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Eutrophication Challenges Coastal Environment

How is river N cycled and transported across the land-ocean 
interface? 

How does increasing river N change our coastal ecosystems? 
How is the impact different from system to system?

‘Red tides’ off the Texas coast

Baltic Sea “dead zones”; 
sciencedaily.com

Dead fish from a Karenia brevis 
bloom; http://www.whoi.edu/redtide/

Decline of submerged plants; www.chesapeakebay.net
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Human Impact on Land N Fluxes and Inventory

Atmospheric 
deposition (32)

N2 fixation by land plants  
(natural and agricultural; 128)

Fertilizer 
applications (114)

Total: 274

1991-2005

Modified from Lee et al. 2019 Nat. Comm. Fig. 1

NOAA GFDL’s LM3-TAN model

In agreement with: 
Galloway et al., 1995, 2004, 2008  

Cleveland et al. 2013 
Herridge et al., 2008 

 

Atmospheric 
deposition (12)

Total: 88

N2 fixation by land plants  
(natural; 76)

1831-1860

Land N source
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Increasing River N Loading to Coastal Oceans

Figure 1.  Dissolved Inorganic Nitrogen (DIN) loading at the discharge points of the 200 largest 
rivers in the world (sorted by total DIN+DON loading). Filled circles are centered at the rivers’ 
coastal discharge points, whose sizes are scaled by the mean DIN loading averaged over the 
50-year period 1961-2010, and color coded by the a) interannual variability of DIN loading and 
b) percentage change of DIN loading relative to the mean for the same 50-year period. Trends 
in b) were calculated from significant trends (p<0.05). Gray color indicates that insignificant or 
minimal trend is detected at that discharge point. Same plots for dissolved and particulate 
organic nitrogen (DON, PN), and phosphrus (DIP, DOP, PP) are included in supplementary 
information (Figs. S2, S3).
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Complex Processes Shaping Coastal N Cycle

https://www.io-warnemuende.de/

cross-shelf 
exchanges

GFDL’s MOM-COBALT (33-tracer Carbon, Ocean Biogeochemistry and Lower Trophics 
model, Stock et al. 2014)
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Representing Coast-Ocean Exchanges

GFDL’s global ocean-ice 
model MOM6 

1°, 1/2°, 1/4°, 1/8° 

1/8°

1°  

D
ye concentration

dye release experiment
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Table 1.  Comparison between previously  reported  and model  simulated residence times in  the coastal  domain (defined by the  200-m

isopleth) of a list of Large Marine Ecosystems (LMEs).  Bold numbers show model estimates that are consistent (within 25% difference)

with observations, and underlined numbers are estimates that deviate 50% or more from observations. Model estimates have the same units

with observations.

(#) LME

Coastal Residence Time

Study Site Reference and *Methods

Observations 1° 1/2° 1/4° 1/8° 

(1) East Bering Sea ~ 1.6 years 0.68 0.73 0.86 1.2 ≤ 200 m isopleth bLi et al., 2017

(2) Gulf of Alaska ≤ 12 months 0.9 2.4 2.6 3.4 ~ 50 km from shore aWeingartner et al., 2005

(3#) California Current ≤ 18 days 17 14 12 7.5 ≤ 20 km from shore bCobert and Hammond, 2007

(6) SE US Shelf ~ 6 weeks 4.3 3.2 6.0 7.0 ≤ 100 km from shore bMoore, 2007

(16#) East Brazil Shelf 7-14 days ^n/a 3.8 11 10 ≤ 20 km from shore bMoore and de Oliveira, 2008

(22) North Sea ~ 1 year 0.91 1.4 1.6 1.7 ≤ 200 m isopleth aHuthnance et al., 1997

(47) East China Sea ~ 12 months 11 5.7 6.8 6.8 50-500 m isopleth aRen et al., 2006

