastal N and P Cocktail and HABs.
The total nutrientinputs to the three LMEsaccounting for
river export,submarine fresh groundwatdischargeatmos-
pheric depositionand mariculture releas@creased rapidly
during the period 1970-2010 (Figure 2 and Figure S1). If only

nitrogen use efficiency (NUE). Scenarios for wastewater N acwhstal waters bordering China are considered,nutrient

Cc

https://dx.doi.org/10.1021/acs.estlett.1c00012
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a. TN:TP in inputs (1970) b. TN:TP in inputs (2010)
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Figure 3. Molar TN:TP ratio in inputs to the coastal grid cells in the Yellow Sea/Bohai Sea, East China Sea, and South China Sea for 1970
2010 (b) and relationship of the aggregated molar TN:TP ratio and the number and area of reported HABs per year in Chinese coastal wate
the Yellow Sea/Bohai Sea (c, f), East China Sea (d, g), and South China Sea (e, h) for the period 1970-2010. See Figure S2 for specificati
HAB species involved.

loadings increased by a factor of 5.7 for TN and 3.6 for TP irobservationsfor the Yangtz&” and a range of global
the YS/BSa factor of 5.0 for TN and 3.2 for TP for the ECS, rivers.®#"?"
and a factor of 4.3 for TN and 3.8 for TP in the SB8nce, Molar TN:TP ratios in the total coastalnutrient inputs
; ; ; teadily increased untithe 1990sand afterward remained
TN loadings increased much faster than those dftife is S . , : )
uncertaintyin the simulated yearlynutrient loadings.For much higher than the Redfield N:P ratio of 16 (Figure 2). The

. change in the nutrient ratios has shifted the®&thern YS,
examplethe root-mean-square error déta covering 1960- 514 southern YS ecosystems from an N-limited oligotrophic

2010 at Datong station in the YangtzeRiver (~500 km state before the 1990s to a potentially P-limited eutrophic state
upstream Shanghai) is 40% for'Tut the modeled trend in  as suggested bytheir observed ratiosof the biologically
concentrationsand river export agreesvery well with availabledissolved inorganimitrogen (DIN) to dissolved

D https://dx.doi.org/10.1021/acs.estlett.1c00012
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inorganic phosphorus (DI®).*®Meanwhile, the number and in soil*”**® and sediment? part of the P is retained,and

area of HAB events in the Chinese coastal waters substantialyother part is directly available to pléfits.

increased (Figure S@ur data indicate that HABs started to A man-made filter is the nutrient remowi@m wastewater
occur from the 1980s onwards when the TN:TP ratio in inpuf® treatment plants. Wastewatedischarge isan important

to Chinese coastal waters exceeded a value of 25 in the YS/&Sirce of N and Rince in most countries bordering the YS/
and 30 in the ECS and SCS (Figures 2 and 3)When the BS,ECS,and SCSthe degree ofsewage connection is still
TN:TP ratio in inputs exceeded these critical vahe$JAB relatively low. Moreover, wastewatertreatment in most
frequency and area substantially increased (Figurevith countriesbordering the three LMEs(exceptfor Japan and

more dinoflagellates-dominant HABs (Figures S2 and S3) artie Republic of Korea) is dominated by primary and secondary
more frequently reported fish mortalitghellfish poisoning, ~ Systemsthat removeP more efficientlythan N."” Recent

economic lossand even human deafft The findings from improvements in sanitation of urban and rural wastewater have
our ana|ysig;|ear|y point to the need for more in-depth led to significantly declining lake P concentrations in éfhina.
analysis of causalctors for individuaHAB species. The imbalance between N and P is articulated by the in-

The molar ratio of DIN:DIP can be much larger than that oftream filterThe retention efficiency in river basins draining
TN:TP in the coastal nutrient inputs because a large part of THo the three LMEs is lower for N than that for P (Table S2).
consists ofnactive P bound to soiparticles® Furthermore,  River nutrient retention was fairly constant during 1970-2010
the DIN:DIP ratio in the coastakaters has increased further (Table S2) as a result of simultaneousaturation dueto

because ofthe increased DIN concentratiGi° and DIP increasing concentrations and increasing water travel time due
buffer mechanism; i.éhe sorption and desorption of DIP by 0 growing reservoir volumi&The slight decline of retention
suspended particle&igure S4) in the coastal waterswill in rivers draining into the SCS may be related to the growth of

maintain the DIP concentration relatively unchatgé@ur urban centers close to the coasigre the travel time is short
data show thatthe increaseén the DIN:DIP ratios in the and the naturain-stream nutrientetention efficiency is low

coastalvaters of the BY.S,ECS.and SCS since the 1980s— relative to the middle or upper reaches of the rivers.

1990s (Figure S5) are similar to those in the TN:TP ratios in  SPecialcase isformed by riverbasinswith large water
their coastahputs>6~4° volumes (e.glakes and reservoirs) such as the Yangtze River,

