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Hey Guys,
Good initial discussion. I hope I was helpful.
Attached are some materials that I spoke of during our call:

1. The supplement from Latimer, J.S., Rego, S.A., 2010. Empirical relationship between eelgrass extent and predicted

watershed-derived nitrogen loading for shallow New England estuaries. Est. Coast. and Shelf Sci. 90, 231-240.

2. A copy of the other related paper I published in the same journal: Latimer, J.S., Charpentier, M.A., 2010. Nitrogen

inputs to seventy - four southern New England estuaries: application of a watershed nitrogen loading model.

Estuarine, Coastal and Shelf Science 89, 125-136. (and the supplement from this paper)

3. A copy of Scavia, D., Liu, Y., 2009. Exploring estuarine nutrient susceptibility. Environmental Science & Technology 43,

3474-3479. (and his supplemental material)
See you on Easter Monday.
Jim
-----------------------------------------------
James S. Latimer, Ph.D.
U.S. Environmental Protection Agency, Office of Research and Development
National Health and Environmental Effects Research Laboratory
Atlantic Ecology Division
27 Tarzwell Drive, Narragansett, RI 02882
U.S. Chair - EcoSystem Indicator Partnership: Information on Change in the Gulf of Maine
Phone: 401-782-3167 / 401-486-9749
http://www.epa.gov/aed/
http://www.gulfofmaine.org/2/esip-homepage
latimer.jim@epa.gov
"All men by nature desire to know" Aristotle
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Dilution Potential.

The capacity of an estuary to dilute nitrogen inputs, for vertically homogeneous estuaries is simply taken as 1/estuarine volume.  For this study we assumed that the study estuaries are vertically well - mixed (or nearly so) since the study estuaries are shallow.  The criteria for determining the dilution potential categories are adjusted from national criteria done by NOAA (Bricker et al., 1999) using the 33rd (low, < 8.45 x 10-7), 67th (moderate, > 2.15 - 8.45 x 10-7) and 99th (high, < 2.15 x 10-7) percentile values from our data.  The adjustment is necessary to scale-down the size class of the current study from the much larger estuaries evaluated by NOAA.  



Flushing Potential

Tidal range data were obtained from the nearest NOAA tidal station to each estuary (NOAA, 2009a, b).  Freshwater influence is calculated as the ratio of freshwater input and estuarine volume.  The criteria for categorizing freshwater influence are different between the NOAA assessment (Bricker et al., 1999) and a recent published article (Scavia and Liu, 2009).  However, this difference only affected 12 of the 62 estuaries.  For those estuaries that were different, the NOAA categories are consistently larger; that is, NOAA’s assessment gave greater freshwater influence than Scavia.  When combined with tidal range, this difference affected the same 12 estuaries; and again, the NOAA criteria gave higher values of estuaries with greater flushing potential than Scavia (see table).



Overall Susceptibility

The classification of the estuaries into susceptibility categories is determined by heuristically combining the dilution and flushing potential classes.  For example, an estuary with low flushing potential and low dilution potential will fall into the high susceptibility category.  Thus, for those in this category, hypothetically, a given nitrogen loading rate would have greater ecological effect.  In contrast, those estuaries that have a high flushing potential and high dilution potential will hypothetically exhibit lesser effects for a given nitrogen loading rate.  It should be noted that when flushing and dilution potentials were combined, the NOAA and Scavia criteria differences (see above) are only observed for 5 of the 62 estuaries, with the NOAA criteria consistently estimating lower susceptibility.  



Table S1.  Table containing flushing, dilution, and overall susceptibility data for study estuaries (note anomalous estuaries are cross-out).
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Dilution 
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Dilution 


Potential 
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Dilution 


Potential


Estuarine 


Susceptiibility 


(NOAA)


Estuarine 


Susceptiibility 


(Scavia)


Jordan Cove CT JCC LARGE HIGH LARGE HIGH 1.63E-07 LOW HIGH LOW LOW


Mumford Cove CT MCC LARGE HIGH MODERATE MOD 2.15E-07 LOW HIGH LOW LOW


Mystic Harbor CT MHC LARGE HIGH LARGE HIGH 1.38E-07 LOW HIGH LOW LOW


Niantic Bay CT NBC LARGE HIGH MODERATE MOD 2.00E-08 LOW HIGH LOW LOW


Palmer Cove CT PCC LARGE HIGH LARGE HIGH 4.84E-07 LOW MOD LOW LOW


Pattagansett River CT PAC LARGE HIGH LARGE HIGH 6.01E-06 LOW LOW MOD MOD


Stonington Harbor CT SHC LARGE HIGH LARGE HIGH 2.94E-07 LOW MOD LOW LOW


Acushnet River MA ACM LARGE HIGH LARGE HIGH 7.33E-08 LOW HIGH LOW LOW


Aucoot Cove MA AOM SMALL LOW SMALL LOW 2.81E-07 LOW MOD HIGH HIGH


Clarks Cove MA CCM SMALL LOW SMALL LOW 9.32E-08 LOW HIGH MOD MOD


Falmouth Inner Harbor MA FHM SMALL LOW SMALL LOW 3.32E-06 LOW LOW HIGH HIGH


Great Harbor MA GHM SMALL LOW SMALL LOW 2.32E-07 LOW MOD HIGH HIGH


Hamblin Pond MA HPM SMALL LOW SMALL LOW 2.57E-06 LOW LOW HIGH HIGH


Jehu Pond MA JPM SMALL LOW SMALL LOW 1.24E-06 LOW LOW HIGH HIGH


Katama Bay MA KBM LARGE HIGH SMALL LOW 9.19E-08 LOW HIGH LOW MOD


Lagoon Pond MA LPM SMALL LOW SMALL LOW 1.30E-07 LOW HIGH MOD MOD


Lake Tashmoo MA LMM SMALL LOW SMALL LOW 6.90E-07 LOW MOD HIGH HIGH


Lewis Bay MA LBM SMALL LOW SMALL LOW 1.54E-07 LOW HIGH MOD MOD


Little Harbor MA LHM SMALL LOW SMALL LOW 2.35E-06 LOW LOW HIGH HIGH


Madaket Harbor MA MDM LARGE HIGH MODERATE MOD 3.47E-07 LOW MOD LOW HIGH


Manchester Bay MA MBM LARGE HIGH LARGE HIGH 9.67E-07 LOW LOW MOD MOD


Marblehead Harbor MA MRM SMALL MOD SMALL MOD 1.33E-07 LOW HIGH LOW LOW


Mattapoisett Harbor MA MHM LARGE HIGH LARGE HIGH 1.22E-07 LOW HIGH LOW LOW


Megansett Harbor MA MGM SMALL LOW SMALL LOW 2.14E-07 LOW HIGH MOD MOD


Menemsha Pond MA MPM SMALL LOW SMALL LOW 2.12E-07 LOW HIGH MOD MOD


Nantucket Harbor MA NHM SMALL LOW SMALL LOW 2.30E-08 LOW HIGH MOD MOD


Onset Bay MA OBM SMALL LOW SMALL LOW 2.61E-07 LOW MOD HIGH HIGH


Phinneys Harbor MA PHM LARGE HIGH MODERATE MOD 2.08E-07 LOW HIGH LOW LOW


Pocasset/Red Brook Harbor MA POM SMALL LOW SMALL LOW 5.80E-08 LOW HIGH MOD MOD


Quissett Harbor MA QHM SMALL LOW SMALL LOW 8.45E-07 LOW LOW HIGH HIGH


Sage Lot Pond MA SLM LARGE HIGH LARGE HIGH 7.12E-06 LOW LOW MOD MOD


Salem Harbor MA SAM LARGE HIGH MODERATE HIGH 1.02E-07 LOW HIGH LOW LOW


Sippican Harbor MA SHM SMALL LOW SMALL LOW 4.66E-08 LOW HIGH MOD MOD


Stage Harbor MA STM MODERATE MOD SMALL LOW 3.70E-07 LOW MOD MOD HIGH


Timms Pond MA TPM SMALL LOW SMALL LOW 1.53E-05 LOW LOW HIGH HIGH


West Falmouth Harbor MA WFM SMALL LOW SMALL LOW 1.44E-06 LOW LOW HIGH HIGH


Westport River-East MA WEM LARGE HIGH LARGE HIGH 1.59E-07 LOW HIGH LOW LOW


Westport River-West MA WWM LARGE HIGH LARGE HIGH 4.35E-07 LOW MOD LOW LOW


Weweantic River MA WRM LARGE HIGH LARGE HIGH 5.18E-07 LOW MOD LOW LOW


Wild Harbor MA WHM SMALL LOW SMALL LOW 1.28E-06 LOW LOW HIGH HIGH


Wings Cove MA WCM SMALL LOW SMALL LOW 6.72E-07 LOW MOD HIGH HIGH


Allen Harbor RI AHR SMALL LOW SMALL LOW 1.09E-06 LOW LOW HIGH HIGH


Apponaug Cove RI ACR LARGE HIGH LARGE HIGH 1.87E-06 LOW LOW MOD MOD


Bonnet Shores RI BSR LARGE HIGH MODERATE MOD 3.20E-07 LOW MOD LOW MOD


Bristol Harbor RI BHR LARGE HIGH MODERATE MOD 1.18E-07 LOW HIGH LOW LOW


Coggeshall Point Harbor RI CSR SMALL LOW SMALL LOW 5.31E-06 LOW LOW HIGH HIGH


Easton Bay RI EBR LARGE HIGH MODERATE MOD 1.23E-07 LOW HIGH LOW LOW


Fort Wetherill Cove - West RI FWR SMALL LOW SMALL LOW 7.22E-06 LOW LOW HIGH HIGH


Fort Wetherill Cove-Unnamed RI FUR SMALL LOW SMALL LOW 5.81E-06 LOW LOW HIGH HIGH


Goose Neck Cove RI GNR LARGE HIGH LARGE HIGH 5.21E-06 LOW LOW MOD MOD


Great Salt Pond RI GPR SMALL LOW SMALL LOW 1.10E-07 LOW HIGH MOD MOD


Greenwich Bay RI GBR LARGE HIGH MODERATE MOD 3.36E-08 LOW HIGH LOW LOW


Greenwich Cove-RI RI GCR LARGE HIGH LARGE HIGH 7.35E-07 LOW MOD LOW LOW


Kickamuit River RI KRR LARGE HIGH MODERATE MOD 2.28E-07 LOW MOD LOW MOD


Mackerel Cove RI MCR SMALL LOW SMALL LOW 2.21E-07 LOW MOD HIGH HIGH


Navy Beach RI NVR LARGE HIGH LARGE HIGH 7.85E-07 LOW MOD LOW LOW


Newport Harbor RI NHR SMALL LOW SMALL LOW 1.00E-07 LOW HIGH MOD MOD


Old Harbor RI OHR SMALL LOW SMALL LOW 5.68E-06 LOW LOW HIGH HIGH


Potter Cove RI PCR SMALL LOW SMALL LOW 1.20E-06 LOW LOW HIGH HIGH


Sakonnet Harbor RI SHR SMALL LOW SMALL LOW 4.93E-06 LOW LOW HIGH HIGH


Warwick Cove RI WCR SMALL LOW SMALL LOW 1.21E-06 LOW LOW HIGH HIGH


Wickford Harbor RI WHR LARGE HIGH LARGE HIGH 6.17E-07 LOW MOD MOD MOD







This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution


and sharing with colleagues.


Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party


websites are prohibited.


In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information


regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:


http://www.elsevier.com/copyright



http://www.elsevier.com/copyright





Author's personal copy


Invited Feature


Nitrogen inputs to seventy-four southern New England estuaries: Application of
a watershed nitrogen loading model


James S. Latimer a,*, Michael A. Charpentier b,1


aUS Environmental Protection Agency, Office of Research and Development, National Health and Environmental Effects Research Laboratory, Atlantic Ecology Division,
Narragansett RI 02882, USA
bRaytheon Information Solutions, contractor to the US Environmental Protection Agency, Narragansett RI 02882, USA


a r t i c l e i n f o


Article history:
Received 29 December 2009
Accepted 7 June 2010
Available online 30 June 2010


Keywords:
estuaries
nitrogen
watersheds
eutrophication
new england


a b s t r a c t


Excess nitrogen inputs to estuaries have been linked to deteriorating water quality and habitat conditions
which in turn have direct and indirect impacts on aquatic organisms. This paper describes the application
of a previously verified watershed loading model to estimate total nitrogen loading rates and relative
source contributions to 74 small-medium sized embayment-type estuaries in southern New England.
The study estuaries exhibited a gradient in nitrogen inputs of a factor of over 7000. On an areal basis, the
range represented a gradient of approximately a factor of 140. Therefore, all other factors being equal, the
study design is sufficient to evaluate ecological effects conceptually tied to excess nitrogen along
a nitrogen gradient. In addition to providing total loading inputs rates to the study estuaries, the model
provides an estimate of the relative contribution of the nitrogen sources from each watershed to each
associated estuary. Cumulative results of this analysis reveal the following source ranking (means): direct
atmospheric deposition (37%), zwastewater (36%), >indirect atmospheric deposition (16%) > fertilizer
(12%). However, for any particular estuary the relative magnitudes of these source types vary dramati-
cally. Together with scientific evidence on symptoms of eutrophication, the results of this paper can be
used to develop empirical pressure-state models to determine critical nitrogen loading limits for the
protection of estuarine water quality.


Published by Elsevier Ltd.


1. Introduction


Nitrogen is an important macronutrient onwhich the global food
supply is dependent. It is also essential to the health and ecological
integrity of estuaries. In excessive amounts, however, nitrogen can
cause cultural eutrophication, a man-made increase in the rate of
supply of organicmatter tomarine aquatic ecosystems (Nixon,1995).
Formation of reactive nitrogen, that portion that can be used by
biological systems, continues to increase every year (Galloway et al.,
2008). Excess amounts in estuaries can lead to low dissolved oxygen,
fish kills, overabundance of nuisance and harmful algae and
macrophytes, loss of vascular plants (i.e., seagrasses), increased
sedimentation, and detrimental shifts of both floral and faunal
species and other food web modifications (Cloern, 2001).


The need to estimate nitrogen loading to estuaries is therefore
acute. More and more municipalities are turning to loading


reductions as a means to reduce the adverse effects of cultural
eutrophication in the coastal marine environment (CBP, 2000;
NYSDEC and CTDEP, 2000; Greening and Janicki, 2006). In cases
where there is a need to estimate nonpoint source nitrogen loading
over broad regions and many estuaries, site-specific loading
methodsmay not be appropriate due to excessive cost and effort. In
instances where the loading is not dominated by monitored
riverine and point source inputs, the development of loading esti-
mates may require years of sampling and analysis. In contrast, for
these types of estuaries, simple watershed models that allow esti-
mates for many estuaries with more limited data may be the more
appropriate approach.


A survey of the literature reveals that there are a number of
approaches that have been used to estimate nitrogen loading from
watersheds. Most of these approaches suffer from one deficiency or
another with respect to the purpose of this study: to obtain simple,
first-order estimates of nitrogen loading rates for a large number of
small estuaries. For example, the US Geological Survey (USGS)
Spatially Referenced Regressions on Watershed Attributes Model
(SPARROW) is aimed at estimating nutrient fluxes to stream rea-
ches and can apply only to estuaries that have surface water inputs


* Corresponding author. Tel.: þ 1401 782 3167.
E-mail addresses: latimer.jim@epa.gov (J.S. Latimer), charpentier.mike@epa.gov


(M.A. Charpentier).
1 Tel.: þ1 401 782 3186.
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			Table S1.  Watershed-estuary names and geographic information.