(48) Yellow Sea 5-6 years 12 3.7 4.1 4.3 ≤ 200 m isopleth bKim et al., 2005

(57) Laptev Sea 3-6 years 4.4 3.8 5.0 4.6 < 50 m isopleth aEicken et al., 2005

#A sub-domain of the LME is selected to compare with observations as the sampling sites only represent a small fraction of the relatively large LME. *Residence time

is estimated based on either a) direct measurements on currents and water mass properties or b) mass balances of geochemical tracers (e.g. Ra isotopes). ^Coastal grid

cells (shallower than 200 m) are not present in the model for the region.
Liu et al. in revision

Figure 3.  A global map of coastal residence times (CRTs) estimated by the 1/8° model averaged over a 10-year 
period between 1998 and 2007.  Results are presented as the mean of each of the 60 Large Marine Ecosystems 
globally.

GFDL’s global ocean-ice 
model MOM6 

1°, 1/2°, 1/4°, 1/8° 

Coastal age tracer for 
residence time estimates

Coastal domains (<200m) 
of the 66 Large Marine 
Ecosystems (cLME) 

Coastal Residence Time

Representing Coast-Ocean Exchanges
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Coupled Model Resolving Coastal N Dynamics
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Figure 2.  Observed (World Ocean Atlas v2013) and MOM6-COBALT simulated NO3
-1 concentration 

in the coastal domains of the 66 Large Marine Ecosystems (cLMEs) along the world’s coast averaged 
for the 50-year period 1961-2010. For each cLME, data were first averaged for the top 100 m at each 
horizontal grid point before the area-weighted cLME mean was calculated. Note that correlation 
coefficient (r) was calculated based on log-transformed data.
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Simulated Global Coastal N Budgets (1961-2010)

River input

Atmos. dep. Denitrification

Sedimentary burial

Oceanic flux
DIN: +17.68 (2.74)
TON: +26.75 (2.15)

DIN: +4.47 (0) DIN: -30.36 (2.00)

TON: -11.81 (0.49)

TON: -58.13 (1.68)
DIN: +46.55 (3.94)

N2 fixation
DIN: +5.53 (0.16)

δN/δt
 DIN: 0.60 (2.70)
TON: 0.09 (0.78)

Figure 3.  Global coastal nitrogen budget terms averaged over the 50-year period of 1961-2010. 
Here for budget calculations we consider the global coastal ocean domain (where water depths 
are shallower than 200 m; light blue box) as one water body seperated from the open ocean 
domain (where water depths exceed 200m; dark blue box). Numbers in the parentheses show 
standard deviation of annual mean flux for each budget term.

Unit: Tg N yr-1

Δ Coastal N Inventory
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Increasing River N Loading and Contribution

Sources Sinks
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River input

Atmos. dep. Denitrification

Sedimentary burial

Oceanic flux
DIN: +17.68 (2.74)
TON: +26.75 (2.15)

DIN: +4.47 (0) DIN: -30.36 (2.00)

TON: -11.81 (0.49)

TON: -58.13 (1.68)
DIN: +46.55 (3.94)

N2 fixation
DIN: +5.53 (0.16)

δN/δt
 DIN: 0.60 (2.70)
TON: 0.09 (0.78)

Figure 3.  Global coastal nitrogen budget terms averaged over the 50-year period of 1961-2010. 
Here for budget calculations we consider the global coastal ocean domain (where water depths 
are shallower than 200 m; light blue box) as one water body seperated from the open ocean 
domain (where water depths exceed 200m; dark blue box). Numbers in the parentheses show 
standard deviation of annual mean flux for each budget term.