Causes of the N to P Mismatch. Ratios of TN:TP have wherg P accumulated in sediment may be released when water-
pollution control measuresuccessfullyeduce P concen-
trations’® when algablooms may lead to alkalinization of the
water through intensive photosynth&si&.or when hypoxic
conditions are established in the bottom waters of resérvoirs.
Future HAB Risk in Chinese Coastal Waters. The clear
N:TP threshold value above which HABs stda develop
shows that human-inducednutrient flows are essential
determinants othe ecology in these coastaharine waters.
. . . . For the whole of China, the TN:TP ratio of nutrients exported
stableparticularly in recent years (Figure $ier exportis 1, chinese rivers increased from 18 in 1970 to 29 in 2010
the primary source of coastaitrient inputs (Figure 2). Figure 4). Projectionsfor the “business-as-usuaienario
The causes of changing TN:TP ratios in nutrients exportedsgpy jmplemented with IMAGE-GNM indicate that the river
by rivers are many and influencedby changesin the 00 TN:TP ratio willnot decline between 2010 and 2050
agrlcglturala_nd sewage_systerr(ﬁgure S7). The nutr'|ent. (Figure 4), with nearly constantTN and TP loadings.
ratio in the river export is the result dhe element ratios in  Generallyjncreasing the efficiency in agriculture to reduce
huma}n food,l inputs in a.gnculltural anq natural ecosyatems, | irient losses and nutrient removiwastewater treatment
a series of biogeochemical filters during the transport from langia)jationsare obviouswaysto reduce nutrient flows, as
to sealn landscapethere is the soil-plant filtewith uptake  jstrated by the contrasting “sustainable” scenario S8P1.
by plants and biogeochemical processing in soils. After this fifgd |atter scenario,fertilizer use efficienciesare rapidly
landscape filtewater containing nutrients percolates through improved,and N and P fertilizer usesdecline.Moreover,

increased asa result of many simultaneoushangesThe
TN:TP ratio of atmosphericdeposition showeda rapid
increase(Figure S6), as N deposition is primarily from
anthropogenic sourcékat have increased rapidly in recent
decade®’ while P deposition primarily consists of soil particle§
mobilized by wind erosion thatemained relatively stable in
recentdecade®’ The TN:TP ratio in river exportshows an
overallincreasing trendyhile thatfrom mariculture is more

the soil and moves to groundwater and riparian 200889  nytrient removal in wastewatertreatment is enhanced.

this transport,there is further biogeochemicdiltering and  Ajthough implementationof these sustainability policies

temporary storage before the water and nutrients are  |eads to declining TN and TP loadsthe trajectory ofhigh

discharged to surface wateodies where funhed|ffe£entlal TN:TP ratios will persistin the coming decades (Figure 4).

processing takes place in stredakgsand reservoirs. Apart from the imbalance created by nutrient management in
The biogeochemistrand mobility of N and P in the agriculturalsystemsthe different filters in landscapesnay

environmentiffer. First, N has many gaseous formshich  further change the TN:TP ratio in waterdraining into the

can escape to the atmosphere via denitrificatiamammox,  coastal oceaWastewater treatment is generally more efficient
and ammonia volatilization part of which endsin aquatic  for P than for N.Furthermoretemporary accumulation of N
ecosystemafter redepositionP lacks a significantgaseous  in soils and aquifers and P sorption by sediment may cause a
form.SecondN is mobile in soil@nd a significant part is lost  legacy when nutrient-reducing strategies to mitigate eutrophi-
to aquatic environmentsvia surfacerunoff, erosion, and cation willbe implementedyith unpredictable outcomes for
leaching to groundwater and surface water. The N entering tthe TN:TP ratio.The TN:TP ratios willcontinue to increase
groundwater system may be released to surface waters aftemaSSP3-SSP5 and mostpidly in the “traditionaldevelop-

long delayas travetimes in groundwater systems vary from ment” scenario SSP5 (Figure S8).

years to decades to centufied® is much less mobile in the The high ambition of China’s governmentto improve
soil/sediment system than N, because P interacts with partictemstal water quality is reflected by the 13th Five-Year Plan for

E https://dx.doi.org/10.1021/acs.estlett.1c00012
Environ.Sci. Technol Lett. XXXX XXX, XXX-XXX
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Figure 4.Projected molar TN: TP ratios and TN and TP loadings in
river export from China for the period 2010-2050 according to the
Shared SocioeconomidPathways(SSPs), the business-as-usual
scenario SSP2 and sustainable scenario 39Rplemented with
IMAGE-GNM. The averagemolar TN:TP ratio in river export
increased from 18 in the yeat970 to 30 in 2000 and since then
showed a slightlecline to 29 in 2010.A further slightdecline is
projected for the period 2010-2050 towards a valu&rah SSP2

and an increase to 32 in SSP1. Fertilizer use projections (in Tg N or P
yr'1) reflect nutrient use efficiencies that increase from 33% in 2015
to 38% (SSP2) and 46% (SSP1) in 2650se is based on a model

that accounts for the soil residual P stock and the required production
in a specificyear. The outcomeof the SSP1 scenario isnore
ambitious than the currerthinese policy to allow no increase in
fertilizeruse beyond 2020For SSP3-SSP5See Figure S8 in the
Supporting Information.

Ecological & Environmental Protectionyhich the goals are
to maintain the area of China’scoastalwaterswith status
“excellent” (Classes | and Il) at around 70% and imFrove all
regions with status worse than Class V to a lower cf4s$.
Howeverit is not clear whether nutrient ratios are consideredC
in these policy goalsThe mismatch ofN (high mobility in
soils,groundwatememory,atmospheric transpogiathway,

and low retention in river basins) and P (low mobility in soils,
no gaseousforms, more efficientremovalof P than N in
wastewater treatmemind higher P than N retention in river
basins) is primarily related to the difference in their
biogeochemicalyclesThis turns the HAB problem into a

very complexone for environmentaimanagersand policy
makerssince the task involveseductionsin nutrient loads

while maintaining also a healthy balance between the nutrients
N and P from all  sourcescombined.A multidisciplinary
approach isrequired thatcan generate solutionthat differ
from the middle of the road technologicabptions such as
traditional sewagesystems and wastewater treatment.
Collection of human urine,which containsmost N and a
large part of Pand its reuse in agriculture could revitalize the
traditionalrecycling ofhuman waste in agriculturé.In any
casethe reduction ofN in waste flows becomes ever more
pressing.
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