			Estuary


			State


			ID


			Larger System


			Level III Marine Ecoregiona


			Level IV Terrestrial Ecoregiona


			Estuary Centroid Longitude


			Estuary Centroid Latitude


			Watershed Centroid Longitude


			Watershed Centroid Latitude





			Black Rock Harbor


			CT


			BRC


			Long Island Sound


			8.1.1


			59c


			-73.2174911


			41.1510201


			-73.2099457


			41.1654015





			Branford Harbor


			CT


			BHC


			Long Island Sound


			8.1.1


			59a


			-72.8189621


			41.2624054


			-72.7759171


			41.3229713





			Greenwich Cove


			CT


			GCC


			Long Island Sound


			8.1.1


			59c


			-73.5765610


			41.0141144


			-73.5723190


			41.0363846





			Hammonasset River


			CT


			HRC


			Long Island Sound


			8.1.1


			59c


			-72.5316925


			41.2631836


			-72.5879288


			41.3596649





			Jordan Cove


			CT


			JCC


			Long Island Sound


			8.1.1


			59c


			-72.1535568


			41.3113823


			-72.1508560


			41.3522339





			Mumford Cove


			CT


			MCC


			Long Island Sound


			8.1.1


			59c


			-72.0194397


			41.3170547


			-72.0176086


			41.3405266





			Mystic Harbor


			CT


			MHC


			Long Island Sound


			8.1.1


			59c


			-71.9768982


			41.3331871


			-71.9716415


			41.4065094





			Niantic Bay


			CT


			NBC


			Long Island Sound


			8.1.1


			59c


			-72.1865540


			41.3174629


			-72.2051544


			41.3941269





			Palmer Cove


			CT


			PCC


			Long Island Sound


			8.1.1


			59c


			-71.9992371


			41.3177338


			-71.9979782


			41.3453217





			Pattagansett River


			CT


			PAC


			Long Island Sound


			8.1.1


			59c


			-72.2199936


			41.3018303


			-72.2244797


			41.3514481





			Pawcatuck River Estuary


			CT


			PRC


			Little Narragansett Bay


			8.1.1


			59c


			-71.8336105


			41.3371544


			-71.7088013


			41.4964180





			Stonington Harbor


			CT


			SHC


			Long Island Sound


			8.1.1


			59c


			-71.9134827


			41.3365936


			-71.9103088


			41.3641701





			Acushnet River


			MA


			ACM


			Buzzards Bay


			8.1.1


			59e


			-70.9142761


			41.6425133


			-70.9152603


			41.7041016





			Aucoot Cove


			MA


			AOM


			Buzzards Bay


			8.1.1


			59e


			-70.7561188


			41.6744804


			-70.7816772


			41.6876869





			Buttermilk Bay


			MA


			BTM


			Buzzards Bay


			8.1.1


			84a


			-70.6186676


			41.7587013


			-70.6076202


			41.7915077





			Clarks Cove


			MA


			CCM


			Buzzards Bay


			8.1.1


			59e


			-70.9221878


			41.6027184


			-70.9307785


			41.6134987





			Cuttyhunk Pond


			MA


			CPM


			Buzzards Bay-Outer


			8.1.1


			84a


			-70.9264297


			41.4256020


			-70.9280930


			41.4244232





			Falmouth Inner Harbor


			MA


			FHM


			Nantucket Sound


			8.1.4


			84a


			-70.6033096


			41.5469437


			-70.6011429


			41.5538826





			Great Harbor


			MA


			GHM


			Buzzards Bay Outer


			8.1.1


			84a


			-70.6776886


			41.5245857


			-70.6749115


			41.5254097





			Hadley Inner Harbor


			MA


			HHM


			Buzzards Bay-Outer


			8.1.4


			84a


			-70.7065430


			41.5099831


			-70.7081604


			41.5092735





			Hamblin Pond


			MA


			HPM


			Waquoit Bay


			8.1.4


			84a


			-70.5078888


			41.5724144


			-70.4954681


			41.6008186





			Jehu Pond


			MA


			JPM


			Waquoit Bay


			8.1.4


			84a


			-70.5029297


			41.5692520


			-70.4923096


			41.5714340





			Katama Bay


			MA


			KBM


			Atlantic Ocean


			8.1.4


			84a


			-70.4920044


			41.3612747


			-70.4959259


			41.3656693





			Lagoon Pond


			MA


			LPM


			Nantucket Sound


			8.1.4


			84a


			-70.5920639


			41.4467201


			-70.6002731


			41.4371300





			Lake Tashmoo


			MA


			LMM


			Vineyard Sound


			8.1.4


			84a


			-70.6268387


			41.4606400


			-70.6271439


			41.4496117





			Lewis Bay


			MA


			LBM


			Nantucket Sound


			8.1.4


			84a


			-70.2603836


			41.6377640


			-70.2608414


			41.6572037





			Little Bay


			MA


			LTM


			Buzzards Bay


			8.1.1


			59e


			-70.8608475


			41.6297150


			-70.8710938


			41.6485023





			Little Harbor


			MA


			LHM


			Buzzards Bay Outer


			8.1.1


			84a


			-70.6661606


			41.5200920


			-70.6656876


			41.5209923





			Madaket Harbor


			MA


			MDM


			Nantucket Sound


			8.1.4


			84a


			-70.2023621


			41.2818604


			-70.1824493


			41.2819748





			Manchester Bay


			MA


			MBM


			Massachusetts Bay


			7.2.5


			59d


			-70.7783203


			42.5657196


			-70.7648773


			42.5878792





			Marblehead Harbor


			MA


			MRM


			Massachusetts Bay


			7.2.5


			59d


			-70.8448334


			42.5002022


			-70.8482590


			42.5005951





			Mattapoisett Harbor


			MA


			MHM


			Buzzards Bay


			8.1.1


			59e


			-70.8112030


			41.6508408


			-70.8533325


			41.7171135





			Megansett Harbor


			MA


			MGM


			Buzzards Bay


			8.1.1


			84a


			-70.6304626


			41.6565170


			-70.6016769


			41.6687737





			Menemsha Pond


			MA


			MPM


			Vineyard Sound


			8.1.4


			84a


			-70.7724915


			41.3371658


			-70.7688446


			41.3379173





			Nantucket Harbor


			MA


			NHM


			Nantucket Sound


			8.1.4


			84a


			-70.0420914


			41.3122978


			-70.0403900


			41.3026581





			Onset Bay


			MA


			OBM


			Buzzards Bay


			8.1.1


			84a


			-70.6547241


			41.7389717


			-70.6613235


			41.7511940





			Phinneys Harbor


			MA


			PHM


			Buzzards Bay


			8.1.1


			84a


			-70.6241684


			41.7197609


			-70.6074829


			41.7260017





			Pocasset/Red Brook Hrbr


			MA


			POM


			Buzzards Bay


			8.1.1


			84a


			-70.6363831


			41.6771965


			-70.6289291


			41.6795616





			Quissett Harbor


			MA


			QHM


			Buzzards Bay Outer


			8.1.1


			84a


			-70.6586304


			41.5404663


			-70.6557465


			41.5384254





			Sage Lot Pond


			MA


			SLM


			Waquoit Bay


			8.1.4


			84a


			-70.5091476


			41.5527916


			-70.4980621


			41.5581017





			Salem Harbor


			MA


			SAM


			Salem Sound


			7.2.5


			59d


			-70.8763733


			42.5144386


			-70.8935013


			42.5048447





			Sippican Harbor


			MA


			SHM


			Buzzards Bay


			8.1.1


			59e


			-70.7434769


			41.6909142


			-70.7946014


			41.7490234





			Stage Harbor


			MA


			STM


			Atlantic Ocean


			8.1.4


			84a


			-69.9751053


			41.6633301


			-69.9752655


			41.6765289





			Tarpaulin Cove


			MA


			TCM


			Vineyard Sound


			8.1.1


			84a


			-70.7551117


			41.4747429


			-70.7579727


			41.4771271





			Timms Pond


			MA


			TPM


			Waquoit Bay


			8.1.4


			84a


			-70.5405197


			41.5531082


			-70.5384674


			41.5539551





			Vineyard Haven-Inner


			MA


			VHM


			Vineyard Sound


			8.1.4


			84a


			-70.5985031


			41.4557915


			-70.6042252


			41.4553642





			West Falmouth Harbor


			MA


			WFM


			Buzzards Bay


			8.1.1


			84a


			-70.6437912


			41.6041527


			-70.6288605


			41.6044540





			Westport River-East


			MA


			WEM


			Westport River-West 


			8.1.1


			59e


			-71.0586853


			41.5416679


			-71.0504608


			41.6417274





			Westport River-West


			MA


			WWM


			Buzzards Bay Inner


			8.1.1


			59e


			-71.1028519


			41.5343399


			-71.1234818


			41.5718689





			Weweantic River


			MA


			WRM


			Buzzards Bay


			8.1.1


			84a


			-70.7434692


			41.7347527


			-70.7744751


			41.8258095





			Wild Harbor


			MA


			WHM


			Buzzards Bay Outer


			8.1.1


			84a


			-70.6452179


			41.6370354


			-70.6364288


			41.6358910





			Wings Cove


			MA


			WCM


			Buzzards Bay Inner


			8.1.1


			59e


			-70.7206650


			41.6994705


			-70.7311783


			41.7071114





			Allen Harbor


			RI


			AHR


			Narragansett Bay


			8.1.1


			59e


			-71.4141617


			41.6223717


			-71.4235535


			41.6295700





			Apponaug Cove


			RI


			ACR


			Narragansett Bay


			8.1.1


			59e


			-71.4480972


			41.6932716


			-71.4825668


			41.6962166





			Bonnet Shores


			RI


			BSR


			Narragansett Bay


			8.1.1


			59e


			-71.4266129


			41.4677353


			-71.4295044


			41.4800301





			Bristol Harbor


			RI


			BHR


			Narragansett Bay


			8.1.1


			59e


			-71.2835388


			41.6696434


			-71.2763748


			41.6813698





			Coggeshall Point Harbor


			RI


			CSR


			Narragansett Bay


			8.1.1


			59e


			-71.2842712


			41.5906601


			-71.2817841


			41.5897903





			Easton Bay


			RI


			EBR


			Narragansett Bay


			8.1.1


			59e


			-71.2881622


			41.4816017


			-71.2884979


			41.5093002





			Frt Wetherill Cve-West


			RI


			FWR


			Narragansett Bay


			8.1.1


			59e


			-71.3601379


			41.4779243


			-71.3599396


			41.4781113





			Frt Wetherill Cve-Unnamed


			RI


			FUR


			Narragansett Bay


			8.1.1


			59e


			-71.3626022


			41.4779320


			-71.3636780


			41.4798317





			Goose Neck Cove


			RI


			GNR


			RI Sound


			8.1.1


			59e


			-71.3388977


			41.4554062


			-71.3317261


			41.4611168





			Great Salt Pond


			RI


			GPR


			Block Island Sound


			8.1.1


			84a


			-71.5782547


			41.1901817


			-71.5764923


			41.1815033





			Greenwich Bay


			RI


			GBR


			Narragansett Bay


			8.1.1


			59e


			-71.4208145


			41.6769257


			-71.4514542


			41.6835251





			Greenwich Cove


			RI


			GCR


			Narragansett Bay


			8.1.1


			59e


			-71.4464569


			41.6566849


			-71.4762955


			41.6671410





			Kickamuit River


			RI


			KRR


			Narragansett Bay


			8.1.1


			59e


			-71.2505112


			41.7120094


			-71.2488403


			41.7396011





			Mackerel Cove


			RI


			MCR


			Narragansett Bay


			8.1.1


			59e


			-71.3815384


			41.4812813


			-71.3811646


			41.4818115





			Navy Beach


			RI


			NVR


			Sakonnet River


			8.1.1


			59e


			-71.2436447


			41.4899178


			-71.245636


			41.4912453





			Newport Harbor


			RI


			NHR


			Narragansett Bay


			8.1.1


			59e


			-71.3261871


			41.4800262


			-71.3212585


			41.4791641





			Ninigret Pond


			RI


			NPR


			RI Sound


			8.1.1


			59e


			-71.6532669


			41.3614197


			-71.6438980


			41.3784103





			Old Harbor


			RI


			OHR


			Block Island Sound


			8.1.1


			84a


			-71.5560455


			41.1743660


			-71.5576172


			41.1701317





			Potter Cove


			RI


			PCR


			Narragansett Bay


			8.1.1


			59e


			-71.3390732


			41.6433525


			-71.3415451


			41.6418419





			Sakonnet Harbor


			RI


			SHR


			Narragansett Bay


			8.1.1


			59e


			-71.1939621


			41.4653549


			-71.1930695


			41.4652481





			Warwick Cove


			RI


			WCR


			Narragansett Bay


			8.1.1


			59e


			-71.3897705


			41.6920166


			-71.3860245


			41.6933632





			Wickford Harbor


			RI


			WHR


			Narragansett Bay


			8.1.1


			59e


			-71.4469452


			41.5777969


			-71.4583969


			41.5793686








 (
a
Legend
:  Level III marine ecoregions: Virginian Atlantic (8) - 8.1.1 Long Island Sound/Buzzards Bay, 8.1.4 New York Bight. Acadian Atlantic (7):
7.2.5
 
Gulf
 of 
Maine
/
Bay of Fundy
. Level IV terrestrial ecoregions: Northeastern Coastal Zone (59) -59a = 
Connecticut
 
Valley
, 59c Southern New England Coastal Plains and Hills, 59d 
Boston
 basin, 59e Narragansett/Bristol Lowland. Atlantic Coastal 
Pine Barrens
 (84) - 84a Cape Cod/Long Island. 
Ref: 
Griffith, G.E., Omernik, J.M., Pierson, S.M., 1999. 
Level III and IV Ecoregions of Massachusetts, Rhode Island, and Connecticut.
 U.S. Environmental Protection Agency, ManTech Environmental Technology, Inc., Corvallis, OR 97333
.  
Coordinates are geographic, NAD83, decimal degrees.
 
)
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			Table S2.  NLM estimated loading rates to watershed-estuary systems





			[bookmark: RANGE!A1:G76]


			


			


			Nitrogen Loading Rates





			Estuary


			State


			ID


			kgN yr-1


			gN m-3 estuarine vol yr-1


			kgN ha-1 estuarine area yr-1


			kgN ha-1 watershed area yr-1





			Black Rock Harbor


			CT


			BRC


			365,403


			140.9


			3,312


			739.7





			Branford Harbor


			CT


			BHC


			40,246


			27.8


			286


			5.6





			Greenwich Cove


			CT


			GCC


			78,654


			23.9


			364


			81.0





			Hammonasset River/Clinton Harbor


			CT


			HRC


			49,706


			30.8


			185


			3.2





			Jordan Cove


			CT


			JCC


			16,483


			2.7


			82


			6.4





			Mumford Cove


			CT


			MCC


			8,761


			1.9


			45


			9.0





			Mystic Harbor


			CT


			MHC


			37,515


			5.2


			89


			4.8





			Niantic Bay


			CT


			NBC


			53,274


			1.1


			46


			6.8





			Palmer Cove


			CT


			PCC


			7,829


			3.8


			53


			7.3





			Pattagansett River


			CT


			PAC


			11,136


			67.0


			164


			4.3





			Pawcatuck River Estuary


			CT


			PRC


			322,825


			27.1


			1,221


			4.1





			Stonington Harbor


			CT


			SHC


			10,541


			3.1


			66


			7.7





			Acushnet River


			MA


			ACM


			72,013


			5.3


			177


			10.4





			Aucoot Cove


			MA


			AOM


			9,795


			2.8


			75


			9.2





			Buttermilk Bay


			MA


			BTM


			25,440


			12.7


			118


			5.9





			Clarks Cove


			MA


			CCM


			29,547


			2.8


			106


			41.7





			Cuttyhunk Pond


			MA


			CPM


			1,057


			1.7


			27


			21.1





			Falmouth Inner Harbor


			MA


			FHM


			4,128


			13.7


			330


			26.0





			Great Harbor


			MA


			GHM


			2,226


			0.5


			32


			31.7





			Hadley Inner Harbor


			MA


			HHM


			262


			1.4


			32


			13.1





			Hamblin Pond


			MA


			HPM


			5,528


			14.2


			100


			8.1





			Jehu Pond


			MA


			JPM


			3,023


			3.7


			52


			8.5





			Katama Bay


			MA


			KBM


			18,286


			1.7


			31


			19.1





			Lagoon Pond


			MA


			LPM


			11,001


			1.4


			52


			8.7





			Lake Tashmoo


			MA


			LMM


			5,404


			3.7


			50


			6.2





			Lewis Bay


			MA


			LBM


			35,826


			5.5


			75


			15.2





			Little Bay


			MA


			LTM


			7,249


			10.2


			83


			7.0





			Little Harbor


			MA


			LHM


			435


			1.0


			28


			18.7





			Madaket Harbor


			MA


			MDM


			8,393


			2.9


			34


			8.7





			Manchester Bay


			MA


			MBM


			10,412


			10.1


			136


			6.5





			Marblehead Harbor


			MA


			MRM


			7,653


			1.0


			52


			42.6





			Mattapoisett Harbor


			MA


			MHM


			29,584


			3.6


			105


			4.0





			Megansett Harbor


			MA


			MGM


			12,916


			2.8


			57


			7.0





			Menemsha Pond


			MA


			MPM


			8,457


			1.8


			26


			13.3





			Nantucket Harbor


			MA


			NHM


			56,672


			1.3


			29


			19.3





			Onset Bay


			MA


			OBM


			17,448


			4.5


			67


			14.8





			Phinneys Harbor


			MA


			PHM


			10,106


			2.1


			54


			13.8





			Pocasset/Red Brook Harbor


			MA


			POM


			17,701


			1.0


			31


			22.9





			Quissett Harbor


			MA


			QHM


			1,678


			1.4


			38


			11.8





			Sage Lot Pond


			MA


			SLM


			2,014


			14.3


			141


			8.2





			Salem Harbor


			MA


			SAM


			35,760


			3.6


			93


			21.7





			Sippican Harbor


			MA


			SHM


			20,075


			0.9


			28


			20.6





			Stage Harbor


			MA


			STM


			12,049


			4.5


			48


			11.4





			Tarpaulin Cove


			MA


			TCM


			1,853


			0.5


			24


			9.9





			Timms Pond


			MA


			TPM


			136


			2.1


			27


			6.4





			Vineyard Haven-Inner


			MA


			VHM


			1,164


			1.7


			63


			13.8





			West Falmouth Harbor


			MA


			WFM


			4,427


			6.4


			55


			6.7





			Westport River-East


			MA


			WEM


			84,283


			13.4


			104


			5.4





			Westport River-West


			MA


			WWM


			26,843


			11.7


			80


			6.4





			Weweantic River


			MA


			WRM


			73,394


			38.1


			382


			3.1





			Wild Harbor


			MA


			WHM


			3,077


			3.9


			73


			11.3





			Wings Cove


			MA


			WCM


			3,042


			2.0


			36


			8.7





			Allen Harbor


			RI


			AHR


			4,250


			4.7


			135


			9.2





			Apponaug Cove


			RI


			ACR


			39,619


			74.3


			928


			22.8





			Bonnet Shores


			RI


			BSR


			7,388


			2.4


			107


			19.9





			Bristol Harbor


			RI


			BHR


			102,932


			12.2


			499


			155.2





			Coggeshall Point Harbor


			RI


			CSR


			188


			1.0


			36


			8.9





			Easton Bay


			RI


			EBR


			42,350


			5.2


			211


			27.2





			Fort Wetherill Cove - West


			RI


			FWR


			43


			0.3


			24


			14.7





			Fort Wetherill Cove-Unnamed


			RI


			FUR


			129


			0.7


			53


			6.2





			Goose Neck Cove


			RI


			GNR


			928


			4.8


			58


			5.5





			Great Salt Pond


			RI


			GPR


			9,194


			1.0


			36


			10.4





			Greenwich Bay


			RI


			GBR


			137,335


			4.6


			114


			25.0





			Greenwich Cove-RI


			RI


			GCR


			24,175


			17.8


			322


			13.8





			Kickamuit River


			RI


			KRR


			28,482


			6.5


			127


			14.2





			Mackerel Cove


			RI


			MCR


			2,482


			0.5


			29


			17.5





			Navy Beach


			RI


			NVR


			1,887


			1.5


			37


			16.3





			Newport Harbor


			RI


			NHR


			15,372


			1.5


			78


			38.3





			Ninigret Pond


			RI


			NPR


			51,831


			6.3


			64


			14.0





			Old Harbor


			RI


			OHR


			448


			2.5


			55


			16.5





			Potter Cove


			RI


			PCR


			1,005


			1.2


			25


			11.7





			Sakonnet Harbor


			RI


			SHR


			345


			1.7


			35


			40.6





			Warwick Cove


			RI


			WCR


			11,614


			14.1


			206


			29.0





			Wickford Harbor


			RI


			WHR


			13,678


			8.4


			82


			12.4




















			Table S3.  Land use metadata





			State


			Description


			Resolution


			Source





			CT


			Landsat thematic mapper (TM) data acquired by the Multi - resolution Land Characterization Consortium. The base dataset was leaves - off Landsat TM data, nominal - 1992 acquisitions.


			30 m 


			MRLC:  http://www.mrlc.gov/





			RI


			Interpreted from 1988 aerial photography and updated with 1992 - 1995 digital orthophotos


			1:24,000


			RIGIS:  http://www.edc.uri.edu/rigis/





			MA


			Interpreted from aerial photography from 1999


			1:25,000


			MassGIS:  http://www.mass.gov/mgis/
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(Moore et al., 2004). Another approach, called “the Simple Method”
(www.stormwatercenter.net), is aimed at estimating pollutants
from stormwater runoff and requires, among other things, data on
nitrogen concentrations in stormwater from differing land uses.
Nitrogen export coefficients have been published for watersheds
surrounding estuaries (Reckhow et al., 1980; Frink, 1991); however,
the coefficients exhibit extreme spatial variability. Finally, the
ArcView based Generalized Watershed Loading Functions is
a combined distributed/lumped parameter watershed model that
provides continuous simulation with daily time steps for weather
and mass balance (Farley and Rangarajan, 2006; Georgas et al.,
2009). It requires a considerable amount of site-specific data on
weather, hydrology, soil erosion, and surface nitrogen concentra-
tion from streams.


The purpose of this paper is to illustrate the application of
a previously published and verified nitrogen loading model (NLM)
to 74 watershed-estuary systems and to assess whether there were
differences in nitrogen loading and relative source strengths for
two US ecoregions, namely the Northeast Coastal Zone (NCZ) and
the Atlantic Coast Pine Barrens (APB) in southern New England and
among the three New England States: Connecticut (CT), Rhode
Island (RI) andMassachusetts (MA). The specific watershed-estuary
systems were chosen as part of a study to determine the nature of
eutrophication responses along a gradient in nitrogen inputs. Thus,
by comparing ecological responses for a large number of estuaries,
which have many physical attributes in common, but vary
according to the magnitude of nitrogen inputs, one can test the
hypothesis that the environmental pressure exerted by nitrogen
loading is associated with the ecological state and impacts in the
estuaries. In addition, depending upon the nature of the associa-
tions, nitrogen thresholds may be observable. This later proposition
gets at the ultimate purpose of such research, that is, to determine
how much nitrogen is too much for the types of estuaries studied.


The results can be used to evaluate relative nitrogen loading
rates as well as source apportionment for specific estuaries in the
context of water quality assessment data. Supplementary material,
which contains the nitrogen loading data, is available for each of
the estuaries. It should be noted that the results of the model are
subject to revision as new data on sources (e.g., atmospheric
deposition, fertilizer application rates, and sewage inputs), trans-
port (e.g., transport through soils, septic systems, and leach fields)
as well as land use become available; however, the results repre-
sent a reliable estimate of first-order nitrogen loading rates.


We therefore used the NLM to first estimate nitrogen loads to the
74 watershed-estuary systems. Second, we compared the NLM based
estimate to those of other models. Third, we used the NLM to parti-
tion the total load to the 74 estuaries into the relative contributions
by the major source categories (direct and indirect atmospheric
deposition, wastewater discharge, and fertilizer use) to define their
relative contributions in the region and link them to land use.


2. Methods


2.1. Area of study


The watershed-estuary systems are located along the coast of
southern New England (USA) and span the shorelines of Con-
necticut (CT), Rhode Island (RI), and Massachusetts (MA) (Fig. 1).
The region’s defining anthropogenic characteristic is that it is sit-
uated in the major urban corridor from New York City to Boston.
Therefore, a significant human population lives and works near the
shore. The watersheds are relatively small (mean area ¼ 32 km2)
and the land use types range from 100% natural to 89% residential.
The estuaries themselves are small (mean area ¼ 2.3 km2) and
shallow (mean depth ¼ 4.5 m).


2.1.1. Aquatic regime
The study systems are within the Virginian Atlantic marine


ecoregion (Wilkinson et al., 2007). This marine ecoregion is char-
acterized by sea-surface temperatures of 2e20 �C (winter) and
15e27 �C (summer), and by currents isolated from the deep waters
of the North Atlantic Ocean by the Gulf Stream. This area is further
characterized by awide continental shelf, rocky coastal zones to the
north, and salt marshes and sandy beaches to the south.


2.1.2. Terrestrial regime
The southern New England estuarine watersheds lie within the


Northeastern Coastal Zone and the Atlantic Coastal Pine Barrens
terrestrial ecoregions (EPA, 2006). The Northeast Coastal Zone
(NCZ) is characterized by relatively nutrient poor soils and glacially
formed lakes. The Atlantic Coast Pine Barrens (APB) is comprised of
coarse-grained soils, cool climate, and Northeastern oak-pine. Its
climate is milder than the Northeastern Coastal ecoregion to the
north (see Supplemental material for data on ecoregions).


In this study we evaluate whether differences in land use/land
cover of the Northeast Coastal Zone and the Atlantic Coast Pine
Barrens result in geographically distinct nitrogen loading regimes.
In addition, because of the degree of land use differs among the
three New England States (CT, RI, MA), we also partitioned the data
to evaluatewhether nitrogen loading fromwatersheds also differed
among these political divisions.


2.2. Components of the model


Nitrogen loading rate values calculated for the study estuaries
are based on the application of a published nitrogen loading model
(NLM) (Valiela et al., 1997). The NLM provides nitrogen loading
rates to watersheds and receiving waters. It considers diffuse,
nonpoint source inputs and includes estimates of losses in various
compartments of the watershed. The model was developed for
Waquoit Bay, Massachusetts, USA, and is considered most appli-
cable to rural-to-suburban watersheds underlain by unconsoli-
dated sandy soils (Valiela et al., 1997).


The original NLM was verified with measured loading and
isotope data from several sub-estuaries of Waquoit Bay, MA, USA
(Valiela et al., 2000) and further verified with measured loading
data from Barnegat Bay, NJ, USA (Bowen et al., 2007a,b). The
formulation and use of NLM is available online at http://nload.mbl.
edu/. NLM included three major nitrogen inputs to watersheds: 1)
Atmospheric deposition to four land use types (natural vegetation,
turf, agricultural land, and impervious surfaces); 2) Fertilizer
application to two land use types (turf and agricultural land); and
3) Human wastewater nitrogen. In the algorithm the nitrogen is
attenuated as it passes through the watershed surface and
subsurface zones; this attenuation is dependent upon whether the
sources fall on natural vegetation, turf, agricultural, or impervious
surfaces within the watershed of each study estuary. The final, or
net, input of nitrogen to the estuary is thus the sum of the inputs
from sources minus losses in the various land use types in the
watershed.


We augmented the NLMwith two additional input terms: direct
atmospheric deposition to the estuary surface and, in a small
number of cases, direct point source inputs from wastewater
treatment facilities that discharge directly into the estuary. Any
comparisons in this paper with the results from other loading
models and literature values were done to compensate for these
terms.


It is worth noting that another model, the Estuarine Loading
Model (ELM), has been formulated to estimate the mean annual
dissolved inorganic nitrogen (DIN) concentration in the estuary
itself (Valiela et al., 2004). The ELM takes the output of the original
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NLM and includes various additional input and loss terms,
including direct atmospheric deposition. The ELM produces esti-
mates of DIN, whereas the NLM produces estimates of total dis-
solved nitrogen (TDN, which include dissolved organic nitrogen);
therefore the reader should be careful to make the appropriate
transformations to compare NLM (TDN) and ELM (DIN) estimates.


2.2.1. Land use data
Land use data were used for a variety of calculated variables in


the application of the NLM. The sources of each of these land use
data sets are described in Supplemental material. Ideally, the land
use data for all sites, across the three States, would be derived from
one data set for comparison purposes; but for the sake of accuracy,
the more detailed and current State-developed land use data layers
were available only for RI and MA. CT land use data are less specific
than those for RI and MA.


In summary, the application of the NLM required delineation of
the boundaries of the study estuary, delineation of the watershed
for each estuary, acquisition of land use data for each watershed,
and aggregation of land use data into the land use types needed for
NLM calculations (natural vegetation, recreation, agriculture,
commercial, and residential). These steps required use of ArcGIS
9.3� to perform spatial analysis. Results of these examinationswere
imported into MS Excel� files for additional analyses.


2.2.2. Input terms
Table 1 contains the input categories and parameter magnitudes


for the NLM. In addition, the algebraic expressions used to calculate
the nitrogen inputs to the watersheds are listed.


2.2.2.1. Atmospheric deposition. Atmospheric deposition of
nitrogen to estuaries was divided into direct deposition to the
water surface and deposition onto the watershed of the estuary
(indirect). Both wet and dry deposition were considered. As noted
earlier, the original NLM (Valiela et al., 1997) did not include direct
atmospheric deposition; which was included here to more fully
estimate the total dissolved nitrogen input to the estuary. Data
were used from a recent publication that reported nitrogen levels
for both wet and dry deposition in coastal Connecticut (Luo et al.,
2002). The sample locations for that study spanned the entire
coast of CT along Long Island Sound and were in the same general
region of many of the study estuaries. In the Luo et al., study,
samples were analyzed for nitrate/nitrite, ammonium, and dis-
solved organic nitrogen to estimate total air and precipitation
derived total nitrogen. To compute atmospheric deposition rates,
annual precipitation data for the region (source: http://climvis.
ncdc.noaa.gov, average for CT, RI, and MA 1990e2000) were
coupled with the published atmospheric nitrogen concentrations.
Luo calculated total nitrogen deposition fluxes that ranged from 9
to 23 kg ha�1 yr�1 which is similar to that published from a meta-
analysis by Bowen for the decade of the 1990s of
12.5 kg N ha�1 yr�1 (Bowen and Valiela, 2001).


2.2.2.2. Fertilizer inputs. Published values were used for fertilizer
application rates to lawns, active agriculture, and golf courses as
well as lawn areas, number of homes, and fraction of homes that
use fertilizer (Table 1 and references therein). Fertilizer application
rates were 104, 136, and 115 kg N ha�1 yr�1, respectively, for lawns,
agriculture lands and recreational (e.g., golf courses) land uses.