Unit: Tg N yr-1

Δ Coastal N Inventory

Increasing Coastal N Inventory -> Eutrophication
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Biogeochem. Response —> Benthic Flux minus burial
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Variability of global coastal material flux to the bottom (Unit: Tg C yr-1)

Figure 10. a) Interannual variability of primary productivity in the global coastal ocean 
simulated in two model runs, both forced with dynamic physical forcing (JRA-55) but ExpA  
with climatological while ExpB with dynamic (monthly varying) river freshwater and nitrogen 
inputs. b) The difference between ExpB and ExpA showing that elevated anthropogenic river 
inputs have led to a steady increase in global coastal primary productivtiy since early 1970s. c) 
50-year change in total primary productivity in each coastal Large Marine Ecosystem (cLME) 
due to anthropogenic river input over the period of 1961-2010. Results are shown based on 
(ExpB-ExpA). Changes are calculated only from significant trends (p<0.05) and grey color 
indicates that an insignificant or minimal change.
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Take-home Messages

River N loading to coastal oceans has increased substantially 
over the past half century (36 –> 47 Tg N yr-1; ~30%); 35 Tg N 
has accumulated in coastal waters. 

Eutrophication has led to elevated NPP and benthic O2 demand 
in 29 out of the 66 coastal systems globally. 

Eutrophication and ecosystem sensitivity to increasing river N 
loading varies substantially across systems. 

Coastal residence time plays a critical role in driving the 
sensitivity of eutrophication to river N loading but more factors 
contribute to ecosystem responses.OCB Sum

m
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What is the dominant driver for interannual variability 
in coastal phytoplankton blooms, oceanic or riverine? 
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Where across the ocean do we find biogeochemical 
imprints of rivers?

NPP % increase with river nutrients added

How is the pattern associated with coast-ocean exchange?OCB Sum
m

er W
ork

sh
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Estuarine processes 

Groundwater and submarine discharge 

Tidal mixing and storm water flushing 

Benthic fluxes 

Unique features of different coastal systems 

Many others 

 Figure: S. Seitzinger and PICS

Challenges of Scaling Up from Local to Global
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Thank you! 

Xiao Liu, Princeton University1, NOAA GFDL2 

Charles Stock2, John Dunne2, Minjin Lee1,2, Elena Shevliakova1,2, 
Sergey Malyshev1

 Figure: S. Seitzinger and PICS
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Figure 7. Cross-shelf nitrogen transport out of each coastal Large Marine Ecosystem (cLME) 
across its offshore boundary. Positive numbers indicate net offshore transport while negative 
numbers indicate net inshore transport.

 Cross-shelf Transport
(Tg N yr -1) 

Are continental shelves N sources or sinks?

Net coast-to-ocean transport, Tg N yr-1
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Figure 7. Cross-shelf nitrogen transport out of each coastal Large Marine Ecosystem (cLME) 
across its offshore boundary. Positive numbers indicate net offshore transport while negative 
numbers indicate net inshore transport.
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Figure 6. Riverine nitrogen (DIN+TON) inputs and the percentage contribution of riverine to total 
nitrogen source for each coastal Large Marine Ecosystem (cLME). Total nitrogen source includes 
riverine inputs (DIN+TON), atmospheric deposition (DIN), N2 fixation (DIN), and net transport* 
from the open ocean and the adjacent CLMEs (DIN+TON, where these terms are greater than zero).  
*Note that for each cLME this term was computed separately for along-shelf and cross-shelf 
transport and for DIN and TON, and can be either a source or a sink term (See Figs 5,7).
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Figure 6. Riverine nitrogen (DIN+TON) inputs and the percentage contribution of riverine to total 
nitrogen source for each coastal Large Marine Ecosystem (cLME). Total nitrogen source includes 
riverine inputs (DIN+TON), atmospheric deposition (DIN), N2 fixation (DIN), and net transport* 
from the open ocean and the adjacent CLMEs (DIN+TON, where these terms are greater than zero).  
*Note that for each cLME this term was computed separately for along-shelf and cross-shelf 
transport and for DIN and TON, and can be either a source or a sink term (See Figs 5,7).
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Figure 5.  Comparison of the modeled and observed freshwater plume structures on the northeast U.S. shelf.
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Figure 5.  Comparison of the modeled and observed freshwater plume structures on the northeast U.S. shelf.
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