Fig. 1. Map of locations of study estuaries and their associated watersheds (see Supplemental material for estuarine ID and additional data).
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2.2.2.3. Wastewater inputs. Wastewater sources of nitrogen were
estimated using information about houses in the watershed,
persons per house, and per capita nitrogen excretion rates. The
number of houses located on the watershed of each estuary was
inferred from the area of residential land use as well as data on the
house density per area land use (Table 1). For most of the 74
watershed-estuary systems there was no direct input from waste-
water treatment facilities. In those few estuaries with direct point
source discharge, nitrogen monitoring data were obtained from the
wastewater facilities.


2.2.3. Loss terms
Published transport/retention coefficients were applied to each


type of land use category (Fig. 2). The nitrogen that comes from the
three sources deposited on the watershed was lost, or attenuated,
according to processes parameterized by the coefficients in the


figure (Valiela et al., 1997). Except for nitrogen deposited on
impervious surfaces (100% transported), from 62 to 65% of the
indirect atmospherically deposited nitrogen was retained within
the watershed (Fig. 2). In contrast, fertilizer nitrogen applied to turf
and agricultural land was largely transported to the subsurface (i.e.,
only 39% lost at the surface).


Human wastewater nitrogen is derived from individual sewage
disposal systems (ISDSs) or via sewering through wastewater
treatment facilities (WWTFs). Nitrogen from ISDS sources was
partially retained in septic tanks and leach fields (40%) as well as
septic plumes (34%) through the watershed on its way to the
estuary.


WWTFs receive untreated sewage and apply treatment tech-
nologies that reduce effluent nitrogen. For those estuaries that have
direct discharge, the WWTF nitrogen loading value was calculated
from monitoring data from each treatment facility. The computa-
tion of total nitrogen from each WWTF was straightforward and
therefore the estimatewas considered an accuratemeasure of point
source inputs to the affected estuaries. In contrast, the proportion of
total population, in a specific watershed, served by the WWTF was
not readily available. Due to the lack of sewer-line data at the plat-
scale within each watershed, it was not possible to ascertain the
relative proportion of point and nonpoint inputs for the eleven (11)
affected watersheds. For these estuaries, human waste-derived
nitrogen loading was calculated independently, either by assuming
that (1) 100% of human waste was watershed-derived (nonpoint
source) or by assuming that (2) 100%was derived fromWWTFs. The
larger of the two values was chosen. This avoided double
accounting for humanwaste-derived nitrogen. Future refinement is
needed to evaluate methods of better accounting for the relative
proportion of point and nonpoint nitrogen from human waste.


Once nitrogen passes the watershed surface it enters the vadose
and aquifer zones. In the vadose zone 61% of the nitrogen was lost
and an additional 35% was lost in the aquifer zone (Fig. 2). Evidence
suggests that aquifer losses (at least in the upper layers) are likely
due to denitrification (cf. Fig. 3 in Bowen et al., 2007a,b).


In summary, overall nitrogen loss/transport varies by the sour-
ces of nitrogen through the watershed and into the marine estuary.
For example, for every 100 units of nitrogen that came from indirect
atmospheric deposition and passed through natural vegetation,
only 9 units reached the marine environment, a loss of 91%. In
contrast, atmospheric nitrogen that passed through impervious
commercial land uses to the subsurface was only reduced by 75%.
Additionally, overall, about 74% of the nitrogen derived fromhuman
waste was removed between the ISDS and below-ground processes
in the watershed.


2.3. Model assumptions


The data required to use the NLM to compute nitrogen inputs
from the watersheds to the study estuaries is summarized in Table
1. It should be noted that because estimates of loading were based
on infrequent land use assessments (from 1992,1995, and 1999) the
estimated loading values were considered representative of the
long-term average for the 1990s.


As originally formulated, the NLM algorithm computes nitrogen
loads to the water body edge. It does not include any of the other
processes that add, remove, and transform nitrogen within estu-
aries. The reader is directed to the ELM, a complimentary model to
the NLM, for consideration of these processes (Valiela et al., 2004).
We added direct atmospheric deposition as well as, in a small
number of cases, point source inputs that discharge directly into the
estuary.


One input not included in the nitrogen loading estimates is from
the open end of the estuary derived from the larger ocean system


Table 1
Model equations and input parameter magnitudes.


Input Category Included Land Use
Types


Nitrogen Load Calculation


Atmospheric Deposition
Natural
Vegetation


Forest, wetlands,
natural lands


atmos. dep.a,b � Area


Turf Lawns, golf courses atmos. dep. � Area
Agricultural
Land


Crop land atmos. dep. � Area


Impervious
surfacesc


Roofs, driveways atmos. dep. � Area


Impervious
surfacesd


Roads, runways,
parking lots


atmos. dep. � Area


Fertilizer Application
Turf Lawns, golf courses appl. ratee � Area � Fn
Agricultural
Land


Crop land appl. rate � Area


Human
Wastewater


Residential land Human excretion rate � persons per
home � # homes


[Rainfall nitrate] 270 mg N L�1


[Rainfall ammonium] 920 mg N L�1


[Rainfall dissolved organic N] 180 mg N L�1


[TDN] 1370 mg N L�1


Ave annual rainfall 48.6 in
Wet to total deposition factor 1.25
Median home size 1915 sq ft
No of stories/home 2
House footprint area 958 sq ft
Average area of roof 1072 sq ft
Average area of driveway 1350 sq ft
Fertilizer N applied to lawns 104 kg N ha�1


Fertilizer N applied to agriculture 136 kg N ha�1


Fertilizer N applied to rec/golf courses 115 kg N ha�1


Average lawn area 0.05 ha
% of homes that use fertilizer 34%
Per capita human N excretion rate 4.8 kg N p�1 yr�1


People per house 2.4
# of houses in high density residential areas 8
# of houses in medium-high density residential areas 6
# of houses in medium density residential areas 1.33
# of houses in medium-low density residential areas 0.667
# of houses in low density residential areas 0.5


References/Notes: Valiela et al., 1997 and Luo et al., 2002.
a Uses concentration of NO3� NH4þ & DON in local precipitation & yearly rainfall


totals to generate atmospheric deposition.
b Model includes dry deposition, which is adjustable as a proportion of wet


deposition.
c Assumes precipitation falling on roofs/driveways subsequently runs off to


lawns/natural lands where losses may occur.
d Assumes precipitation falling on roads/runways/parking lots is collected in


catchment basins & delivered directly to vadose zone.
e Uses avg. fertilizer addition rates; FN refers to fraction of homeowners applying


fertilizer.


J.S. Latimer, M.A. Charpentier / Estuarine, Coastal and Shelf Science 89 (2010) 125e136128







Author's personal copy


(Nixon et al., 1995). For estuaries that are nested within larger
estuaries that have a strong nitrogen signal (e.g., Providence River,
Oviatt, 2008), the ecological effects may be ascribed to both local
watershed inputs as well inputs from the larger estuarine systems.
The NLM is formulated to estimate nitrogen only from the local
estuarine watershed to the small estuary; the only nitrogen loading
source not from the watershed is atmospheric deposition directly
onto the water surface.


Internal nitrogen regeneration from sediments and the water
column is not considered in this paper; however, it is taken into
account by the ELM. The sediment has been ascribed by others to be
a net sink, except during summer periods where it may be a net
source (Howes et al., 2003); in either case it is not “new” nitrogen;
therefore, it was not included.


In summary, we provide an estimate of loading rates frommajor
anthropogenically-derived watershed sources as well as direct
atmospheric deposition. Watershed sources are likely the most
appropriate for environmental management of estuarine water
quality conditions, simply because these sources are most
amenable to watershed-scale remedial action.


Each of the components required to estimate nitrogen loading to
the estuaries is subject to uncertainty. Using a bootstrap resampling
method for evaluating uncertainty in the components that make up
the estimate, Collins et al., 2000, calculated a �13% uncertainty in
the loading estimates derived from the NLM. This assessment of
uncertainty should be considered when the NLM is applied in the
formulation of subsequent pressure-state models.


The NLM has been verified for embayments of Waquoit Bay, MA,
USA (Valiela et al., 2000, 2002). There were two lines of evidence
used to verify the model in Waquoit Bay: a comparison with total
measured loads and a comparison of predicted wastewater inputs
with nitrate d15N in groundwater samples. The relationship
between measured and predicted nitrogen loads described nearly
80% of the variance in the data and was not significantly different


from the 1:1 line. Moreover, there was a strong positive relation-
ship between themodel predicted fraction of wastewater input and
the isotopic composition of groundwater, which converged on the
published nitrogen isotopic composition with 100% wastewater
inputs. Another study compared NLM þ direct atmospheric depo-
sition to Barnegat Bay, NJ, USA with measured nitrogen loading
rates (Bowen et al., 2007a,b). The modeled estimate was within 10%
of the measured estimates. It is worth noting that Barnegat Bay is in
a completely different geographic region fromwhere the NLM was
formulated. These separate studies provide compelling evidence of
the veracity of the NLM.


3. Results and discussion


3.1. Comparison with other nitrogen estimation approaches and
estimates


To provide evidence that supports its application to estuaries
beyond where it was verified, the NLM estimates from this study
were compared (1) to those of another published nitrogen esti-
mation approach and (2) to those estuaries that have published
nitrogen loading rate data.


Nitrogen loading rates calculated using the NLM were compared
to loading rates calculated from the USGS New England-SPARROW
(NE-SPARROW)model (Mooreetal., 2004; Fig.3A). SPARROWloading
estimateswere derived by summing themodel output for the stream
nodes associated with each estuary and adding direct atmospheric
deposition and point source inputs, where applicable. Uncertainly
analysis of the NLM, applied to the loading estimates (Collins et al.,
2000), as well as an uncertainty of �40% for the nitrogen loading
estimates of the NE-SPARROW model (R. Moore USGS, personal
communication) are depicted using error bars in Fig. 3.


The estimated nitrogen loading rates for 35 estuaries, common
to both the NLM and NE-SPARROW,were relatively similar (Fig. 3A).


Fig. 2. Schematic of the nitrogen loading model (NLM, with direct atmospheric deposition and point source components added in stippled boxes).
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The results in this comparison are striking given that the SPARROW
approach is very different from the NLM. The SPARROW approach
links measured stream transport rates to spatially referenced
descriptors of nitrogen sources, land-surface and stream-channel
characteristics and the model has been verified by a comparison of
measured and observed loading values yielding a relationship that
explained 95% of the variance in the data (Moore et al., 2004). In
contrast, the NLM doesn’t use stream data or explicit spatial
referencing but rather integrates all the sources in the watershed.
Summarizing, the two approaches yield comparable results and
suggest that the NLM provides a reasonably accurate first-order
estimate of nitrogen loading rates from small watersheds to their
associated estuaries.


A comparison of NLM estimates from this study to other pub-
lished estimates for ten estuaries in New England shows compa-
rable results (Fig. 3B). Most of the published estimates are based on
watershed loading algorithms similar to the NLM. For example,
estimates published by Howes et al. (see citations in the figure title)
utilize the following process: (a) quantify sources to the land or
aquifer, (b) confirm that groundwater transport load has reached
the estuary, and (c) quantify nitrogen attenuation that can occur


during travel through lakes, ponds, streams and marshes. While
strictly not a validation, the relatively close estimates provide
additional confidence in NLM estimates.


Based on these analyses as well as the published record, we have
confidence that the NLM is an appropriate model for the estimation
of total dissolved nitrogen loading rates from small watersheds to
estuaries in southern New England. Next we use NLM to estimate
total, wastewater, fertilizer, and atmospheric loads to the estuaries
in the southern New England region.


3.2. Nitrogen loading rates to southern New England estuaries by
source


In addition to its utility in providing total nitrogen loading rates
estimates, a useful feature of NLM is that it can identify relative
contributions by different sources of nitrogen (e.g., atmosphere,
fertilizer, and human waste) (Valiela and Bowen, 2002).


3.2.1. Regional spatial patterns
We looked across the entire southern New England geographic


area to determine spatial patterns in the total loading and the
relative source proportions of nitrogen to the study estuaries. We
utilized frequency distributions to evaluate the spatial trends by
terrestrial ecoregion and by State (CT, RI, and MA).


The relative magnitudes of total nitrogen loading to the estu-
aries differed considerably depending upon how the region was
partitioned (Fig. 4, Col. 1). No estuaries in the Atlantic Coast Pine
Barrens (APB) had loading rates >500 kg N ha�1; moreover, the
largest number of estuaries in this ecoregion had rates less than
50 kg N ha�1 (Fig. 4, Col. 1, Row B). This ecoregion contained the
estuaries of outer Buzzards Bay, Cape Cod, and the islands which
are downstream of the least developed watersheds. The Northeast
Coast Zone (NCZ) contained the largest number of estuaries with
loading rates in the high range (99e500 kg N ha�1 yr�1). One big
difference between the two ecoregions is the number of houses on
the watersheds. The average house density in the Northeast Coastal
Zone was 53% higher than in the Atlantic Coast Pine Barrens. A
comparison of the relationship between the number of houses on
each watershed (a surrogate for population) and total loads to the
estuary reveals that the two ecoregions had the same ratio, but that
the NCZ simply had more houses.


Breaking down the distributions by State (Fig. 4, Col. 1, Rows C,
D, and E) revealed that generally the estuaries of RI and MA were
dominated by loading rates < 500 kg N ha�1 yr�1, with only CT
having a number of estuaries with annual loadings greater than
500. MA largest categories of estuaries were those with annual
loadings of <99 and contained no estuaries in the >500 kg N ha�1


category. The slope of the relationship between number of houses
on the watershed and loading to the estuaries was greatest for CT
followed byMA and then RI, indicating that additional houses on CT
watersheds will have a greater nitrogen loading impact than
additional houses on the watersheds of the other two States.


Across the study region, the majority of estuaries had less than
50% of their total nitrogen inputs from direct atmospheric deposi-
tion (Fig. 4, Col. 2). Moreover, all of the estuaries in CT fell into this
category (Row C). However, more estuaries in the APB, and
specifically in RI and MA, had a larger proportion of nitrogen input
from this source (Fig. 4, Col. 2, Rows B, D, and E). The magnitude of
direct atmospheric depositionwas a function of regional deposition
rates as well as estuary areas.


Indirect atmospheric deposition, which was a function of water-
shed size and loss processes as well as atmospheric deposition rates,
generally comprised <25% of the total nitrogen inputs to the study
estuaries (Fig. 4, Col. 3, all rows). Slightlygreater numbers of estuaries
in CT were in the 25e50% and 51e75% proportion categories (Fig. 4,
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Fig. 3. Regressions showing (A) comparison of NLM and NE-SPARROW nitrogen
loading rate estimates (logelog format) and (B) comparison of the estimated loading
rates from this study to other published values (logelog format). The thin diagonal line
on both figures represents the 1:1 line. Data sources for (B): Pawcatuck River Estuary,
CT (Vaudrey, 2008), Greenwich Bay, RI (Granger et al., 2000), Acushnet River, MA
(SMAST 2007), Phinneys Harbor, MA (Howes et al., 2006a), Hamblin Pond, MA (Howes
et al., 2005), Jehu Pond (Howes et al., 2005), Lagoon Pond, MA (MVC 2000), Sage Lot
Pond, MS (Howes et al., 2005), West Falmouth Harbor, MA (Howes et al., 2006b).
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Col. 3, Row C). Natural vegetation in the watersheds (i.e., forests)
receive bothwet anddryatmospheric nitrogendepositionwhichwill
then be attenuated at the surface and subsurface of thewatershed by
fixation, burial, anddenitrification andonlya small fractionwill enter
the estuary. Not surprising, the relationship between the area of
forests and the total nitrogen loading to the estuaries was essentially
the samebetween the twoecoregionsandforMAandCT.RI, however,
had a stronger relationship, likely because its estuaries had the
smallest watershed areas so actual attenuation might be less that
what was applied in the NLM.


One can conclude that the region exhibited spatial heteroge-
neity in the relative magnitude of wastewater derived nitrogen
(Fig. 4, Col. 4). There was a clear difference in the dominance of
wastewater between the two ecoregions (Fig. 4, Col. 4, Rows A and
B). The magnitude of wastewater nitrogen inputs to an estuary in
NLM was a function of population density (i.e., house density), as
well as watershed loss processes. It is no surprise, given the house
densities, that NCZ had a greater number of estuaries with >50%
wastewater inputs (Fig. 4, Col. 4, Row A). Looking more closely, it
was apparent that RI (which are mostly within the NCZ) had a large
number of estuaries dominated by wastewater inputs (i.e., >50%,
Fig. 4, Col. 4, Row D). This is consistent with the fact that RI had the


highest house density of all three States (mean ¼ 263 houses km�2


watershed area).
The magnitude of fertilizer derived nitrogen inputs was a func-


tion of the area of agriculture land uses, fertilizer application rates,
as well as watershed loss processes. Throughout the entire study
region, agriculture land use area was a relatively minor component
of the total watershed, with themajority of estuaries exhibiting less
than 25% of the total nitrogen from this source (Fig. 4, Col. 5). CT
was the one exception where there were a larger number of estu-
aries that had between 25 and 50% of their total nitrogen from
fertilizer inputs (Fig. 4, Col. 5, Row C).


In summary, there were regional differences in total inputs as
well as the relative source terms over the study region. These
differences were a function of the human activities on the water-
sheds (land use) as well as the processes that attenuate nitrogen en
route to the estuary. It appears that estuaries in CT were more
susceptible to additional watershed development than estuaries in
MA and RI; although all estuaries in the region are affected by
wastewater from watershed development. This information has
management implications for source reduction (Bowen and Valiela,
2004) as well as best management practices in the watersheds for
the attenuation of nitrogen.
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Fig. 4. Graphs showing frequency distributions of the total nitrogen loading rates (Col. A) of the watershed-estuary systems for the southern New England region grouped by
terrestrial ecoregion: Northeast Coastal Zone (NCZ) and Atlantic Coast Pine Barrens (APB), (Rows A and B, respectively), or by State (Rows C, D, and E). Col. 2e5 show the frequency
distributions of the percent of the watershed-estuary systems in each of the source categories (i.e., direct atmospheric deposition, indirect atmospheric deposition, wastewater and
fertilizer, respectively) grouped similarly.
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3.2.2. Relative source magnitudes
Knowledge of the relative magnitude of nitrogen sources is


useful to evaluate potential management actions that may be
required to meet nitrogen reduction goals for each watershed-
estuary system. Spider plots depict the relative importance of the
four components of nitrogen inputs to each of the estuaries (Fig. 5).


Those watershed-estuary systems that have dominance in the
“N” and “E” points of the spider plots are not amenable to local
nitrogen source reductions because these systems are dominated


by direct or indirect atmospheric deposition. Since atmospheric
nitrogen source control is considered a regional scale issue, local
communities cannot significantly reduce this source. For example,
plans for lowering nitrogen inputs to Long Island Sound included
an 18% reduction in atmospheric nitrogen deposition through the
application of national air-quality standards in their reduction
scenarios, because no local controls are feasible owing to the
large airshed of the atmospheric contribution (NYSDEC and
CTDEP, 2000).
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Fig. 5. Spider diagrams of the relative importance of the four nitrogen sources to the individual watershed-estuary systems (all values are normalized to the maximum value for
ease of source comparison). Atmospheric deposition to estuary, atmospheric deposition through watershed, wastewater, and fertilizer are located on the N, E, S, and W compass
points of the graph, respectively. The three capital letters in the upper left of each figure denote the estuarine ID (see Supplemental material).
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Those systems that have a large signal in the “S” and “W” points
of the spider plots are more amenable to local reductions since
these are dominated by human wastewater and fertilizer nitrogen
inputs. In these cases, limits on point source effluent as well as
nonpoint source management practices within the watersheds
would seem to best reduce nitrogen inputs to estuaries.


The results of these analyses were combined to obtain an
aggregate assessment of the four sources of nitrogen to the
watershed-estuary systems. The overall order of importance for the
entire region covered by the 74 watershed-estuary systems was:
wastewater z direct atmospheric deposition > indirect atmo-
spheric deposition > fertilizer inputs (Fig. 6).


The combination of direct and indirect (wet þ dry) atmospheric
deposition is, on average, the largest input of nitrogen to the study
estuaries. The range in indirect (<1e52%, mean ¼ 16%) and direct
(1e89%, mean ¼ 37%) atmospheric deposition was similar to other
published values, although exact comparisons are not always
feasible. Paerl et al. (2001), reported a range in direct wet þ dry
atmospheric deposition of <5e70% for estuaries around the US and


Europe; indirect inputs were not reported. The range in direct
atmospheric deposition was a function of the regional deposition
rate and the area of the estuary itself. While indirect atmospheric
deposition is mediated by watershed processes such as fixation,
denitrification, and other loss terms, direct deposition has no such
mediation and as such can stimulate algal blooms directly. There-
fore, regional-scale emission reductions of both stationery and
fixed atmospheric emission sources would reduce their effects on
estuaries.


Finally, wastewater inputs spanned from zero to nearly 98% of
the total nitrogen (mean ¼ 36%). This source clearly has significant
local management implications which may require reductions of
nitrogen from ISDS. Fertilizer inputs, in contrast, were generally low
(mean ¼ 12%) and thus agricultural mitigation activities are not
expected to be a major management priority for this region.


In summary, the ability to evaluate the relative importance of
nitrogen sources illustrates that the NLM can be used to prioritize
watershed-based management scenarios as well as provide scien-
tific justification for regional reductions in atmospheric emissions.
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Fig. 6. Box-and-whisker plots showing the aggregated statistical distribution of the four nitrogen sources for the entire region’s study estuaries. These figures show the lowest and
highest values, the 10th, 25th 50th, 75th, as well as the mean (dotted line) for each of the sources for the entire set of study estuaries.
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3.3. Total nitrogen inputs to southern New England estuaries


The total loading to an estuary will be directly proportional to
watershed sources and inversely proportional to watershed
retention processes. The size of the estuary itself will mediate the
nitrogen load. All other factors being equal, the same load going
into a large estuary will have less of an effect than the same amount
going into a small estuary. When comparing loading between
estuaries one needs to consider these scaling factors. In this study
the maximum nitrogen loading rate to the study estuaries was
estimated to be 370,000 kg N yr�1(Table 2); those reported by
others ranged from 980,000 to 148 � 106 kg (Castro et al., 2003;
Whitall et al., 2007). Therefore, when none of these scaling
factors are considered, estimated loading rates to the southern New


England study estuaries were all significantly lower than those
reported in the literature, leading to the erroneous expectation that
there will be only limited symptoms of eutrophication in the study
estuaries.


When estuarine areal differences are included, (by calculating
loading on an areal basis, Table 2) the nitrogen loading rates were
more similar (mean ¼ 167 kg N ha�1 estuarine area yr�1), yet still
lower than, other US estuaries (mean ¼ 893). However, to
compensate for scale differences in watershed size, nitrogen yields
were calculated, i.e., nitrogen export from the watersheds (after
attenuation) normalized to watershed area (kg N ha�1 watershed
area yr�1). When evaluated in this manner, the nitrogen yields for
the southern New England estuaries were similar to other US
estuarine watersheds (Table 2). For example, the loading rate to the
Chesapeake Bay has been reported to be 13.5 kg N ha�1 watershed
area yr�1; this is slightly lower than the value for southern New
England estuaries (mean ¼ 17). In fact, when evaluated in this
manner, the average southern New England estuary had higher
nitrogen yields than Long Island Sound (12.9), Great Bay NH (6.8)
and Charleston Harbor SC (13.5), all of which exhibit symptoms of
eutrophication.


Considering the large variation in nitrogen loading for the 74
small watershed-estuary systems in this study (RSD from 140 to
250%, Table 2) it seems likely that upscaling loads to larger spatial
units might best be done by adding loads from separate watersheds
within regions rather than by using larger regional and continental
scale extrapolations such as Global NEWS (Mayorga et al., 2010).
The need to obtain separate estimates from component watersheds
is a burdensome requirement, so that examining the statistical
constraints on the corresponding upscaling approaches might be
a useful next step to develop the utility of the present study.


The results of the application of the NLM to the 74 watershed-
estuary systems provide an understanding of the magnitude of
nitrogen loading to estuaries in southern New England, but alone
are insufficient to determine howmuch nitrogen is toomuch.What
is lacking is the associated expression of the effects along the
gradient of nitrogen inputs. According to common understanding
of how nutrients affect estuaries, at levels below some critical
loading, nutrients provide benefits to the healthy structure and
function of estuaries. Estuaries are dynamic environments that can
assimilate nutrients depending upon their geomorphic and
hydrodynamic properties which affect the ability to dilute and flush
nutrient loads. Knowledge of estuarine susceptibility to nutrients
and the associated expressions of effects is important (NRC, 2000).
The NLM provides one essential component in the development of
quantitative empirical pressure-state relationships suitable to
determine how much nitrogen is too much. The other essential
components are data on effects or symptoms of eutrophication,
such as, for example, water clarity, chlorophyll-a magnitude as well
as indicators tied directly to designated uses, such as extent of
hypoxia and extent of ecologically important resources such as
seagrasses. On a national basis one needs to place the pressure-
state models into a classification schema that allows the grouping
of US estuaries according to important geomorphic and hydrody-
namic properties, so that class-specific pressure-state models may
be developed. In addition, because of the close coupling between
watershed and estuarine condition (Paul et al., 2002), watershed
characteristics including slope, land use, pollution sinks and size
will factor into pollution gradient assessment and experimental
design (Fu et al., 2005; Rodriguez et al., 2007).


The NLM provides a useful tool to evaluate watershed-scale
management practices. However, before watershed management
scenarios are ultimately explored, a water quality goal, for example
a critical load, quantifying how much nitrogen is too much, is
required.


Table 2
Summary of nitrogen loading rates for New England and other US estuaries.


kg N yr�1 kg N ha
�1 estuarine
area yr�1


kg N ha
�1 watershed
area yr�1


Source This study
Minimum 43 24 3.1


10th percentile 592 28 5.6
25th percentile 3030 36 7.0


50th percentile 10,500 65 12
75th percentile 29,600 117 19
90th percentile 67,400 311 31
Maximum 365,000 3310 155a


Arithmetic mean 29,400 � 59,100
(24,800)a


167 � 415
(124)a


19 � 26
(17)a


Count 74 74 74
Source (Whitall et al.,


2007)b
(Whitall
et al., 2007)c


(Castro
et al., 2003)


Casco Bay 983,506 23 5.3
Great Bay 1,663,490 354 6.8
Merrimack River 10,279,096 6424 9.5
Massachusetts Bay 15,476,565 202 49.0
Buzzards Bay 1,066,945 17 21.8
Narragansett Bay 8,444,631 203 27.2
Long Island Sound 39,856,585 122 12.9
Hudson R/Raritan Bay 76,222,208 954 24.0
Barnegat Bay 7.3
Delaware Bay 51,394,927 248 20.2
Chesapeake Bay 147,839,494 270 13.5
Pamlico Sound 45,372,756 1004 18.2
Wynah Bay 12.7
Charleston Harbor 13.5
St Helena Sound 5.7
St CatherineseSapelo 2.3
Altamaha Sound 9.4
Indian River 29.1
Charlotte Harbor 18.1
Tampa Bay 26.9
Apalachee Bay 5.6
Apalachicola Bay 10.0
Mobile Bay 8.5
West Mis. Sound 9.1
Barataria Bay 8.3
TerrebonneeTimbalier


Bays
10.6


Calcasieu River 11.7
Sabine River 9.3
Galveston Bay 16.5
Matagorda Bay 4.0
Corpus Christi Bay 2.4
Upper Laguna Madre 1.0
Lower Laguna Madre 8.7
Arithmetic Mean � SD 36,200,000 � 44,600,000 893 � 1870 13.2 � 9.69


a Black Rock Harbor (BRC) exceeded the highest reported US value. This was due
to the large WWTF discharge and a small watershed (means with BRC excluded are
in parentheses).


b Calculated.
c Corrected from references.
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4. Conclusions


Watershed loading models such as the NLM are useful to esti-
mate nitrogen loading rates to multiple estuaries in comparative
studies. Due to a favorable assessment between the NLM and the
NE-SPARROWmodel, published calibration results, and comparable
published values for study estuaries, the NLM is capable of
providing a first-order, loading estimate for small-to-medium sized
estuaries in southern New England.


Results of this study indicate that estuaries of southern New
England may be exposed to nitrogen loading rates from <50 to
370,000 kg yr�1 (<30 to 3300 kg ha�1 yr�1) with watershed yields
that range from <5 to 160 kg ha�1 yr�1. The dominant sources of
nitrogenare:wastewaterzdirectatmosphericdeposition> indirect
atmospheric deposition> fertilizer. Across the region, the combined
inputs of direct and indirect atmospheric deposition rival that of
wastewater inputs. However, results varied dramatically for each
individual estuary, where other sources, such as wastewater inputs
can dominate.


NLM results show that the region’s estuaries have a large range
in nitrogen inputs, and as such are suitable for field-based studies
requiring a nitrogen gradient. Moreover, because of the large
number of study estuaries for which nitrogen loading has been
estimated, it is possible to select more than one watershed-estuary
system with similar nitrogen loading so that field-replication (at
least for loading) can be obtained. Obviously, other characteristics
are needed in addition to a large nitrogen gradient, including
comparability with, or gradients in, hypsography, substrate types,
and other physical-ecological variables of the estuary.


This paper illustrates the application of the previously published
and verified NLM to estimate and evaluate total dissolved nitrogen
loading rates as well as the relative source strengths for a large
number of estuaries in southern New England.
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		Table S1.  Watershed-estuary names and geographic information.



		Estuary

		State

		ID

		Larger System

		Level III Marine Ecoregiona

		Level IV Terrestrial Ecoregiona

		Estuary Centroid Longitude

		Estuary Centroid Latitude

		Watershed Centroid Longitude

		Watershed Centroid Latitude



		Black Rock Harbor

		CT

		BRC

		Long Island Sound

		8.1.1

		59c

		-73.2174911

		41.1510201

		-73.2099457

		41.1654015



		Branford Harbor

		CT

		BHC

		Long Island Sound

		8.1.1

		59a

		-72.8189621

		41.2624054

		-72.7759171

		41.3229713



		Greenwich Cove

		CT

		GCC

		Long Island Sound

		8.1.1

		59c

		-73.5765610

		41.0141144

		-73.5723190

		41.0363846



		Hammonasset River

		CT

		HRC

		Long Island Sound

		8.1.1

		59c

		-72.5316925

		41.2631836

		-72.5879288

		41.3596649



		Jordan Cove

		CT

		JCC

		Long Island Sound

		8.1.1

		59c

		-72.1535568

		41.3113823

		-72.1508560

		41.3522339



		Mumford Cove

		CT

		MCC

		Long Island Sound

		8.1.1

		59c

		-72.0194397

		41.3170547

		-72.0176086

		41.3405266



		Mystic Harbor

		CT

		MHC

		Long Island Sound

		8.1.1

		59c

		-71.9768982

		41.3331871

		-71.9716415

		41.4065094



		Niantic Bay

		CT

		NBC

		Long Island Sound

		8.1.1

		59c

		-72.1865540

		41.3174629

		-72.2051544

		41.3941269



		Palmer Cove

		CT

		PCC

		Long Island Sound

		8.1.1

		59c

		-71.9992371

		41.3177338

		-71.9979782

		41.3453217



		Pattagansett River

		CT

		PAC

		Long Island Sound

		8.1.1

		59c

		-72.2199936

		41.3018303

		-72.2244797

		41.3514481



		Pawcatuck River Estuary

		CT

		PRC

		Little Narragansett Bay

		8.1.1

		59c

		-71.8336105

		41.3371544

		-71.7088013

		41.4964180



		Stonington Harbor

		CT

		SHC

		Long Island Sound

		8.1.1

		59c

		-71.9134827

		41.3365936

		-71.9103088

		41.3641701



		Acushnet River

		MA

		ACM

		Buzzards Bay

		8.1.1

		59e

		-70.9142761

		41.6425133

		-70.9152603

		41.7041016



		Aucoot Cove

		MA

		AOM

		Buzzards Bay

		8.1.1

		59e

		-70.7561188

		41.6744804

		-70.7816772

		41.6876869



		Buttermilk Bay

		MA

		BTM

		Buzzards Bay

		8.1.1

		84a

		-70.6186676

		41.7587013

		-70.6076202

		41.7915077



		Clarks Cove

		MA

		CCM

		Buzzards Bay

		8.1.1

		59e

		-70.9221878

		41.6027184

		-70.9307785

		41.6134987



		Cuttyhunk Pond

		MA

		CPM

		Buzzards Bay-Outer

		8.1.1

		84a

		-70.9264297

		41.4256020

		-70.9280930

		41.4244232



		Falmouth Inner Harbor

		MA

		FHM

		Nantucket Sound

		8.1.4

		84a

		-70.6033096

		41.5469437

		-70.6011429

		41.5538826



		Great Harbor

		MA

		GHM

		Buzzards Bay Outer

		8.1.1

		84a

		-70.6776886

		41.5245857

		-70.6749115

		41.5254097



		Hadley Inner Harbor

		MA

		HHM

		Buzzards Bay-Outer

		8.1.4

		84a

		-70.7065430

		41.5099831

		-70.7081604

		41.5092735



		Hamblin Pond

		MA

		HPM

		Waquoit Bay

		8.1.4

		84a

		-70.5078888

		41.5724144

		-70.4954681

		41.6008186



		Jehu Pond

		MA

		JPM

		Waquoit Bay

		8.1.4

		84a

		-70.5029297

		41.5692520

		-70.4923096

		41.5714340



		Katama Bay

		MA

		KBM

		Atlantic Ocean

		8.1.4

		84a

		-70.4920044

		41.3612747

		-70.4959259

		41.3656693



		Lagoon Pond

		MA

		LPM

		Nantucket Sound

		8.1.4

		84a

		-70.5920639

		41.4467201

		-70.6002731

		41.4371300



		Lake Tashmoo

		MA

		LMM

		Vineyard Sound

		8.1.4

		84a

		-70.6268387

		41.4606400

		-70.6271439

		41.4496117



		Lewis Bay

		MA

		LBM

		Nantucket Sound

		8.1.4

		84a

		-70.2603836

		41.6377640

		-70.2608414

		41.6572037



		Little Bay

		MA

		LTM

		Buzzards Bay

		8.1.1

		59e

		-70.8608475

		41.6297150

		-70.8710938

		41.6485023



		Little Harbor

		MA

		LHM

		Buzzards Bay Outer

		8.1.1

		84a

		-70.6661606

		41.5200920

		-70.6656876

		41.5209923



		Madaket Harbor

		MA

		MDM

		Nantucket Sound

		8.1.4

		84a

		-70.2023621

		41.2818604

		-70.1824493

		41.2819748



		Manchester Bay

		MA

		MBM

		Massachusetts Bay

		7.2.5

		59d

		-70.7783203

		42.5657196

		-70.7648773

		42.5878792



		Marblehead Harbor

		MA

		MRM

		Massachusetts Bay

		7.2.5

		59d

		-70.8448334

		42.5002022

		-70.8482590

		42.5005951



		Mattapoisett Harbor

		MA

		MHM

		Buzzards Bay

		8.1.1

		59e

		-70.8112030

		41.6508408

		-70.8533325

		41.7171135



		Megansett Harbor

		MA

		MGM

		Buzzards Bay

		8.1.1

		84a

		-70.6304626

		41.6565170

		-70.6016769

		41.6687737



		Menemsha Pond

		MA

		MPM

		Vineyard Sound

		8.1.4

		84a

		-70.7724915

		41.3371658

		-70.7688446

		41.3379173



		Nantucket Harbor

		MA

		NHM

		Nantucket Sound

		8.1.4

		84a

		-70.0420914

		41.3122978

		-70.0403900

		41.3026581



		Onset Bay

		MA

		OBM

		Buzzards Bay

		8.1.1

		84a

		-70.6547241

		41.7389717

		-70.6613235

		41.7511940



		Phinneys Harbor

		MA

		PHM

		Buzzards Bay

		8.1.1

		84a

		-70.6241684

		41.7197609

		-70.6074829

		41.7260017



		Pocasset/Red Brook Hrbr

		MA

		POM

		Buzzards Bay

		8.1.1

		84a

		-70.6363831

		41.6771965

		-70.6289291

		41.6795616



		Quissett Harbor

		MA

		QHM

		Buzzards Bay Outer

		8.1.1

		84a

		-70.6586304

		41.5404663

		-70.6557465

		41.5384254



		Sage Lot Pond

		MA

		SLM

		Waquoit Bay

		8.1.4

		84a

		-70.5091476

		41.5527916

		-70.4980621

		41.5581017



		Salem Harbor

		MA

		SAM

		Salem Sound

		7.2.5

		59d

		-70.8763733

		42.5144386

		-70.8935013

		42.5048447



		Sippican Harbor

		MA

		SHM

		Buzzards Bay

		8.1.1

		59e

		-70.7434769

		41.6909142

		-70.7946014

		41.7490234



		Stage Harbor

		MA

		STM

		Atlantic Ocean

		8.1.4

		84a

		-69.9751053

		41.6633301

		-69.9752655

		41.6765289



		Tarpaulin Cove

		MA

		TCM

		Vineyard Sound

		8.1.1

		84a

		-70.7551117

		41.4747429

		-70.7579727

		41.4771271



		Timms Pond

		MA

		TPM

		Waquoit Bay

		8.1.4

		84a

		-70.5405197

		41.5531082

		-70.5384674

		41.5539551



		Vineyard Haven-Inner

		MA

		VHM

		Vineyard Sound

		8.1.4

		84a

		-70.5985031

		41.4557915

		-70.6042252

		41.4553642



		West Falmouth Harbor

		MA

		WFM

		Buzzards Bay

		8.1.1

		84a

		-70.6437912

		41.6041527

		-70.6288605

		41.6044540



		Westport River-East

		MA

		WEM

		Westport River-West 

		8.1.1

		59e

		-71.0586853

		41.5416679

		-71.0504608

		41.6417274



		Westport River-West

		MA

		WWM

		Buzzards Bay Inner

		8.1.1

		59e

		-71.1028519

		41.5343399

		-71.1234818

		41.5718689



		Weweantic River

		MA

		WRM

		Buzzards Bay

		8.1.1

		84a

		-70.7434692

		41.7347527

		-70.7744751

		41.8258095



		Wild Harbor

		MA

		WHM

		Buzzards Bay Outer

		8.1.1

		84a

		-70.6452179

		41.6370354

		-70.6364288

		41.6358910



		Wings Cove

		MA

		WCM

		Buzzards Bay Inner

		8.1.1

		59e

		-70.7206650

		41.6994705

		-70.7311783

		41.7071114



		Allen Harbor

		RI

		AHR

		Narragansett Bay

		8.1.1

		59e

		-71.4141617

		41.6223717

		-71.4235535

		41.6295700



		Apponaug Cove

		RI

		ACR

		Narragansett Bay

		8.1.1

		59e

		-71.4480972

		41.6932716

		-71.4825668

		41.6962166



		Bonnet Shores

		RI

		BSR

		Narragansett Bay

		8.1.1

		59e

		-71.4266129

		41.4677353

		-71.4295044

		41.4800301



		Bristol Harbor

		RI

		BHR

		Narragansett Bay

		8.1.1

		59e

		-71.2835388

		41.6696434

		-71.2763748

		41.6813698



		Coggeshall Point Harbor

		RI

		CSR

		Narragansett Bay

		8.1.1

		59e

		-71.2842712

		41.5906601

		-71.2817841

		41.5897903



		Easton Bay

		RI

		EBR

		Narragansett Bay

		8.1.1

		59e

		-71.2881622

		41.4816017

		-71.2884979

		41.5093002



		Frt Wetherill Cve-West

		RI

		FWR

		Narragansett Bay

		8.1.1

		59e

		-71.3601379

		41.4779243

		-71.3599396

		41.4781113



		Frt Wetherill Cve-Unnamed

		RI

		FUR

		Narragansett Bay

		8.1.1

		59e

		-71.3626022

		41.4779320

		-71.3636780

		41.4798317



		Goose Neck Cove

		RI

		GNR

		RI Sound

		8.1.1

		59e

		-71.3388977

		41.4554062

		-71.3317261

		41.4611168



		Great Salt Pond

		RI

		GPR

		Block Island Sound

		8.1.1

		84a

		-71.5782547

		41.1901817

		-71.5764923

		41.1815033



		Greenwich Bay

		RI

		GBR

		Narragansett Bay

		8.1.1

		59e

		-71.4208145

		41.6769257

		-71.4514542

		41.6835251



		Greenwich Cove

		RI

		GCR

		Narragansett Bay

		8.1.1

		59e

		-71.4464569

		41.6566849

		-71.4762955

		41.6671410



		Kickamuit River

		RI

		KRR

		Narragansett Bay

		8.1.1

		59e

		-71.2505112

		41.7120094

		-71.2488403

		41.7396011



		Mackerel Cove

		RI

		MCR

		Narragansett Bay

		8.1.1

		59e

		-71.3815384

		41.4812813

		-71.3811646

		41.4818115



		Navy Beach

		RI

		NVR

		Sakonnet River

		8.1.1

		59e

		-71.2436447

		41.4899178

		-71.245636

		41.4912453



		Newport Harbor

		RI

		NHR

		Narragansett Bay

		8.1.1

		59e

		-71.3261871

		41.4800262

		-71.3212585

		41.4791641



		Ninigret Pond

		RI

		NPR

		RI Sound

		8.1.1

		59e

		-71.6532669

		41.3614197

		-71.6438980

		41.3784103



		Old Harbor

		RI

		OHR

		Block Island Sound

		8.1.1

		84a

		-71.5560455

		41.1743660

		-71.5576172

		41.1701317



		Potter Cove

		RI

		PCR

		Narragansett Bay

		8.1.1

		59e

		-71.3390732

		41.6433525

		-71.3415451

		41.6418419



		Sakonnet Harbor

		RI

		SHR

		Narragansett Bay

		8.1.1

		59e

		-71.1939621

		41.4653549

		-71.1930695

		41.4652481



		Warwick Cove

		RI

		WCR

		Narragansett Bay

		8.1.1

		59e

		-71.3897705

		41.6920166

		-71.3860245

		41.6933632



		Wickford Harbor

		RI

		WHR

		Narragansett Bay

		8.1.1

		59e

		-71.4469452

		41.5777969

		-71.4583969

		41.5793686





 (
a
Legend
:  Level III marine ecoregions: Virginian Atlantic (8) - 8.1.1 Long Island Sound/Buzzards Bay, 8.1.4 New York Bight. Acadian Atlantic (7):
7.2.5
 
Gulf
 of 
Maine
/
Bay of Fundy
. Level IV terrestrial ecoregions: Northeastern Coastal Zone (59) -59a = 
Connecticut
 
Valley
, 59c Southern New England Coastal Plains and Hills, 59d 
Boston
 basin, 59e Narragansett/Bristol Lowland. Atlantic Coastal 
Pine Barrens
 (84) - 84a Cape Cod/Long Island. 
Ref: 
Griffith, G.E., Omernik, J.M., Pierson, S.M., 1999. 
Level III and IV Ecoregions of Massachusetts, Rhode Island, and Connecticut.
 U.S. Environmental Protection Agency, ManTech Environmental Technology, Inc., Corvallis, OR 97333
.  
Coordinates are geographic, NAD83, decimal degrees.
 
)
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		Table S2.  NLM estimated loading rates to watershed-estuary systems



		[bookmark: RANGE!A1:G76]

		

		

		Nitrogen Loading Rates



		Estuary

		State

		ID

		kgN yr-1

		gN m-3 estuarine vol yr-1

		kgN ha-1 estuarine area yr-1

		kgN ha-1 watershed area yr-1



		Black Rock Harbor

		CT

		BRC

		365,403

		140.9

		3,312

		739.7



		Branford Harbor

		CT

		BHC

		40,246

		27.8

		286

		5.6



		Greenwich Cove

		CT

		GCC

		78,654

		23.9

		364

		81.0



		Hammonasset River/Clinton Harbor

		CT

		HRC

		49,706

		30.8

		185

		3.2



		Jordan Cove

		CT

		JCC

		16,483

		2.7

		82

		6.4



		Mumford Cove

		CT

		MCC

		8,761

		1.9

		45

		9.0



		Mystic Harbor

		CT

		MHC

		37,515

		5.2

		89

		4.8



		Niantic Bay

		CT

		NBC

		53,274

		1.1

		46

		6.8



		Palmer Cove

		CT

		PCC

		7,829

		3.8

		53

		7.3



		Pattagansett River

		CT

		PAC

		11,136

		67.0

		164

		4.3



		Pawcatuck River Estuary

		CT

		PRC

		322,825

		27.1

		1,221

		4.1



		Stonington Harbor

		CT

		SHC

		10,541

		3.1

		66

		7.7



		Acushnet River

		MA

		ACM

		72,013

		5.3

		177

		10.4



		Aucoot Cove

		MA

		AOM

		9,795

		2.8

		75

		9.2



		Buttermilk Bay

		MA

		BTM

		25,440

		12.7

		118

		5.9



		Clarks Cove

		MA

		CCM

		29,547

		2.8

		106

		41.7



		Cuttyhunk Pond

		MA

		CPM

		1,057

		1.7

		27

		21.1



		Falmouth Inner Harbor

		MA

		FHM

		4,128

		13.7

		330

		26.0



		Great Harbor

		MA

		GHM

		2,226

		0.5

		32

		31.7



		Hadley Inner Harbor

		MA

		HHM

		262

		1.4

		32

		13.1



		Hamblin Pond

		MA

		HPM

		5,528

		14.2

		100

		8.1



		Jehu Pond

		MA

		JPM

		3,023

		3.7

		52

		8.5



		Katama Bay

		MA

		KBM

		18,286

		1.7

		31

		19.1



		Lagoon Pond

		MA

		LPM

		11,001

		1.4

		52

		8.7



		Lake Tashmoo

		MA

		LMM

		5,404

		3.7

		50

		6.2



		Lewis Bay

		MA

		LBM

		35,826

		5.5

		75

		15.2



		Little Bay

		MA

		LTM

		7,249

		10.2

		83

		7.0



		Little Harbor

		MA

		LHM

		435

		1.0

		28

		18.7



		Madaket Harbor

		MA

		MDM

		8,393

		2.9

		34

		8.7



		Manchester Bay

		MA

		MBM

		10,412

		10.1

		136

		6.5



		Marblehead Harbor

		MA

		MRM

		7,653

		1.0

		52

		42.6



		Mattapoisett Harbor

		MA

		MHM

		29,584

		3.6

		105

		4.0



		Megansett Harbor

		MA

		MGM

		12,916

		2.8

		57

		7.0



		Menemsha Pond

		MA

		MPM

		8,457

		1.8

		26

		13.3



		Nantucket Harbor

		MA

		NHM

		56,672

		1.3

		29

		19.3



		Onset Bay

		MA

		OBM

		17,448

		4.5

		67

		14.8



		Phinneys Harbor

		MA

		PHM

		10,106

		2.1

		54

		13.8



		Pocasset/Red Brook Harbor

		MA

		POM

		17,701

		1.0

		31

		22.9



		Quissett Harbor

		MA

		QHM

		1,678

		1.4

		38

		11.8



		Sage Lot Pond

		MA

		SLM

		2,014

		14.3

		141

		8.2



		Salem Harbor

		MA

		SAM

		35,760

		3.6

		93

		21.7



		Sippican Harbor

		MA

		SHM

		20,075

		0.9

		28

		20.6



		Stage Harbor

		MA

		STM

		12,049

		4.5

		48

		11.4



		Tarpaulin Cove

		MA

		TCM

		1,853

		0.5

		24

		9.9



		Timms Pond

		MA

		TPM

		136

		2.1

		27

		6.4



		Vineyard Haven-Inner

		MA

		VHM

		1,164

		1.7

		63

		13.8



		West Falmouth Harbor

		MA

		WFM

		4,427

		6.4

		55

		6.7



		Westport River-East

		MA

		WEM

		84,283

		13.4

		104

		5.4



		Westport River-West

		MA

		WWM

		26,843

		11.7

		80

		6.4



		Weweantic River

		MA

		WRM

		73,394

		38.1

		382

		3.1



		Wild Harbor

		MA

		WHM

		3,077

		3.9

		73

		11.3



		Wings Cove

		MA

		WCM

		3,042

		2.0

		36

		8.7



		Allen Harbor

		RI

		AHR

		4,250

		4.7

		135

		9.2



		Apponaug Cove

		RI

		ACR

		39,619

		74.3

		928

		22.8



		Bonnet Shores

		RI

		BSR

		7,388

		2.4

		107

		19.9



		Bristol Harbor

		RI

		BHR

		102,932

		12.2

		499

		155.2



		Coggeshall Point Harbor

		RI

		CSR

		188

		1.0

		36

		8.9



		Easton Bay

		RI

		EBR

		42,350

		5.2

		211

		27.2



		Fort Wetherill Cove - West

		RI

		FWR

		43

		0.3

		24

		14.7



		Fort Wetherill Cove-Unnamed

		RI

		FUR

		129

		0.7

		53

		6.2



		Goose Neck Cove

		RI

		GNR

		928

		4.8

		58

		5.5



		Great Salt Pond

		RI

		GPR

		9,194

		1.0

		36

		10.4



		Greenwich Bay

		RI

		GBR

		137,335

		4.6

		114

		25.0



		Greenwich Cove-RI

		RI

		GCR

		24,175

		17.8

		322

		13.8



		Kickamuit River

		RI

		KRR

		28,482

		6.5

		127

		14.2



		Mackerel Cove

		RI

		MCR

		2,482

		0.5

		29

		17.5



		Navy Beach

		RI

		NVR

		1,887

		1.5

		37

		16.3



		Newport Harbor

		RI

		NHR

		15,372

		1.5

		78

		38.3



		Ninigret Pond

		RI

		NPR

		51,831

		6.3

		64

		14.0



		Old Harbor

		RI

		OHR

		448

		2.5

		55

		16.5



		Potter Cove

		RI

		PCR

		1,005

		1.2

		25

		11.7



		Sakonnet Harbor

		RI

		SHR

		345

		1.7

		35

		40.6



		Warwick Cove

		RI

		WCR

		11,614

		14.1

		206

		29.0



		Wickford Harbor

		RI

		WHR

		13,678

		8.4

		82

		12.4













		Table S3.  Land use metadata



		State

		Description

		Resolution

		Source



		CT

		Landsat thematic mapper (TM) data acquired by the Multi - resolution Land Characterization Consortium. The base dataset was leaves - off Landsat TM data, nominal - 1992 acquisitions.

		30 m 

		MRLC:  http://www.mrlc.gov/



		RI

		Interpreted from 1988 aerial photography and updated with 1992 - 1995 digital orthophotos

		1:24,000

		RIGIS:  http://www.edc.uri.edu/rigis/



		MA

		Interpreted from aerial photography from 1999

		1:25,000

		MassGIS:  http://www.mass.gov/mgis/












Exploring Estuarine Nutrient
Susceptibility
D O N A L D S C A V I A * A N D Y O N G L I U


School of Natural Resources & Environment, University of
Michigan, Ann Arbor, Michigan 48109


Received December 1, 2008. Revised manuscript received
March 12, 2009. Accepted March 17, 2009.


The susceptibility of estuaries to nutrient loading is an
important issue that cuts across a range of management
needs. We used a theory-driven but data-tested simple model
to assist classifying estuaries according to their susceptibility
to nutrients. This simple nutrient-driven phytoplankton model is
based on fundamental principles of mass balance and
empirical response functions for a wide variety of estuaries in
the United States. Phytoplankton production was assumed
to be stoichiometrically proportional to nitrogen load and an
introduced “efficiency factor” intended to capture the myriad
processes involved in converting nitrogen load to algal
production. A Markov Chain Monte Carlo algorithm of Bayesian
inference was then employed for parameter estimation. The
model performed remarkably well for chlorophyll estimates, and
the predicted estimates of primary production, grazing, and
sinking losses are consistent with measurements reported in
the literature from a wide array of systems. Analysis of the
efficiency factor suggests that estuaries with the ratio of river
inflow to estuarine volume (Q/V) greater than 2.0 per year
are less susceptible to nutrient loads, and those with Q/V
between 0.3 and 2.0 per year are moderately susceptible. This
simple model analysis provides a first-order screening tool
for estuarine susceptibility classification.


Introduction
Eutrophication is a threat to coastal waters that is most often
a result of society-mediated delivery of excess nutrients (1-4).
This overenrichment can lead to serious and negative effects,
such as harmful algal blooms, habitat loss, biodiversity
changes, bottom oxygen depletion, and fishery loss (4, 5).
Determining nutrient loading targets to ameliorate these
impacts is ultimately an estuary-specific enterprise; however,
there is also a growing need to understand more generally
why some systems are more susceptible than others so that
management guidance can be provided across systems (6).


The diversity of estuaries has made classification an
important and difficult question for researchers and decision
makers since the 1950s (7-9). The National Research Council
proposed 12 factors that control estuarine responses, in-
cluding physiographic setting, primary production, nutrient
load, dilution, water residence time, stratification, hypsog-
raphy, grazing of phytoplankton, suspended materials load
and light extinction, denitrification, spatial and temporal
distributions of nutrient inputs, and allochthonous organic
matter inputs (4). Some recent U.S. classification efforts
include a dissolved concentration potential (DCP) index (2),
an Assessment of Estuarine Trophic Status (ASSETS) meth-


odology (10), the Coastal and Marine Ecological Classification
Standard (CMECS) conceptual classification (11), stressor-
response relationships developed over broad geographical
scales (12), and a multivariate regression analysis as part of
a synthesis to guide development of estuarine nutrient criteria
(13). Similar efforts have also been developed for Peninsular
Malaysia (14), Portugal, the EU Water Framework Directive
(15), and England and Wales (16). A review of 26 classification
schemes found that past systems focused mainly on terrest-
rial and aquatic systems and for specific regions and habitat
types (9, 12). Kurtz et al. (6) reviewed dozens of classification
schemes and concluded that the distinctions among ap-
proaches appear to be between hierarchical and nonhier-
archical structures, data-driven and theory-driven, and
functional vs physical structural and that some classifications
combine two or more methods or combine classification
with other tools like modeling.


Our approach is nonhierarchical, theory-driven but data-
tested, and functional. It is a modeling approach to identify
key features useful for classification. We use a simple model,
based on fundamental principles of mass balance, empirical
response functions, and an introduced estuarine efficiency
term for a wide variety of estuaries to explore the basis for
their susceptibility to nutrient loads, ultimately contributing
to a classification scheme to guide nutrient control policies.
As such, our aim is to develop a screening model for estuaries
in general, not a prediction or forecasting model for specific
estuaries.


Methods
Data Sources. Data for 99 estuaries are described in NEEA
Estuaries Database (http://ian.umces.edu/neea) (3). For our
analysis, we used 75 of those systems: 14 estuaries were
dropped from our analysis based on extreme physical
characteristics (e.g., very shallow, very deep, long residence
time, or excessive loads). Ten others were dropped because
early attempts with our model generated estimates of
estuarine efficiency that were quite unrealistic (see below
and Supporting Information). The remaining 75 estuaries
(37 drowned rivers; 19 lagoons; 9 coastal bays; 10 fjords) still
represent a diversity of depths (0.5 to 46 m), volumes (1.7 ×
107 to 2.9 × 1010 m3), residence times (4 to 979 days), total
nitrogen (TN) loads (1.3 × 104 to 5.3 × 107 kg/year), and
summer surface chlorophyll concentrations (2.3 to 24.8
µg/L) (see Supporting Information). Freshwater discharge,
salinity, and ocean boundary nitrogen concentrations were
also obtained from this database; however, we found the
reported values for ocean salinity were inconsistent with other
published values for some subtributaries of the Chesapeake
Bay. Accordingly, we recalculated water residence times (see
below), based on updated salinity estimates for the Chester,
Choptank, Rappahannock, Tangier/Pocomoke, and York river
subestuaries from 1222, 713, 185, 1120, and 121 days to 276,
85, 108, 586, and 92 days, respectively.


Growing season chlorophyll a concentrations were derived
from Sea-viewing Wide Field-of-view Sensor (SeaWiFS)
imagery reported monthly for 1997 to 2004 (http://geoportal.
kgs.ku.edu/estuary/) (17). We used June-August averages
for each of the 7 years. Annual average total nitrogen daily
loads, based on the most recent SPARROW model updates
(18), were provided by the U.S. Geological Survey (R.
Alexander, personal communication). Because SPARROW is
not well suited for the relatively flat Florida watersheds, we
used NOAA-report fluxes reported on the NEEA Web site.


Model Development. While models can be useful tools
for describing and predicting specific estuarine responses to* Corresponding author e-mail: scavia@umich.edu.
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Supporting Materials: 



Exploring Estuarine Nutrient Susceptibility 



Text 



Application of Bayesian Analysis 



Comparison of Grazing and Sedimentation Rates 



 



Figure captions: 



Figure S1. Distribution of estuarine properties.  Blocks from left to right are for Embayment, Fjords, 



Lagoons, and River Run estuaries. 



Figure S2. Model results vs. observed mean values for Chl a. Symbols represent modeled-observed pairs.  



The dashed line is 1:1 and the solid line is the regression results. Horizontal error bars 



represent ±standard deviation of the observed 7-year summer  



Figure S3. Sensitivity of the Chl a predictions to the prior distributions assigned to the parameters, (a) 



estimated Chl a using doubled variance, (b) estimated Chl a using halved variance; and (c) 



estimated α values when changing the other parameters’ variances. 



Figure S4. Relationship between nitrogen conversion efficiency (ε) and some additional estuarine 



physical characters. 



Figure S5. Relationship between nitrogen conversion efficiency (ε) and the Q/V for four estuarine types. 



 



Table captions: 



Table S1. Characters of the 75 estuaries included in the modeling analysis. 



Table S2. Characteristics of the 24 estuaries not included . 



Table S3 Model results: (a) Modeled Chl a and α values; (b) Correlation matrix. 



Table S4. Primary production values from the literature used in Figure 1. 



Table S5. Estimated parameter values with doubled and halved variance. 
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Application of Bayesian Analysis - In Bayesian analysis, all unknown parameters are treated as 



random variables and their distributions are derived from known information (1), thus providing 



a rigorous method for uncertainty analysis and presenting key information for management 



decision making (2). Bayesian inference is based on Bayes’ Theorem (3): 



( )



p p y p p y
p y p p y



p y p p y d
θ



θ θ θ θ
θ θ θ



θ θ θ



( ) ( | ) ( ) ( | )
( | ) = = ∝ ( ) ( | )



( ) ( | )∫
                        



where p(θ | y) is the posterior probability of θ, which is the conditional distribution of the 



parameters after observation of the data; θ is the parameter to be estimated; p(θ) is the prior 



probability of θ (i.e., its assumed probability distribution before observation of data); p (y |θ) is 



the likelihood function, which represents the probability of the occurrence of the observations y 



given different realizations of the postulated mechanistic relationship between the response and 



predictor variables, i.e., equation 1.  



The difficult in to obtaining the posterior distributions analytically generally limits application of 



the Bayesian approach. However, in recent decades, the Markov Chain Monte Carlo (MCMC) 



algorithm has been applied to obtain the numerical summarization of parameters (4). MCMC is a 



method to draw samples from multidimensional distributions for numerical integration.  The idea 



underlying the MCMC implementation in Bayesian inference is to construct a Markov process 



whose stationary distribution is the model posterior distribution, and then run the process long 



enough to produce an accurate approximation of this distribution (5). Many methods (e.g., Gibbs 



sampler) have been proposed for obtaining sequences of realizations from the posterior model 



distributions (6), but all of them are special cases of the general Metropolis-Hastings algorithm 



(7,8).  There are three steps in the Bayesian approach using Markov Chaing Monte Carlo 











3 



 



(MCMC) sampling (5): identifying the prior probability distributions formulation, determining 



the likelihood function, and MCMC sampling. Starting values are provided for the model “burn-



in” period, which aims to make the model reach convergence after a sufficient time. Then the 



samples after the “burn-in” period are saved for determining statistical inferences of the posterior 



distribution (5). 



In our analyses, a lognormal model error was used to bound predictions of B at zero, and 



structured to accommodate autocorrelation in the error term, as suggested by (9). The basic 



Bayesian model for the study is: 



2log( ) ~ log( ),o m



i iB N B σ                                                          



where o



i
B (i=1,…, 75) is observed phytoplankton biomass for estuary i, converted from observed 



chlorophyll with a C:Chl ratio;
 m



i
B is the modeled  phytoplankton biomass from equation (6); σ  



is the lognormal model error standard variance. 



R
2
 and RMSE are defined as: 
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where, SSE and SST are the sum of squared errors and total sum of squares, respectively; 
i



y and 



'
i



y are the original data values and modeled values respectively; 
i



y is the mean of the 



observations 
i



y ; n is the number of observations. Because RMSE is scale dependent, we used a 



scale-independent RMSE value to measure goodness-of-fit, RMSE divided by the mean of the 
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observations. It should be noted though that the Bayesian approach generates a predictive 



distribution and not a single value for each variable ( '



i
y ), and thus the use of correlation 



coefficient, slope, 2R  and RMSE is essentially a non-Bayesian (“point”) assessment of the model 



performance.  



The prior distribution of σ is usually considered as non-informative or vague with a 



prior
2 2( ) 1/ρ σ σ∝ , which assumes an improper uniform distribution on ( , )−∞ +∞ (5). Thus in 



this study, we used a uniform distribution for σ rather than the standard non-informative prior 



(5). Then the MCMC sampling was carried out using four chains, each with 40,000 iterations 



(first 20,000 discarded after model convergence); and samples for each unknown quantity were 



taken from the next 20,000 iterations using a thin equal to 40 to reduce serial correlation. 



Statistical inference was based on the resulting 1,000 MCMC samples. A potential scale 



reduction factor, Rhat, was produced in package R2WinBUGS to determine the model 



convergence (at convergence, Rhat=1.0) (10).  



Comparison with Grazing and Sedimentation Rates - Calbet and Landry presented a meta-



analysis of 788 observations across 66 marine systems, including 142 observations for coastal 



system and 136 for estuarine system (11). They found grazing to consume 59.9±3.3% and 



59.7±2.7% of phytoplankton production for coastal and estuarine systems, respectively.  



Mortazavi (12) reported 62% for the estuarine portion of the Mississippi River mouth in 



September, about 50% in Hudson River in fall, 23 - 52% in Long Island Bays during the spring 



and summer, 83% in Mobile Bay, more than 31% in the Chesapeake Bay during summer, and 



80% in Apalachicola Bay on an annual basis.  Landry and Hassett (13) reported 17-52% for 



coastal waters off Washington and McManus and Edering-Cantrell (14) reported 50-60% for the 
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Chesapeake Bay.  Micro-zooplankton grazed between 46% and 60% of production in Mundaka 



Estuary, Spain (15) and 64% and 83% of production at offshore and bay stations in Mobile Bay 



(16).   



Sedimentation as a percentage of production in the Baltic proper (72%, 12%) (17,18), a Baltic 



fjord (30-48%) (19), the Mississippi River plume (27%)(20), Dona Paula Bay, India (39%) (21), 



Narragansett Bay mesocosms (47%) (22), including manipulations that were warm with 



zooplankton and mussels (29-43%) (23) and colder without mussels (73-82%), as well as a 



tropical shelf off Kingston, Jamaica (15%) (24). 
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Figure S1. Distribution of estuarine properties.  Blocks from left to right are for Embayments, 



Fjords, Lagoons, and River Run estuaries. 
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Figure S2. Model results vs. observed mean values for Chl a. Symbols represent modeled-



observed pairs.  The dashed line is 1:1 and the solid line is the regression results. Horizontal error bars 



represent ±standard deviation of the observed 7-year summer Chl a; and vertical error bars 



represent ± one standard deviation of the modeled values. 
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(c) 



Figure S3. Sensitivity of the Chl a predictions to the prior distributions assigned to the parameters, 



(a) estimated Chl a using double variance, (b) estimated Chl a using half variance; and (c) 



estimated α values when changing the other parameters’ variances. Vertical error bars represent ± 



one standard deviation of the modeled values.  
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Figure S4 Relationship between nitrogen conversion efficiency (ε) and some estuarine 



physical characters 
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Figure S5. Relationship between nitrogen conversion efficiency (ε) and the Q/V for four 



estuarine types.
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Table S1 Characters of the 75 estuaries included in the modeling analysis 



NO EDA NAME Sub-Name Type 
Volume 



(m3) 



Depth 



(m) 



Area 



(m2) 



Res. Time 



(day) 



TN load 



(kg/yr) 



Discharge 



(m3/day) 



Ocean N 



flux(kg/yr) 



Observed 



Chl a (µg/L) 



Q/V  



(1/Year) 



1 G010x Florida Bay Florida Bay EDA Lagoons 1.03E+09 0.62 1.66E+09 272 2.8E+05 504000 1.3E+04 3.98 0.179 



2 
G020x 



South Ten Thousand 



Islands 



South Ten Thousand 



Islands EDA 



River 



Dominated 1.44E+08 0.63 2.29E+08 18 7.1E+05 3250000 1.9E+04 4.23 8.238 



3 
G040x Rookery Bay Rookery Bay EDA 



River 



Dominated 1.74E+07 0.50 3.48E+07 43 1.2E+04 58800 1.1E+03 3.41 1.233 



4 
G050a Charlotte Harbor 



Caloosahatchee River 



EDA 



River 



Dominated 1.26E+08 1.88 6.70E+07 19 1.7E+06 4170000 6.3E+03 2.30 12.080 



5 
G050w Charlotte Harbor 



Charlotte Harbor 



EDA 



Coastal 



Embayments 8.19E+08 1.63 5.02E+08 59 2.6E+06 5070000 2.5E+04 6.81 2.260 



6 G060x Sarasota Bay Sarasota Bay EDA Lagoons 2.72E+08 2.19 1.24E+08 87 3.6E+05 487000 5.4E+03 4.25 0.654 



7 
G070x Tampa Bay Tampa Bay EDA 



Coastal 



Embayments 2.70E+09 3.00 9.00E+08 197 3.3E+06 3510000 2.1E+04 7.63 0.475 



8 
G080x Suwannee River 



Suwannee River 



EDA 



River 



Dominated 1.93E+08 1.17 1.65E+08 4 6.6E+06 25700000 6.8E+04 9.17 48.604 



9 
G090x Apalachee Bay Apalachee Bay EDA 



River 



Dominated 3.40E+09 1.92 1.77E+09 50 3.6E+06 9590000 2.1E+05 5.73 1.030 



10 
G100x Apalachicola Bay 



Apalachicola Bay 



EDA 
Lagoons 



1.07E+09 1.81 5.91E+08 8 2.0E+07 64000000 3.1E+05 7.07 21.832 



11 
G110x St. Andrew Bay St. Andrew Bay EDA 



Coastal 



Embayments 7.14E+08 2.83 2.52E+08 136 4.0E+05 1750000 1.9E+04 4.23 0.895 



12 
G120x Choctawhatchee Bay 



Choctawhatchee Bay 



EDA 
Lagoons 



1.29E+09 3.80 3.39E+08 39 4.9E+06 19300000 1.0E+05 10.04 5.461 



13 G130x Pensacola Bay Pensacola Bay EDA Lagoons 1.44E+09 3.02 4.77E+08 26 6.4E+06 25800000 2.5E+05 8.41 6.540 



14 G140x Perdido Bay Perdido Bay EDA Lagoons 1.97E+08 1.53 1.29E+08 29 1.6E+06 3910000 2.3E+04 8.16 7.244 



15 
G150x Mobile Bay Mobile Bay EDA 



River 



Dominated 2.06E+09 1.91 1.08E+09 7 5.3E+07 157000000 1.2E+06 10.26 27.818 



16 
G160x 



East Mississippi 



Sound 



East Mississippi 



Sound EDA 



Coastal 



Embayments 1.53E+09 2.34 6.54E+08 25 1.2E+07 34400000 2.5E+05 5.83 8.207 



17 
G170a 



West Mississippi 



Sound 
Lake Borgne EDA 



River 



Dominated 1.34E+09 1.81 7.40E+08 25 1.9E+07 30600000 2.1E+05 8.54 8.335 



18 
G170b 



West Mississippi 



Sound 



Lake Pontchartrain 



EDA 



River 



Dominated 6.57E+09 3.50 1.88E+09 293 7.4E+06 11500000 7.6E+04 8.24 0.639 



19 
G170w 



West Mississippi 



Sound 



West Mississippi 



Sound EDA 



Coastal 



Embayments 3.84E+09 2.43 1.58E+09 336 1.5E+06 3100000 5.2E+04 6.53 0.295 
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20 
G210x 



Terrebonne/Timbalier 



Bays 



Terrebonne/Timbalier 



Bays EDA 



River 



Dominated 8.54E+08 0.68 1.26E+09 213 2.6E+06 64900 1.3E+04 8.05 0.028 



21 G240x Calcasieu Lake Calcasieu Lake EDA Lagoons 3.11E+08 1.20 2.59E+08 22 4.8E+06 8390000 2.0E+04 11.56 9.847 



22 G250x Sabine Lake Sabine Lake EDA Lagoons 6.61E+08 2.49 2.65E+08 10 1.4E+07 44100000 7.7E+04 12.70 24.352 



23 G260x Galveston Bay Galveston Bay EDA Lagoons 2.25E+09 1.54 1.46E+09 22 2.5E+07 56300000 9.4E+04 9.75 9.133 



24 G280x Matagorda Bay Matagorda Bay EDA Lagoons 1.57E+09 1.41 1.11E+09 82 9.5E+06 9930000 6.3E+03 6.61 2.309 



25 
G290x San Antonio Bay 



San Antonio Bay 



EDA 
Lagoons 



3.47E+08 0.59 5.88E+08 30 4.2E+06 6590000 3.0E+03 7.25 6.932 



26 G300x Aransas Bay Aransas Bay EDA Lagoons 5.15E+08 0.98 5.26E+08 536 6.3E+05 587000 2.9E+02 5.36 0.416 



27 
M010x Buzzards Bay Buzzards Bay EDA 



Coastal 



Embayments 6.42E+09 10.05 6.39E+08 468 8.4E+05 420000 1.8E+05 7.13 0.024 



28 
M020x Narragansett Bay 



Narragansett Bay 



EDA 



River 



Dominated 3.46E+09 8.31 4.16E+08 109 5.5E+06 4920000 3.5E+05 9.55 0.519 



29 
M060x 



Hudson River/Raritan 



Bay 



Hudson River/Raritan 



Bay EDA 



River 



Dominated 4.90E+09 6.13 7.99E+08 45 4.8E+07 51400000 4.9E+05 17.04 3.829 



30 M070x Barnegat Bay Barnegat Bay EDA Lagoons 1.18E+08 0.65 1.82E+08 29 1.1E+06 1320000 1.8E+04 17.72 4.083 



31 
M080x 



New Jersey Inland 



Bays 



New Jersey Inland 



Bays EDA 
Lagoons 



3.10E+08 1.11 2.79E+08 27 1.2E+06 1330000 6.9E+04 15.57 1.566 



32 
M090x Delaware Bay Delaware Bay EDA 



River 



Dominated 1.27E+10 6.12 2.08E+09 85 4.2E+07 41400000 6.5E+05 14.80 1.190 



33 
M100x 



Delaware Inland 



Bays 



Delaware Inland 



Bays EDA 
Lagoons 



1.60E+08 2.00 8.00E+07 98 3.4E+05 237000 4.2E+03 12.50 0.541 



34 
M110x 



Maryland Inland 



Bays 



Maryland Inland 



Bays EDA 
Lagoons 



1.04E+08 1.92 5.42E+07 253 1.7E+05 48800 1.8E+03 15.31 0.171 



35 
M130a Chesapeake Bay Patuxent River EDA 



River 



Dominated 5.37E+08 3.78 1.42E+08 253 1.7E+06 1170000 4.6E+03 8.96 0.795 



36 
M130b Chesapeake Bay Potomac River EDA 



River 



Dominated 6.47E+09 5.13 1.26E+09 121 3.1E+07 34100000 1.1E+05 23.95 1.924 



37 
M130c Chesapeake Bay 



Rappahannock River 



EDA 



River 



Dominated 1.41E+09 3.75 3.76E+08 185 3.5E+06 4380000 4.8E+04 18.98 1.134 



38 
M130d Chesapeake Bay York River EDA 



River 



Dominated 7.86E+08 3.82 2.06E+08 92 3.3E+06 4030000 2.5E+04 16.54 1.871 



39 
M130e Chesapeake Bay James River EDA 



River 



Dominated 2.06E+09 3.22 6.40E+08 61 1.2E+07 21600000 6.4E+04 17.49 3.827 



40 
M130f Chesapeake Bay Chester River EDA 



River 



Dominated 6.81E+08 3.47 1.96E+08 276 8.3E+05 118000 1.2E+04 24.81 0.063 



41 
M130g Chesapeake Bay Choptank River EDA 



River 



Dominated 1.27E+09 3.09 4.11E+08 85 2.0E+06 568000 8.2E+04 20.26 0.163 



42 
M130h Chesapeake Bay Tangier/Pocomoke 



River 



Dominated 3.48E+09 3.29 1.06E+09 586 5.5E+06 857000 2.4E+04 14.24 0.090 
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43 
N010x Passamaquoddy Bay 



Passamaquoddy Bay 



EDA 
Fjords 



6.74E+09 45.57 1.48E+08 91 9.7E+05 6460000 1.3E+06 7.42 0.350 



44 
N020x 



Englishman/Machias 



Bay 



Englishman/Machias 



Bay EDA 
Fjords 



2.57E+09 11.44 2.25E+08 58 8.3E+05 3540000 8.0E+05 6.40 0.503 



45 
N030x Narraguagus Bay 



Narraguagus Bay 



EDA 
Fjords 



2.03E+09 9.85 2.06E+08 96 3.9E+05 1560000 3.8E+05 5.97 0.280 



46 N040x Blue Hill Bay Blue Hill Bay EDA Fjords 7.25E+09 22.87 3.17E+08 409 5.0E+05 1120000 3.3E+05 6.21 0.056 



47 N050x Penobscot Bay Penobscot Bay EDA Fjords 2.44E+10 24.64 9.90E+08 83 8.3E+06 35800000 5.3E+06 8.88 0.536 



48 N060x Muscongus Bay Muscongus Bay EDA Fjords 2.47E+09 12.28 2.01E+08 870 3.9E+05 343000 4.4E+04 6.49 0.051 



49 
N070x Damariscotta River 



Damariscotta River 



EDA 
Fjords 



6.79E+08 12.82 5.30E+07 886 1.1E+05 1930 1.4E+04 3.98 0.001 



50 N080x Sheepscot Bay Sheepscot Bay EDA Fjords 1.92E+09 17.94 1.07E+08 305 2.8E+05 613000 1.1E+05 4.74 0.117 



51 N100x Casco Bay Casco Bay EDA Fjords 5.14E+09 12.04 4.27E+08 122 8.2E+05 3210000 8.2E+05 7.55 0.228 



52 
N110x Saco Bay Saco Bay EDA 



River 



Dominated 4.94E+08 10.09 4.90E+07 8 2.0E+06 7370000 1.2E+06 5.39 5.445 



53 
N170a Massachusetts Bay Boston Harbor EDA 



Coastal 



Embayments 1.16E+09 6.25 1.86E+08 76 4.3E+06 1130000 2.4E+05 7.07 0.356 



54 
P050w San Pedro Bay San Pedro Bay EDA 



Coastal 



Embayments 6.35E+08 11.15 5.70E+07 121 1.3E+07 771000 7.0E+03 5.90 0.443 



55 



P090a San Francisco Bay 



Central San 



Francisco/San 



Pablo/Suisun Bays 



EDA 



River 



Dominated 



5.62E+09 6.72 8.36E+08 36 3.0E+07 72300000 9.2E+05 7.53 4.696 



56 
P240x Tillamook Bay Tillamook Bay EDA 



River 



Dominated 6.99E+07 1.84 3.80E+07 5 2.6E+06 5270000 8.7E+04 8.01 27.519 



57 
P270x Willapa Bay Willapa Bay EDA 



Coastal 



Embayments 1.07E+09 3.02 3.54E+08 21 2.9E+06 7260000 5.0E+05 11.12 2.477 



58 
P280x Grays Harbor Grays Harbor EDA 



River 



Dominated 4.65E+08 1.98 2.35E+08 6 1.3E+07 22000000 6.4E+05 9.33 17.269 



59 
P290b Puget Sound 



Skagit Bay/Whidbey 



Basin EDA 
Fjords 



2.88E+10 46.37 6.21E+08 131 1.8E+07 74400000 1.7E+06 13.56 0.943 



60 
S010x Albemarle Sound 



Albemarle Sound 



EDA 
Lagoons 



6.25E+09 2.50 2.50E+09 140 1.8E+07 27400000 6.5E+04 13.34 1.600 



61 
S020a Pamlico Sound 



Pamlico/Pungo 



Rivers EDA 



River 



Dominated 7.34E+08 1.62 4.53E+08 68 6.5E+06 6000000 1.6E+04 15.38 2.984 



62 
S020b Pamlico Sound Neuse River EDA 



River 



Dominated 1.31E+09 2.86 4.58E+08 75 1.0E+07 10200000 2.3E+04 13.41 2.842 



63 S030x Bogue Sound Bogue Sound EDA Lagoons 3.63E+08 1.32 2.75E+08 208 4.2E+05 45500 3.9E+03 7.06 0.046 



64 
S050x Cape Fear River 



Cape Fear River 



EDA 



River 



Dominated 2.45E+08 2.45 1.00E+08 7 1.5E+07 19100000 3.9E+04 4.09 28.455 











16 



 



65 
S060x Winyah Bay Winyah Bay EDA 



River 



Dominated 4.49E+08 5.05 8.89E+07 7 2.4E+07 40200000 4.3E+04 7.15 32.679 



66 
S080x Charleston Harbor 



Charleston Harbor 



EDA 



River 



Dominated 4.24E+08 4.99 8.50E+07 16 1.2E+06 13700000 2.1E+04 6.46 11.794 



67 
S100x St. Helena Sound 



St. Helena Sound 



EDA 



River 



Dominated 7.20E+08 3.55 2.03E+08 41 1.1E+06 7380000 1.6E+04 7.49 3.741 



68 
S110x Broad River Broad River EDA 



River 



Dominated 1.22E+09 5.03 2.43E+08 375 3.8E+05 452000 3.9E+03 4.60 0.135 



69 
S120x Savannah River Savannah River EDA 



River 



Dominated 3.73E+08 3.08 1.21E+08 5 1.0E+07 29700000 6.9E+04 6.69 29.063 



70 
S130x Ossabaw Sound Ossabaw Sound EDA 



River 



Dominated 2.94E+08 3.35 8.78E+07 19 3.3E+06 7470000 1.2E+04 7.99 9.274 



71 
S140x 



St. Catherines/Sapelo 



Sounds 



St. Catherines/Sapelo 



Sounds EDA 



River 



Dominated 6.83E+08 3.63 1.88E+08 979 2.7E+05 69200 5.9E+02 7.65 0.037 



72 
S160x 



St. Andrew/St. 



Simons Sounds 



St. Andrew/St. 



Simons Sounds EDA 



River 



Dominated 6.82E+08 3.87 1.76E+08 57 2.6E+06 5640000 9.4E+03 7.61 3.018 



73 



S170x 



St. Marys 



River/Cumberland 



Sound 



St. Marys 



River/Cumberland 



Sound EDA 



River 



Dominated 
2.14E+08 3.34 6.41E+07 29 6.1E+05 1700000 9.2E+03 2.64 2.900 



74 
S180x St. Johns River St. Johns River EDA 



River 



Dominated 1.51E+09 2.21 6.83E+08 97 6.3E+06 13100000 2.7E+03 5.42 3.167 



75 S200x Biscayne Bay Biscayne Bay EDA Lagoons 8.64E+08 1.23 7.02E+08 20 6.7E+06 10500000 1.3E+05 4.13 4.436 



 



Note: Observed Chl a (µg/L) means the mean observed Summer Chl a of 7 years (µg/L). 
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Table S2 Characteristics of the 24 estuaries not included 



REASON EDA NAME Sub-Name Type 
Volume 



(m3) 



Discharge 



(m3/day) 



Depth 



(m) 



Area 



(m2) 



Res. Time 



(day) 



TN load 



(kg/yr) 



Observed 



Chl a 



(µg/L) 



M G180x 
Breton/Chandeleur 



Sound 



Breton/Chandeleur 



Sound EDA 



Coastal 



Embayments 1.18E+10 238000 3.1 3.81E+09 504 1.3E+04 7.85 



P N180x Cape Cod Bay Cape Cod Bay EDA 
Coastal 



Embayments 3.25E+10 147000 22.56 1.44E+09 1294 1.8E+04 4.23 



M M120x Chincoteague Bay 
Chincoteague Bay 



EDA Lagoons 6.48E+08 52900 1.94 3.34E+08 183 6.7E+04 18.80 



M S020w Pamlico Sound Pamlico Sound EDA Lagoons 1.37E+10 303000 3.1 4.42E+09 959 1.9E+04 6.46 



P P080w Monterey Bay Monterey Bay EDA 
Coastal 



Embayments 4.56E+10 1950000 83.75 5.44E+08 3249 2.5E+06 10.12 



M M030x Gardiners Bay Gardiners Bay EDA 
Coastal 



Embayments 3.27E+09 90100 6.39 5.12E+08 389 1.9E+05 7.47 



P N170w Massachusetts Bay 
Massachusetts Bay 



EDA 



Coastal 



Embayments 2.23E+10 179000 29.09 7.67E+08 1320 2.3E+05 4.55 



M P290c Puget Sound 
South Puget Sound 



EDA Fjords 1.76E+10 5280000 39.30 4.48E+08 313 2.3E+06 9.45 



P P290w Puget Sound Puget Sound EDA Fjords 9.85E+10 14000000 91.16 1.08E+09 500 8.3E+06 10.13 



M M050x Great South Bay 
Great South Bay 



EDA Lagoons 4.20E+08 471000 1.10 3.82E+08 199 7.0E+05 25.21 



M S190x Indian River Indian River EDA Lagoons 6.69E+08 2980000 0.77 8.69E+08 36 8.2E+04 6.09 



M M040w Long Island Sound 
Long Island Sound 



EDA 



Coastal 



Embayments 6.35E+10 15500000 19.47 3.26E+09 425 1.1E+07 11.81 



M P290d Puget Sound 
Port Orchard Sound 



EDA Fjords 1.41E+09 165000 15.33 9.20E+07 183 5.6E+04 8.73 



M G030x 
North Ten Thousand 



Islands 



North Ten Thousand 



Islands EDA River Dominated 2.84E+08 4200000 0.73 3.89E+08 16 7.8E+04 5.71 



P G200x Barataria Bay Barataria Bay EDA River Dominated 3.62E+08 598000 0.42 8.62E+08 114 7.2E+05 14.21 



P P290a Puget Sound Hood Canal EDA Fjords 2.69E+10 7450000 67.96 3.96E+08 470 1.5E+07 7.34 



P G310x Corpus Christi Bay 
Corpus Christi Bay 



EDA Lagoons 1.54E+09 492000 2.69 5.72E+08 1320 9.5E+05 4.61 



P P020x San Diego Bay San Diego Bay EDA Lagoons 1.04E+08 62500 2.37 4.39E+07 1384 9.6E+05 4.62 



P G220x 
Atchafalaya/Vermilio



n Bays 



Atchafalaya/Vermilio



n Bays EDA River Dominated 2.67E+09 716000000 1.20 2.23E+09 3 3.7E+08 11.45 



P M130t Chesapeake Bay 
Chesapeake Bay 



Mainstem EDA River Dominated 5.11E+10 105000000 28.00 1.83E+09 232 5.9E+07 15.36 
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P P090w San Francisco Bay 
San Francisco Bay 



EDA River Dominated 2.14E+09 692000 4.38 4.88E+08 1782 4.2E+06 6.90 



P P260x Columbia River Columbia River EDA River Dominated 2.85E+09 595000000 4.63 6.16E+08 4 1.2E+08 12.81 



P G230x Mermentau River 
Mermentau River 



EDA River Dominated 2.25E+07 7890000 0.05 4.50E+08 3 7.3E+06 12.07 



P G190x Mississippi River 
Mississippi River 



EDA River Dominated 6.88E+09 



 



7.01 9.81E+08 3 1.1E+09 9.34 



Note: Dropped Reasons: P- extreme physical characteristics (marked red); M- outlier results from early attempts with our model resulting in very high converting efficiencies 



(all>17 and some larger than 90. 



P : 
N180x : long residence time as 1294 days; 



P080w: too deep as 83.75 m; 



N170w : long residence time as 1320 days; 



P290w : too deep as 91.16 m; 



G200x : too shallow as 0.42m; 



P290a : too deep as 67.96 m  



G310x : long residence time as 1320 days; 



P020x long residence time as 1384 days; 



G220x : extreme load as 3.7E+08 kg/day; 



M130t : complex estuarine characters; 



P090w : long residence time as 1782 days;  



P260x : extreme load as 1.2E+08 kg/day; 



G230x : too shallow as 0.05m; 



G190x: extreme load as 1.1E+09 kg/day. 



 



M: Very high efficiencies   



EDA Q/V(1/year) Efficiency 



G180x 0.0074 123 



M120x 0.0298 98 



S020w 0.0081 91 



M030x 0.0101 77 



P290c 0.1095 72 



M050x 0.4093 43 



S190x 1.6259 22 



M040w 0.0891 19 



P290d 0.0427 19 



G030x 5.3979 18 











19 



 



Table S3 The model results:  



(a) Modeled Chl a and Alpha (α) values 



NO EDA 
Modeled Chl a 



(µg/L) 



Chla-



s.d. 



Chla-



2.5% 



Chla-



25% 



Chla-



50% 



Chla-



75% 



Chla-



97.5% 



Alpha 



(α) 



alpha-



s.d. 



alpha-



2.5% 



alpha-



25% 



alpha-



50% 



alpha-



75% 



alpha-



97.5% 



efficiency 
(ε) 



1 G010x 3.79 0.27 3.28 3.62 3.78 3.96 4.31 125.57 24.11 81.91 109.00 124.20 140.35 175.30 6.69 



2 G020x 4.23 0.31 3.66 4.02 4.21 4.42 4.86 8.99 1.61 6.10 7.85 8.87 9.96 12.40 0.47 



3 G040x 3.41 0.25 2.97 3.24 3.39 3.58 3.93 49.21 10.25 31.50 41.67 48.49 55.70 70.79 2.70 



4 G050a 1.96 0.15 1.69 1.86 1.96 2.05 2.24 0.69 0.11 0.51 0.61 0.68 0.76 0.93 0.03 



5 G050w 6.79 0.49 5.88 6.44 6.78 7.11 7.77 16.15 2.71 11.52 14.35 15.96 17.69 22.17 0.77 



6 G060x 4.24 0.31 3.66 4.03 4.23 4.43 4.89 16.19 2.67 11.61 14.31 16.07 17.90 21.71 0.78 



7 G070x 7.50 0.54 6.54 7.12 7.47 7.85 8.64 41.84 7.36 28.93 36.68 41.24 46.15 57.89 1.91 



8 G080x 8.66 0.66 7.47 8.19 8.66 9.06 9.93 3.70 0.55 2.74 3.32 3.67 4.03 4.91 0.17 



9 G090x 5.64 0.43 4.84 5.35 5.62 5.93 6.50 33.37 5.59 23.89 29.37 32.76 36.89 45.59 1.59 



10 G100x 7.10 0.52 6.18 6.73 7.08 7.46 8.11 3.67 0.56 2.69 3.26 3.64 4.00 4.92 0.17 



11 G110x 4.18 0.30 3.63 3.96 4.17 4.38 4.78 32.86 5.60 23.07 29.10 32.41 36.34 44.50 1.54 



12 G120x 9.95 0.74 8.61 9.44 9.91 10.41 11.64 13.12 2.12 9.45 11.67 12.94 14.39 17.71 0.60 



13 G130x 8.37 0.61 7.20 7.94 8.36 8.78 9.56 9.33 1.46 6.81 8.33 9.18 10.19 12.54 0.42 



14 G140x 7.92 0.58 6.81 7.50 7.90 8.29 9.11 8.60 1.44 6.08 7.59 8.47 9.47 11.69 0.40 



15 G150x 10.19 0.77 8.76 9.66 10.17 10.72 11.68 4.75 0.76 3.41 4.24 4.67 5.23 6.35 0.21 



16 G160x 5.79 0.41 5.01 5.50 5.80 6.06 6.61 5.05 0.78 3.63 4.51 5.03 5.52 6.76 0.23 



17 G170a 8.57 0.63 7.36 8.14 8.52 8.97 9.89 5.58 0.94 4.03 4.90 5.48 6.16 7.70 0.25 



18 G170b 8.25 0.62 7.06 7.80 8.23 8.67 9.47 30.17 5.13 20.92 26.58 30.23 33.33 40.68 1.42 



19 G170w 6.26 0.44 5.48 5.96 6.25 6.54 7.16 96.45 16.42 66.79 85.27 94.60 106.60 131.92 4.50 



20 G210x 8.13 0.59 7.03 7.71 8.10 8.50 9.34 32.38 5.52 22.70 28.34 32.02 36.01 43.43 1.63 



21 G240x 11.59 0.86 10.08 10.97 11.53 12.16 13.35 9.40 1.55 6.77 8.30 9.30 10.37 12.66 0.44 



22 G250x 12.78 0.91 11.09 12.15 12.77 13.38 14.65 7.70 1.27 5.46 6.82 7.60 8.49 10.34 0.34 



23 G260x 9.87 0.73 8.48 9.38 9.84 10.31 11.39 9.40 1.53 6.72 8.26 9.27 10.36 12.49 0.43 



24 G280x 6.58 0.48 5.69 6.24 6.57 6.89 7.53 8.58 1.44 6.12 7.55 8.49 9.48 11.64 0.41 



25 G290x 7.18 0.51 6.26 6.82 7.17 7.54 8.21 7.60 1.32 5.29 6.73 7.42 8.41 10.47 0.39 
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26 G300x 5.23 0.39 4.57 4.96 5.20 5.50 6.02 34.05 6.19 23.73 29.72 33.48 37.82 47.60 1.73 



27 M010x 6.61 0.42 5.86 6.33 6.60 6.88 7.53 116.44 20.91 80.57 101.80 114.50 129.40 159.84 5.15 



28 M020x 9.54 0.68 8.30 9.05 9.53 10.00 10.97 23.17 4.23 15.89 20.25 22.89 25.80 32.47 1.02 



29 M060x 17.12 1.25 14.72 16.26 17.01 17.96 19.66 12.56 2.41 8.62 10.77 12.28 13.98 18.07 0.54 



30 M070x 16.84 1.24 14.67 15.98 16.81 17.64 19.51 34.37 5.81 24.03 30.19 33.92 38.09 47.08 1.64 



31 M080x 15.18 1.10 13.13 14.43 15.16 15.93 17.40 58.39 9.81 40.91 50.95 57.91 64.80 79.26 2.68 



32 M090x 14.85 1.06 12.88 14.14 14.83 15.48 17.01 27.41 5.07 18.32 23.87 26.93 30.51 37.75 1.18 



33 M100x 12.26 0.88 10.50 11.68 12.24 12.85 14.01 61.69 11.02 42.77 53.59 60.82 68.91 85.41 2.79 



34 M110x 14.36 0.97 12.42 13.69 14.36 15.00 16.27 105.28 18.49 72.56 91.81 103.65 116.80 144.63 4.71 



35 M130a 8.06 0.60 6.96 7.63 8.03 8.45 9.31 10.38 1.83 7.31 9.12 10.25 11.55 14.26 0.48 



36 M130b 23.94 1.69 20.83 22.78 23.87 25.03 27.36 47.84 8.95 32.59 41.50 47.07 53.81 66.22 2.05 



37 M130c 18.85 1.38 16.32 17.84 18.87 19.74 21.59 60.06 11.21 41.11 52.13 59.16 66.30 84.57 2.60 



38 M130d 16.66 1.24 14.40 15.77 16.60 17.47 19.12 28.63 5.15 19.74 25.03 28.25 32.11 39.73 1.26 



39 M130e 17.71 1.29 15.31 16.84 17.65 18.55 20.33 24.61 4.44 16.73 21.72 24.19 27.29 34.58 1.08 



40 M130f 21.87 1.33 19.44 20.93 21.81 22.76 24.62 159.50 28.38 110.69 140.50 156.20 176.90 220.86 7.05 



41 M130g 18.92 1.33 16.59 17.99 18.88 19.79 21.86 96.07 17.66 65.54 83.72 94.54 106.70 135.00 4.27 



42 M130h 14.11 1.03 12.21 13.41 14.09 14.79 16.10 55.67 10.24 38.08 48.58 54.77 61.98 78.29 2.50 



43 N010x 7.28 0.51 6.34 6.92 7.29 7.59 8.33 61.66 11.86 41.70 53.04 60.39 69.22 85.43 2.59 



44 N020x 6.36 0.46 5.53 6.02 6.37 6.66 7.30 29.90 5.29 20.91 26.16 29.31 33.16 40.99 1.31 



45 N030x 6.00 0.44 5.17 5.66 5.98 6.27 6.93 43.59 7.86 30.53 37.93 42.67 48.60 62.09 1.92 



46 N040x 5.80 0.38 5.05 5.54 5.79 6.05 6.58 116.37 21.40 79.35 101.40 114.70 129.90 160.90 5.08 



47 N050x 8.78 0.65 7.59 8.34 8.76 9.22 10.08 55.88 11.09 37.95 47.84 54.83 62.58 80.10 2.39 



48 N060x 6.18 0.44 5.33 5.87 6.18 6.49 7.05 89.02 16.90 59.53 76.94 88.21 99.80 125.40 3.91 



49 N070x 3.92 0.27 3.41 3.73 3.92 4.09 4.50 38.81 6.72 27.40 34.01 38.41 43.19 53.51 1.73 



50 N080x 4.70 0.34 4.05 4.46 4.71 4.95 5.37 44.82 8.31 30.32 38.74 44.30 50.33 61.98 1.96 



51 N100x 7.35 0.52 6.33 7.01 7.34 7.68 8.38 71.93 13.55 48.88 62.79 70.97 80.11 101.50 3.11 



52 N110x 5.42 0.40 4.68 5.14 5.40 5.67 6.23 4.17 0.70 3.00 3.68 4.10 4.60 5.66 0.18 



53 N170a 7.08 0.53 6.07 6.72 7.07 7.45 8.10 6.27 1.07 4.36 5.49 6.25 6.94 8.53 0.28 



54 P050w 5.98 0.45 5.14 5.67 5.97 6.29 6.85 0.80 0.15 0.54 0.70 0.79 0.90 1.13 0.04 



55 P090a 7.62 0.56 6.59 7.23 7.58 7.97 8.82 5.42 0.93 3.85 4.76 5.32 6.05 7.49 0.24 
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56 P240x 8.02 0.61 6.88 7.58 8.01 8.42 9.26 2.55 0.39 1.83 2.27 2.52 2.81 3.36 0.11 



57 P270x 11.13 0.81 9.62 10.58 11.11 11.63 12.79 22.35 3.51 16.41 19.83 21.94 24.50 30.03 1.02 



58 P280x 9.41 0.70 8.09 8.91 9.39 9.89 10.85 3.92 0.59 2.84 3.51 3.90 4.28 5.23 0.17 



59 P290b 13.03 0.88 11.38 12.43 12.98 13.61 14.82 91.09 18.02 59.80 77.95 89.71 102.55 130.50 3.86 



60 S010x 13.31 0.94 11.58 12.67 13.31 13.92 15.23 52.19 9.48 35.87 45.41 51.83 58.16 72.87 2.31 



61 S020a 15.29 1.17 13.26 14.41 15.27 16.06 17.60 23.67 4.37 16.33 20.58 23.07 26.43 33.15 1.07 



62 S020b 13.45 0.95 11.73 12.80 13.37 14.09 15.24 19.03 3.52 12.99 16.64 18.64 21.23 26.64 0.83 



63 S030x 7.03 0.51 6.04 6.67 7.01 7.37 8.09 49.77 8.80 34.29 43.61 48.78 55.35 69.18 2.41 



64 S050x 4.08 0.30 3.51 3.87 4.09 4.27 4.69 0.52 0.08 0.38 0.46 0.51 0.56 0.69 0.02 



65 S060x 5.95 0.44 5.14 5.64 5.94 6.24 6.80 0.66 0.11 0.47 0.59 0.65 0.72 0.91 0.03 



66 S080x 6.37 0.49 5.46 6.05 6.36 6.69 7.36 9.86 1.54 7.09 8.81 9.72 10.80 13.32 0.44 



67 S100x 7.41 0.55 6.38 7.01 7.39 7.76 8.52 19.98 3.30 14.52 17.69 19.75 21.95 27.01 0.94 



68 S110x 4.61 0.34 3.94 4.40 4.61 4.83 5.28 37.01 5.97 25.49 32.96 36.52 41.00 49.25 1.75 



69 S120x 6.72 0.50 5.85 6.35 6.68 7.06 7.76 1.91 0.31 1.40 1.68 1.87 2.09 2.63 0.08 



70 S130x 8.02 0.59 6.87 7.61 8.03 8.40 9.24 3.64 0.56 2.67 3.25 3.61 3.96 4.85 0.17 



71 S140x 7.46 0.53 6.48 7.10 7.44 7.81 8.60 72.54 12.48 50.39 63.70 71.65 81.07 100.30 3.36 



72 S160x 7.60 0.57 6.54 7.21 7.57 7.99 8.76 8.07 1.34 5.75 7.13 7.96 8.91 10.99 0.37 



73 S170x 2.64 0.19 2.30 2.50 2.64 2.77 3.01 2.65 0.40 1.92 2.36 2.63 2.92 3.49 0.13 



74 S180x 5.11 0.38 4.44 4.86 5.10 5.36 5.88 6.99 1.16 5.01 6.20 6.86 7.73 9.50 0.33 



75 S200x 4.18 0.32 3.58 3.97 4.17 4.39 4.80 3.89 0.62 2.74 3.45 3.86 4.30 5.26 0.19 



 



(b) Correlation matrix 



 
s



v  C:CHL L α 



s
v  1.00    



C:CHL -0.58 1.00   



L 0.57 -0.83 1.00  



ad 0.20 0.24 -0.03 1.00 



 











22 



 



Table S4 Primary production values from the literature used in Figure 1 



M-H S&H Boynton U&K 



1.29 1.94 0.16 0.55 
1.28 1.20 0.17 0.16 



1.05 1.16 0.24 0.23 



0.88 1.15 0.24 0.50 



0.83 0.77 0.30 0.04 



0.74 0.74 0.30 0.11 



0.74 0.73 0.30 0.99 



0.43 0.69 0.37 0.67 



0.37 0.53 0.37 0.71 



0.23 0.51 0.43 0.07 



0.19 0.53 0.46 1.27 



0.18 0.48 0.49 1.08 



0.17 0.47 0.49 1.15 



0.17 0.42 0.55 0.74 



0.13 0.39 0.61 0.64 



 0.35 0.67 0.29 



 0.32 0.73 2.29 



 0.31 0.89 0.96 



 0.29 0.91 0.30 



 0.20 0.97 0.57 



 0.16 1.10 1.07 



 0.07 1.22 0.40 



  1.34 0.32 



  1.58 1.60 



  1.83 1.95 



  0.07 0.45 



  0.12 1.49 



  0.17 1.87 



  0.32 0.48 



  0.32 0.59 



  0.62  



  0.67  



  0.73  



  0.79  



  0.24  



  0.43  



  0.61  



  0.61  



  0.97  



  0.15  



  0.30  



  0.34  



  0.76  



  1.53  



  1.64  
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Table S5 Estimated parameter values with doubled and halved variance 



Variance  mean s.d. 2.50% 25% 50% 75% 97.50% 



L 0.66 0.23 0.26 0.49 0.64 0.81 1.16 



C:Chla 56.69 10.57 41.50 48.72 55.03 63.08 81.90 
Original 



Variance 



vs 0.21 0.07 0.09 0.16 0.21 0.26 0.35 



L 0.77 0.17 0.45 0.64 0.76 0.88 1.08 



C:Chla 50.92 5.92 40.91 46.71 50.36 54.70 63.72 
Half 



variance 



vs 0.25 0.06 0.15 0.21 0.25 0.29 0.36 



L 0.57 0.33 0.10 0.31 0.50 0.79 1.29 



C:Chla 66.72 21.22 38.51 50.42 62.68 77.00 120.31 
Double 



variance 



vs 0.17 0.08 0.05 0.11 0.16 0.22 0.37 
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changes in nutrient loads (e.g., refs 19-24), they can also be
useful in exploring more general responses to provide insights
into what controls their susceptibility to eutrophication
(25, 26, 16, 27). We developed a nutrient-driven phytoplank-
ton model, simplified from previous studies on lakes and
estuaries (28-31), that relates summer average phytoplank-
ton biomass to spring TN daily loads and estuarine physical
characteristics. Rather than model detailed nitrogen dynam-
ics (including phytoplankton uptake and biogeochemical
cycling), we modeled summer phytoplankton production as
proportional to spring TN load, similar to earlier work
simulating biological oxygen demand in the Gulf of Mexico
and the Chesapeake Bay (20, 22, 24). The nitrogen loading
rate was converted to phytoplankton carbon production by
multiplying load by a factor encompassing the C:N ratio for
nitrogen-limited production, the relationship between spring
average daily and annual average daily load, and an “estuarine
conversion efficiency factor” intended to capture processes
converting nitrogen load to algal production. This is admit-
tedly a very strong simplification, but it served the purpose
of relating production to load and introducing the efficiency
factor that became very useful in assessing estuarine
susceptibility. We discuss this in detail below; however, we
used this bulk property, the estuarine conversion efficiency,
to calibrate the model and then to explore how it varied with
various estuarine properties.


Phytoplankton losses are modeled as a first-order sinking
rate and a zooplankton grazing term modeled as quadratic
in phytoplankton biomass. This is similar to approaches used
for zooplankton mortality (32-34) under the assumption
that zooplankton abundance varies with phytoplankton
abundance. Thus, the overall rate of change of mixed-layer
phytoplankton carbon (B) is:
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where B is phytoplankton biomass (g C/ m3), In is phy-
toplankton production (g C/ m3/day) derived from spring
nutrient load (TNL, g N/day) and calibration term (R, g C/g
N); Qout is the outflow to the ocean (m3/day), vs1′ is the sinking
rate (1/day), vs is the sinking velocity (m/day), z1 is the mixed
layer depth (m), z is the estuary average depth (m), L is the
grazing loss rate (m3/g C/day), TNL is the sum of TNR (spring
riverine TN load, g N/day) and TNO (ocean nitrogen influx,
g N/day) (ignoring atmospheric deposition sources and N
fixation), NO is the ocean nitrogen concentration (mg/L); Qin


is ocean inflow (m3/day), V1 is the mixed layer volume (m3),
and V is the estuary volume (m3). The ratio of mixed layer
depth to total depth zf is 1.0 for well-mixed estuaries and
assumed to be 0.5 for stratified estuaries. We assumed lagoons
and all other estuaries with depth <3.0 m were well mixed
and that all fjords were stratified.


The water residence time (WRT, day), Qout, and Qin can
be calculated from average estuarine salinity (Sal1), ocean
boundary salinity (Sal0), and river discharge (Q), all of which
are in the NEEA Estuaries Database, and water and salt
balances, as:
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WRT is defined as:
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To explore the model’s ability to reproduce summer
phytoplankton concentrations, we solved eq 1 at steady state
under the assumption that this will provide analytical power
and adequate distinctions among estuaries (35). While
phytoplankton biomass certainly varies over shorter periods
and for most estuaries those differences are generally
attenuated at annual scales (36), there remains sufficient
discrimination among estuaries for this analysis. The steady-
state solution, obtained by setting (dB)/(dt) ) 0, is:
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Parameter Estimation. Bayesian analysis has been in-
creasingly applied in ecology (37, 38) because of its ability
to handle uncertainty, incorporate prior information such
as data and modeling experience, and develop probabilistic
assessments to support decision making (39). Compared to
traditional modeling approaches, Bayesian-estimated model
parameters are embodied in the posterior probability density
functions, which provide credible intervals for both parameter
values and predicted states under various probability levels
(40). See Supporting Information for details.


We used WinBUGS (version 1.4.3) (41), called from R
(version 2.6.0; R2WinBUGS (version 2.1-8)) (42). With
WinBUGS, we estimated a single value for parameters L,vs,
and C:CHL across all estuaries and individual values of R for
each estuary. Our previous modeling analysis revealed that
the four parameters are correlated (see Supporting Informa-
tion), so we used the following informative priors, based on
literature information and experience (39), to provide relia-
ble parameter estimates: L ∼ N(0.80,0.25)I(0,); C:CHL ∼
N(50,20)I(0,); vs ∼ N(0.3, 0.10)I(0,). The numbers in the
brackets represent the mean and the standard deviation and
I(0,) denotes censoring to eliminate negative values. We
conducted a sensitivity analysis on the forms of the informa-
tive priors (see Supporting Information) and found they were
relatively insensitive to the variance changes. We used a
noninformative prior for R, assuming a normal distribution
with unspecified mean and common variance, since we did
not have credible prior information for this derived property
(see Supporting Information) and we wanted to allow the
algorithm maximum flexibility in its estimation.


Four goodness-of-fit measures were used to test model
results between predicted and observed values: correlation
coefficient, slope of the regression, coefficient of determi-
nation, R2, and the root mean squared error (RMSE) (see
Supporting Information).


Results
C:CHL and Chlorophyll Estimates. The model performed
remarkably well, with a correlation between predicted and
observed chlorophyll of 0.99 (Supporting Information). The
slope of the regression fit is 0.96 with an intercept of 0.17
which is not significantly different from zero. R2 is 0.99 with
a RMSE of 0.50 and scale-independent RMSE of 0.051. We
used a potential scale reduction factor, Rhat, to determine
model convergence. Resulting Rhat values are all close to
1.0, indicating the model converges well (42). The mean and
standard deviation of the posterior distribution for the carbon
to chlorophyll ratio was 56 ( 10.6, well within the range
reported in the literature (43-47). While these estimates are
satisfying, it is important to also compare our calculated
production and loss rates to observations because even
simple models are capable of matching state variables based
on erroneous, yet compensating, rate processes (e.g., ref 28).


VOL. 43, NO. 10, 2009 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 3475







So we made those comparisons to ensure that this is not
simply sophisticated curve-fitting.


Phytoplankton Primary Production. Model estimates for
growing-season phytoplankton primary production ranged
between 0.05 and 8.0 g C/m2/day, with first, second, and
third quartiles of 0.24, 0.45, and 0.78 g C/m2/day. These
estimates represent the central tendency of production for
each estuary with distributions associated withR (eq 2). Thus,
the overall distribution of the model production estimate is
a mixture distribution. For comparison, we compiled sum-
maries of phytoplankton primary production for 112 estuaries
and coastal systems (48-51) and compared their distributions
to our model. For cases where production estimates were
reported as annual average daily rates, we assumed that 70%
of the annual production occurs during the 7 month growing
season. Comparing the notched box plots (Figure 1) illustrates
that the distribution of our predictions are indistinguishable
from those empirical estimates.


Grazing and Sinking Loss Rates. The mean and standard
deviation of grazing and sinking parameters were 0.69 (
0.27 m3/g C/day for L and 0.21 ( 0.07 m/day for vs, well
within expected ranges for grazing (33, 16) and sinking
(46, 47). In addition, grazing loss as a percent of primary
production was 66 ( 18%, compared to 24 ( 15% for
sedimentation, suggesting that grazing is often the main loss
term. Estimates for the Strait of Georgia (52), Halifax Harbor
(53), Chesapeake Bay (54), Mobile Bay (55), and Apalachicola
Bay (56) all suggest that grazing was the primary factor
controlling phytoplankton biomass. The consistency of the
general patterns of model output and these observations is
demonstrated by comparing the frequency distributions of
model output to these field measurements across a wide
array of systems (Figure 2 and Supporting Information).
While some of our grazing estimates seem to be a bit higher
than those reported in the literature, the overall comparison
is quite good.


Estuarine Efficiency. The above comparisons of modeled
and measured production, sinking, and grazing demonstrate
that the model not only fits the observed phytoplankton
chlorophyll concentration across this diverse set of estuaries
but also fits key rate processes well. This lends credence to
using the model to explore relative estuarine sensitivity
through our estimates estuarine efficiency. The Bayesian
estimated mean value of R that best fit chlorophyll observa-
tions ranged between 0.52 g C/g N and 159.5 g C/g N, with


the uncertainty around individual values relatively constant.
Mean and standard deviation of the coefficients of variation
were 17 ( 1%.


This calibration term, R, is composed of three factors: the
nitrogen-limited C:N ratio for production, a factor relating
average spring daily nutrient loads to annual average daily
loads, and the estuarine efficiency factor. Because we want
to explore the efficiency term, we need to factor out the other
two; although it is important to note that the scaling factors
influence the absolute value but not the patterns of R across
estuaries.


The Redfield C:N molar ratio is often used for these types
of estimates; however, recent evidence suggests that under
nitrogen-limited conditions, carbon overconsumption (57)
drives the C:N ratio higher. For our analysis, we used 12.7
(10.9 mass ratio), based on an average of 14 estimates reported
in the literature (58-64). In most estuarine systems, average
daily spring loads are considerably higher than the annual
average. For our analysis, we assumed the average daily spring
load was 2.0 times the annual average daily load. Thus, to
estimate estuarine efficiency we divided R by 21.8 (10.9 × 2),
producing efficiency terms between 0.02 and 7.34 (inter-
quartile range: 0.34-2.28). Estuaries with efficiency terms
greater than 1.0 can be considered “recyclers”; those below
1.0 can be considered “N sink” systems or highly flushed
systems. This is discussed further below.


Discussion
The model reproduced summer chlorophyll concentrations
as a function of total nitrogen load and the physical
characteristics of the estuary for a wide range of estuarine
types and conditions (Supporting Information). This was
based on several simplifying assumptions, the most useful
of which was the introduction of an estuarine efficiency term,
representing the fraction of the spring nitrogen load con-
verted to algal biomass. There are, of course, many processes
that modulate that conversion and reduce overall conversion
efficiency, including denitrification, delivery of unavailable
nutrient forms, sediment burial, and rapid flushing compared
to algal production. There are also processes that enable
recycling of nitrogen and increase the conversion efficiency.
Our analysis does not distinguish among those processes
but rather explores their net effect. We explored how
predicted estuarine efficiency, ε)R/21.8, varied with different


FIGURE 1. Frequency distribution of net primary production estimates for our study (75 estuaries) and that summarized in
Montes-Hugol et al. (15 estuaries) (51), Smith and Hollibaugh (22 estuaries) (50), Boynton et al. (45 estuaries) (48), and Underwood
and Kromkamp (30 estuaries) (49).
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estuarine properties and found the most useful relationship
with the ratio of river discharge to estuarine volume (Q/V)
(Figure 3, Supporting Information). Note that Q is the river
discharge, not the sum of that discharge and ocean inflow,
which is convenient because the latter is more difficult to
estimate.


In this analysis, efficiency appeared to decrease roughly
with the inverse square root of Q/V: ε ) 0.908(Q/V)-0.47


(R2 ) 0.53), where ε represents mean values arising from the
75 estimated normal distributions. This is logical because
load generally increases with inflow (Q) and, for a given
estuarine volume, one would expect the system to be less
efficient in processing that load and, in fact, be overloaded
for high values of Q. Conversely, for a given nutrient load,
larger volumes should allow more time for biogeochemical
processing and thus more efficient conversion.


The regression only explains a little over 50% of the
variability and is thus not a strong predictor of individual
efficiency or susceptibility. However, graphical inspection
of ε vs Q/V estimates reveals an interesting pattern: a
breakpoint a Q/V of 2.0 per year. All but one estuary with
Q/V greater than 2.0 have efficiency factors less than 1,
suggesting that nitrogen losses (e.g., denitrification, burial,
delivery of refractory N) outweigh recycling rates in these “N
sink” systems, and they are less susceptible to eutrophication.
In contrast, all but four of the estuaries with Q/V less than
2.0 have efficiency factors greater than one and some as high
as 7. These systems are more efficient recyclers and more
susceptible to eutrophication. In addition, closer inspection
of estuaries with Q/V values below 2.0 suggests that systems
with Q/V between 0.3 and 2.0 have efficiency factors less
than 3, i.e., moderate recyclers. Systems below 0.3 have
indeterminate efficiency. Examining these relationships
individually for lagoons, embayments, fjords, and river run
estuaries (refer to the Supporting Information) demonstrates
that almost all fjords are relatively sensitive to loads, whereas
there is more variability in other types. This is similar to
results from a multivariate regression analysis done for the
same classes of estuaries (13).


Case Studies. We tested the general model against three
case studies: Potomac River, Hudson River, and Apalachicola


Bay. Bennett et al. (65) found for the Potomac that chlorophyll
a concentrations were low in July and August when average
monthly discharge exceeded 200 m3/s, corresponding to Q/V
over 0.97 year-1 based on a volume of 6.47 × 109 m3 (3).
While seasonal peak concentrations occurred at discharges
as high as 970 m3/s, sustained discharges greater than 1100
m3/s (the corresponding Q/V of 5.4) retarded development.
Thus, for the Potomac River, sustained chlorophyll concen-
trations were consistently low for Q/V of 0.97 and 5.4 per
year.


Howarth et al. (66) observed relatively high gross primary
production (GPP) in Hudson River estuary only when river
discharge at Green Island (representing 67% of total fresh-
water input) was less than 200 m3/s. This corresponds to a
Q/V of 1.9, assuming a volume of 4.90 × 109 m3 (3). Observed
GPP was less than 2.5 g C/m2/day when river discharge was
over 200 m3/s. Using river discharge of 595 m3/s from the
NEEA data set (3), we estimated production of 1.95 g C/m2/
day and an efficiency term of 0.58 ( 0.11, indicating low
susceptibility.


Apalachicola Bay is a fast-flushing estuary with a typical
residence time of about 8 days and 66% of the annual nutrient
input exported to the Gulf of Mexico (56). Our estimated
efficiency was very low as 0.17 ( 0.03 with a Q/V ratio of 21.9
per year. The observed production from 1993 to 1996 ranged
between 0.096 and 1.812 g C/m2/day; our estimate is 0.35 g
C/m2/day.


Our analysis is based on a rather simple representation
of relationships among nutrient load; phytoplankton growth,
settling, and grazing; and basic physical estuarine properties.
However, that simple formulation, embedded within a
Bayesian estimation framework and employing an introduced
term representing the nutrient conversion efficiency, was
able to not only reproduce observed chlorophyll concentra-
tions but to also mimic key relationships among rates of
phytoplankton production, settling, and grazing loss. We
demonstrated a relationship between this efficiency term (ε)
and a flushing parameter, Q/V. While that relationship only
explained a little over half of the variation in efficiency,
graphical inspection suggests that estuaries with Q/V greater
than about 2.0 per year should be less susceptible to nutrient


FIGURE 2. Frequency distribution of the ratio of sinking and grazing loss to production. Upper panels are model estimates; lower
panels are literatures values (see Supporting Information).
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loads and those with Q/V between 0.3 and 2.0 per year will
be moderately susceptible. Little can be said generally for
estuaries with Q/V less than 0.3 because ε varied between 1
and over 7.


While specific loading targets for individual estuaries will
likely continue to be based on site-specific analysis, we
suggest that a first-order screening tool based on the logical
and rather classic property, Q/V, can help set priorities for
analysis and perhaps form a basis for additional classification
efforts on estuarine susceptibility.
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Application of Bayesian Analysis - In Bayesian analysis, all unknown parameters are treated as 


random variables and their distributions are derived from known information (1), thus providing 


a rigorous method for uncertainty analysis and presenting key information for management 


decision making (2). Bayesian inference is based on Bayes’ Theorem (3): 


( )


p p y p p y
p y p p y


p y p p y d
θ


θ θ θ θ
θ θ θ


θ θ θ


( ) ( | ) ( ) ( | )
( | ) = = ∝ ( ) ( | )


( ) ( | )∫
                        


where p(θ | y) is the posterior probability of θ, which is the conditional distribution of the 


parameters after observation of the data; θ is the parameter to be estimated; p(θ) is the prior 


probability of θ (i.e., its assumed probability distribution before observation of data); p (y |θ) is 


the likelihood function, which represents the probability of the occurrence of the observations y 


given different realizations of the postulated mechanistic relationship between the response and 


predictor variables, i.e., equation 1.  


The difficult in to obtaining the posterior distributions analytically generally limits application of 


the Bayesian approach. However, in recent decades, the Markov Chain Monte Carlo (MCMC) 


algorithm has been applied to obtain the numerical summarization of parameters (4). MCMC is a 


method to draw samples from multidimensional distributions for numerical integration.  The idea 


underlying the MCMC implementation in Bayesian inference is to construct a Markov process 


whose stationary distribution is the model posterior distribution, and then run the process long 


enough to produce an accurate approximation of this distribution (5). Many methods (e.g., Gibbs 


sampler) have been proposed for obtaining sequences of realizations from the posterior model 


distributions (6), but all of them are special cases of the general Metropolis-Hastings algorithm 


(7,8).  There are three steps in the Bayesian approach using Markov Chaing Monte Carlo 
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(MCMC) sampling (5): identifying the prior probability distributions formulation, determining 


the likelihood function, and MCMC sampling. Starting values are provided for the model “burn-


in” period, which aims to make the model reach convergence after a sufficient time. Then the 


samples after the “burn-in” period are saved for determining statistical inferences of the posterior 


distribution (5). 


In our analyses, a lognormal model error was used to bound predictions of B at zero, and 


structured to accommodate autocorrelation in the error term, as suggested by (9). The basic 


Bayesian model for the study is: 


2log( ) ~ log( ),o m


i iB N B σ                                                          


where o


i
B (i=1,…, 75) is observed phytoplankton biomass for estuary i, converted from observed 


chlorophyll with a C:Chl ratio;
 m


i
B is the modeled  phytoplankton biomass from equation (6); σ  


is the lognormal model error standard variance. 


R
2
 and RMSE are defined as: 


2


2 1
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∑


∑
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n
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−
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where, SSE and SST are the sum of squared errors and total sum of squares, respectively; 
i


y and 


'
i


y are the original data values and modeled values respectively; 
i


y is the mean of the 


observations 
i


y ; n is the number of observations. Because RMSE is scale dependent, we used a 


scale-independent RMSE value to measure goodness-of-fit, RMSE divided by the mean of the 
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observations. It should be noted though that the Bayesian approach generates a predictive 


distribution and not a single value for each variable ( '


i
y ), and thus the use of correlation 


coefficient, slope, 2R  and RMSE is essentially a non-Bayesian (“point”) assessment of the model 


performance.  


The prior distribution of σ is usually considered as non-informative or vague with a 


prior
2 2( ) 1/ρ σ σ∝ , which assumes an improper uniform distribution on ( , )−∞ +∞ (5). Thus in 


this study, we used a uniform distribution for σ rather than the standard non-informative prior 


(5). Then the MCMC sampling was carried out using four chains, each with 40,000 iterations 


(first 20,000 discarded after model convergence); and samples for each unknown quantity were 


taken from the next 20,000 iterations using a thin equal to 40 to reduce serial correlation. 


Statistical inference was based on the resulting 1,000 MCMC samples. A potential scale 


reduction factor, Rhat, was produced in package R2WinBUGS to determine the model 


convergence (at convergence, Rhat=1.0) (10).  


Comparison with Grazing and Sedimentation Rates - Calbet and Landry presented a meta-


analysis of 788 observations across 66 marine systems, including 142 observations for coastal 


system and 136 for estuarine system (11). They found grazing to consume 59.9±3.3% and 


59.7±2.7% of phytoplankton production for coastal and estuarine systems, respectively.  


Mortazavi (12) reported 62% for the estuarine portion of the Mississippi River mouth in 


September, about 50% in Hudson River in fall, 23 - 52% in Long Island Bays during the spring 


and summer, 83% in Mobile Bay, more than 31% in the Chesapeake Bay during summer, and 


80% in Apalachicola Bay on an annual basis.  Landry and Hassett (13) reported 17-52% for 


coastal waters off Washington and McManus and Edering-Cantrell (14) reported 50-60% for the 
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Chesapeake Bay.  Micro-zooplankton grazed between 46% and 60% of production in Mundaka 


Estuary, Spain (15) and 64% and 83% of production at offshore and bay stations in Mobile Bay 


(16).   


Sedimentation as a percentage of production in the Baltic proper (72%, 12%) (17,18), a Baltic 


fjord (30-48%) (19), the Mississippi River plume (27%)(20), Dona Paula Bay, India (39%) (21), 


Narragansett Bay mesocosms (47%) (22), including manipulations that were warm with 


zooplankton and mussels (29-43%) (23) and colder without mussels (73-82%), as well as a 


tropical shelf off Kingston, Jamaica (15%) (24). 
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Figure S1. Distribution of estuarine properties.  Blocks from left to right are for Embayments, 


Fjords, Lagoons, and River Run estuaries. 
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Figure S2. Model results vs. observed mean values for Chl a. Symbols represent modeled-


observed pairs.  The dashed line is 1:1 and the solid line is the regression results. Horizontal error bars 


represent ±standard deviation of the observed 7-year summer Chl a; and vertical error bars 


represent ± one standard deviation of the modeled values. 
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Figure S3. Sensitivity of the Chl a predictions to the prior distributions assigned to the parameters, 


(a) estimated Chl a using double variance, (b) estimated Chl a using half variance; and (c) 


estimated α values when changing the other parameters’ variances. Vertical error bars represent ± 


one standard deviation of the modeled values.  
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Figure S4 Relationship between nitrogen conversion efficiency (ε) and some estuarine 


physical characters 
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Figure S5. Relationship between nitrogen conversion efficiency (ε) and the Q/V for four 


estuarine types.
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Table S1 Characters of the 75 estuaries included in the modeling analysis 


NO EDA NAME Sub-Name Type 
Volume 


(m3) 


Depth 


(m) 


Area 


(m2) 


Res. Time 


(day) 


TN load 


(kg/yr) 


Discharge 


(m3/day) 


Ocean N 


flux(kg/yr) 


Observed 


Chl a (µg/L) 


Q/V  


(1/Year) 


1 G010x Florida Bay Florida Bay EDA Lagoons 1.03E+09 0.62 1.66E+09 272 2.8E+05 504000 1.3E+04 3.98 0.179 


2 
G020x 


South Ten Thousand 


Islands 


South Ten Thousand 


Islands EDA 


River 


Dominated 1.44E+08 0.63 2.29E+08 18 7.1E+05 3250000 1.9E+04 4.23 8.238 


3 
G040x Rookery Bay Rookery Bay EDA 


River 


Dominated 1.74E+07 0.50 3.48E+07 43 1.2E+04 58800 1.1E+03 3.41 1.233 


4 
G050a Charlotte Harbor 


Caloosahatchee River 


EDA 


River 


Dominated 1.26E+08 1.88 6.70E+07 19 1.7E+06 4170000 6.3E+03 2.30 12.080 


5 
G050w Charlotte Harbor 


Charlotte Harbor 


EDA 


Coastal 


Embayments 8.19E+08 1.63 5.02E+08 59 2.6E+06 5070000 2.5E+04 6.81 2.260 


6 G060x Sarasota Bay Sarasota Bay EDA Lagoons 2.72E+08 2.19 1.24E+08 87 3.6E+05 487000 5.4E+03 4.25 0.654 


7 
G070x Tampa Bay Tampa Bay EDA 


Coastal 


Embayments 2.70E+09 3.00 9.00E+08 197 3.3E+06 3510000 2.1E+04 7.63 0.475 


8 
G080x Suwannee River 


Suwannee River 


EDA 


River 


Dominated 1.93E+08 1.17 1.65E+08 4 6.6E+06 25700000 6.8E+04 9.17 48.604 


9 
G090x Apalachee Bay Apalachee Bay EDA 


River 


Dominated 3.40E+09 1.92 1.77E+09 50 3.6E+06 9590000 2.1E+05 5.73 1.030 


10 
G100x Apalachicola Bay 


Apalachicola Bay 


EDA 
Lagoons 


1.07E+09 1.81 5.91E+08 8 2.0E+07 64000000 3.1E+05 7.07 21.832 


11 
G110x St. Andrew Bay St. Andrew Bay EDA 


Coastal 


Embayments 7.14E+08 2.83 2.52E+08 136 4.0E+05 1750000 1.9E+04 4.23 0.895 


12 
G120x Choctawhatchee Bay 


Choctawhatchee Bay 


EDA 
Lagoons 


1.29E+09 3.80 3.39E+08 39 4.9E+06 19300000 1.0E+05 10.04 5.461 


13 G130x Pensacola Bay Pensacola Bay EDA Lagoons 1.44E+09 3.02 4.77E+08 26 6.4E+06 25800000 2.5E+05 8.41 6.540 


14 G140x Perdido Bay Perdido Bay EDA Lagoons 1.97E+08 1.53 1.29E+08 29 1.6E+06 3910000 2.3E+04 8.16 7.244 


15 
G150x Mobile Bay Mobile Bay EDA 


River 


Dominated 2.06E+09 1.91 1.08E+09 7 5.3E+07 157000000 1.2E+06 10.26 27.818 


16 
G160x 


East Mississippi 


Sound 


East Mississippi 


Sound EDA 


Coastal 


Embayments 1.53E+09 2.34 6.54E+08 25 1.2E+07 34400000 2.5E+05 5.83 8.207 


17 
G170a 


West Mississippi 


Sound 
Lake Borgne EDA 


River 


Dominated 1.34E+09 1.81 7.40E+08 25 1.9E+07 30600000 2.1E+05 8.54 8.335 


18 
G170b 


West Mississippi 


Sound 


Lake Pontchartrain 


EDA 


River 


Dominated 6.57E+09 3.50 1.88E+09 293 7.4E+06 11500000 7.6E+04 8.24 0.639 


19 
G170w 


West Mississippi 


Sound 


West Mississippi 


Sound EDA 


Coastal 


Embayments 3.84E+09 2.43 1.58E+09 336 1.5E+06 3100000 5.2E+04 6.53 0.295 
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20 
G210x 


Terrebonne/Timbalier 


Bays 


Terrebonne/Timbalier 


Bays EDA 


River 


Dominated 8.54E+08 0.68 1.26E+09 213 2.6E+06 64900 1.3E+04 8.05 0.028 


21 G240x Calcasieu Lake Calcasieu Lake EDA Lagoons 3.11E+08 1.20 2.59E+08 22 4.8E+06 8390000 2.0E+04 11.56 9.847 


22 G250x Sabine Lake Sabine Lake EDA Lagoons 6.61E+08 2.49 2.65E+08 10 1.4E+07 44100000 7.7E+04 12.70 24.352 


23 G260x Galveston Bay Galveston Bay EDA Lagoons 2.25E+09 1.54 1.46E+09 22 2.5E+07 56300000 9.4E+04 9.75 9.133 


24 G280x Matagorda Bay Matagorda Bay EDA Lagoons 1.57E+09 1.41 1.11E+09 82 9.5E+06 9930000 6.3E+03 6.61 2.309 


25 
G290x San Antonio Bay 


San Antonio Bay 


EDA 
Lagoons 


3.47E+08 0.59 5.88E+08 30 4.2E+06 6590000 3.0E+03 7.25 6.932 


26 G300x Aransas Bay Aransas Bay EDA Lagoons 5.15E+08 0.98 5.26E+08 536 6.3E+05 587000 2.9E+02 5.36 0.416 


27 
M010x Buzzards Bay Buzzards Bay EDA 


Coastal 


Embayments 6.42E+09 10.05 6.39E+08 468 8.4E+05 420000 1.8E+05 7.13 0.024 


28 
M020x Narragansett Bay 


Narragansett Bay 


EDA 


River 


Dominated 3.46E+09 8.31 4.16E+08 109 5.5E+06 4920000 3.5E+05 9.55 0.519 


29 
M060x 


Hudson River/Raritan 


Bay 


Hudson River/Raritan 


Bay EDA 


River 


Dominated 4.90E+09 6.13 7.99E+08 45 4.8E+07 51400000 4.9E+05 17.04 3.829 


30 M070x Barnegat Bay Barnegat Bay EDA Lagoons 1.18E+08 0.65 1.82E+08 29 1.1E+06 1320000 1.8E+04 17.72 4.083 


31 
M080x 


New Jersey Inland 


Bays 


New Jersey Inland 


Bays EDA 
Lagoons 


3.10E+08 1.11 2.79E+08 27 1.2E+06 1330000 6.9E+04 15.57 1.566 


32 
M090x Delaware Bay Delaware Bay EDA 


River 


Dominated 1.27E+10 6.12 2.08E+09 85 4.2E+07 41400000 6.5E+05 14.80 1.190 


33 
M100x 


Delaware Inland 


Bays 


Delaware Inland 


Bays EDA 
Lagoons 


1.60E+08 2.00 8.00E+07 98 3.4E+05 237000 4.2E+03 12.50 0.541 


34 
M110x 


Maryland Inland 


Bays 


Maryland Inland 


Bays EDA 
Lagoons 


1.04E+08 1.92 5.42E+07 253 1.7E+05 48800 1.8E+03 15.31 0.171 


35 
M130a Chesapeake Bay Patuxent River EDA 


River 


Dominated 5.37E+08 3.78 1.42E+08 253 1.7E+06 1170000 4.6E+03 8.96 0.795 


36 
M130b Chesapeake Bay Potomac River EDA 


River 


Dominated 6.47E+09 5.13 1.26E+09 121 3.1E+07 34100000 1.1E+05 23.95 1.924 


37 
M130c Chesapeake Bay 


Rappahannock River 


EDA 


River 


Dominated 1.41E+09 3.75 3.76E+08 185 3.5E+06 4380000 4.8E+04 18.98 1.134 


38 
M130d Chesapeake Bay York River EDA 


River 


Dominated 7.86E+08 3.82 2.06E+08 92 3.3E+06 4030000 2.5E+04 16.54 1.871 


39 
M130e Chesapeake Bay James River EDA 


River 


Dominated 2.06E+09 3.22 6.40E+08 61 1.2E+07 21600000 6.4E+04 17.49 3.827 


40 
M130f Chesapeake Bay Chester River EDA 


River 


Dominated 6.81E+08 3.47 1.96E+08 276 8.3E+05 118000 1.2E+04 24.81 0.063 


41 
M130g Chesapeake Bay Choptank River EDA 


River 


Dominated 1.27E+09 3.09 4.11E+08 85 2.0E+06 568000 8.2E+04 20.26 0.163 


42 
M130h Chesapeake Bay Tangier/Pocomoke 


River 


Dominated 3.48E+09 3.29 1.06E+09 586 5.5E+06 857000 2.4E+04 14.24 0.090 
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43 
N010x Passamaquoddy Bay 


Passamaquoddy Bay 


EDA 
Fjords 


6.74E+09 45.57 1.48E+08 91 9.7E+05 6460000 1.3E+06 7.42 0.350 


44 
N020x 


Englishman/Machias 


Bay 


Englishman/Machias 


Bay EDA 
Fjords 


2.57E+09 11.44 2.25E+08 58 8.3E+05 3540000 8.0E+05 6.40 0.503 


45 
N030x Narraguagus Bay 


Narraguagus Bay 


EDA 
Fjords 


2.03E+09 9.85 2.06E+08 96 3.9E+05 1560000 3.8E+05 5.97 0.280 


46 N040x Blue Hill Bay Blue Hill Bay EDA Fjords 7.25E+09 22.87 3.17E+08 409 5.0E+05 1120000 3.3E+05 6.21 0.056 


47 N050x Penobscot Bay Penobscot Bay EDA Fjords 2.44E+10 24.64 9.90E+08 83 8.3E+06 35800000 5.3E+06 8.88 0.536 


48 N060x Muscongus Bay Muscongus Bay EDA Fjords 2.47E+09 12.28 2.01E+08 870 3.9E+05 343000 4.4E+04 6.49 0.051 


49 
N070x Damariscotta River 


Damariscotta River 


EDA 
Fjords 


6.79E+08 12.82 5.30E+07 886 1.1E+05 1930 1.4E+04 3.98 0.001 


50 N080x Sheepscot Bay Sheepscot Bay EDA Fjords 1.92E+09 17.94 1.07E+08 305 2.8E+05 613000 1.1E+05 4.74 0.117 


51 N100x Casco Bay Casco Bay EDA Fjords 5.14E+09 12.04 4.27E+08 122 8.2E+05 3210000 8.2E+05 7.55 0.228 


52 
N110x Saco Bay Saco Bay EDA 


River 


Dominated 4.94E+08 10.09 4.90E+07 8 2.0E+06 7370000 1.2E+06 5.39 5.445 


53 
N170a Massachusetts Bay Boston Harbor EDA 


Coastal 


Embayments 1.16E+09 6.25 1.86E+08 76 4.3E+06 1130000 2.4E+05 7.07 0.356 


54 
P050w San Pedro Bay San Pedro Bay EDA 


Coastal 


Embayments 6.35E+08 11.15 5.70E+07 121 1.3E+07 771000 7.0E+03 5.90 0.443 


55 


P090a San Francisco Bay 


Central San 


Francisco/San 


Pablo/Suisun Bays 


EDA 


River 


Dominated 


5.62E+09 6.72 8.36E+08 36 3.0E+07 72300000 9.2E+05 7.53 4.696 


56 
P240x Tillamook Bay Tillamook Bay EDA 


River 


Dominated 6.99E+07 1.84 3.80E+07 5 2.6E+06 5270000 8.7E+04 8.01 27.519 


57 
P270x Willapa Bay Willapa Bay EDA 


Coastal 


Embayments 1.07E+09 3.02 3.54E+08 21 2.9E+06 7260000 5.0E+05 11.12 2.477 


58 
P280x Grays Harbor Grays Harbor EDA 


River 


Dominated 4.65E+08 1.98 2.35E+08 6 1.3E+07 22000000 6.4E+05 9.33 17.269 


59 
P290b Puget Sound 


Skagit Bay/Whidbey 


Basin EDA 
Fjords 


2.88E+10 46.37 6.21E+08 131 1.8E+07 74400000 1.7E+06 13.56 0.943 


60 
S010x Albemarle Sound 


Albemarle Sound 


EDA 
Lagoons 


6.25E+09 2.50 2.50E+09 140 1.8E+07 27400000 6.5E+04 13.34 1.600 


61 
S020a Pamlico Sound 


Pamlico/Pungo 


Rivers EDA 


River 


Dominated 7.34E+08 1.62 4.53E+08 68 6.5E+06 6000000 1.6E+04 15.38 2.984 


62 
S020b Pamlico Sound Neuse River EDA 


River 


Dominated 1.31E+09 2.86 4.58E+08 75 1.0E+07 10200000 2.3E+04 13.41 2.842 


63 S030x Bogue Sound Bogue Sound EDA Lagoons 3.63E+08 1.32 2.75E+08 208 4.2E+05 45500 3.9E+03 7.06 0.046 


64 
S050x Cape Fear River 


Cape Fear River 


EDA 


River 


Dominated 2.45E+08 2.45 1.00E+08 7 1.5E+07 19100000 3.9E+04 4.09 28.455 
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65 
S060x Winyah Bay Winyah Bay EDA 


River 


Dominated 4.49E+08 5.05 8.89E+07 7 2.4E+07 40200000 4.3E+04 7.15 32.679 


66 
S080x Charleston Harbor 


Charleston Harbor 


EDA 


River 


Dominated 4.24E+08 4.99 8.50E+07 16 1.2E+06 13700000 2.1E+04 6.46 11.794 


67 
S100x St. Helena Sound 


St. Helena Sound 


EDA 


River 


Dominated 7.20E+08 3.55 2.03E+08 41 1.1E+06 7380000 1.6E+04 7.49 3.741 


68 
S110x Broad River Broad River EDA 


River 


Dominated 1.22E+09 5.03 2.43E+08 375 3.8E+05 452000 3.9E+03 4.60 0.135 


69 
S120x Savannah River Savannah River EDA 


River 


Dominated 3.73E+08 3.08 1.21E+08 5 1.0E+07 29700000 6.9E+04 6.69 29.063 


70 
S130x Ossabaw Sound Ossabaw Sound EDA 


River 


Dominated 2.94E+08 3.35 8.78E+07 19 3.3E+06 7470000 1.2E+04 7.99 9.274 


71 
S140x 


St. Catherines/Sapelo 


Sounds 


St. Catherines/Sapelo 


Sounds EDA 


River 


Dominated 6.83E+08 3.63 1.88E+08 979 2.7E+05 69200 5.9E+02 7.65 0.037 


72 
S160x 


St. Andrew/St. 


Simons Sounds 


St. Andrew/St. 


Simons Sounds EDA 


River 


Dominated 6.82E+08 3.87 1.76E+08 57 2.6E+06 5640000 9.4E+03 7.61 3.018 


73 


S170x 


St. Marys 


River/Cumberland 


Sound 


St. Marys 


River/Cumberland 


Sound EDA 


River 


Dominated 
2.14E+08 3.34 6.41E+07 29 6.1E+05 1700000 9.2E+03 2.64 2.900 


74 
S180x St. Johns River St. Johns River EDA 


River 


Dominated 1.51E+09 2.21 6.83E+08 97 6.3E+06 13100000 2.7E+03 5.42 3.167 


75 S200x Biscayne Bay Biscayne Bay EDA Lagoons 8.64E+08 1.23 7.02E+08 20 6.7E+06 10500000 1.3E+05 4.13 4.436 


 


Note: Observed Chl a (µg/L) means the mean observed Summer Chl a of 7 years (µg/L). 
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Table S2 Characteristics of the 24 estuaries not included 


REASON EDA NAME Sub-Name Type 
Volume 


(m3) 


Discharge 


(m3/day) 


Depth 


(m) 


Area 


(m2) 


Res. Time 


(day) 


TN load 


(kg/yr) 


Observed 


Chl a 


(µg/L) 


M G180x 
Breton/Chandeleur 


Sound 


Breton/Chandeleur 


Sound EDA 


Coastal 


Embayments 1.18E+10 238000 3.1 3.81E+09 504 1.3E+04 7.85 


P N180x Cape Cod Bay Cape Cod Bay EDA 
Coastal 


Embayments 3.25E+10 147000 22.56 1.44E+09 1294 1.8E+04 4.23 


M M120x Chincoteague Bay 
Chincoteague Bay 


EDA Lagoons 6.48E+08 52900 1.94 3.34E+08 183 6.7E+04 18.80 


M S020w Pamlico Sound Pamlico Sound EDA Lagoons 1.37E+10 303000 3.1 4.42E+09 959 1.9E+04 6.46 


P P080w Monterey Bay Monterey Bay EDA 
Coastal 


Embayments 4.56E+10 1950000 83.75 5.44E+08 3249 2.5E+06 10.12 


M M030x Gardiners Bay Gardiners Bay EDA 
Coastal 


Embayments 3.27E+09 90100 6.39 5.12E+08 389 1.9E+05 7.47 


P N170w Massachusetts Bay 
Massachusetts Bay 


EDA 


Coastal 


Embayments 2.23E+10 179000 29.09 7.67E+08 1320 2.3E+05 4.55 


M P290c Puget Sound 
South Puget Sound 


EDA Fjords 1.76E+10 5280000 39.30 4.48E+08 313 2.3E+06 9.45 


P P290w Puget Sound Puget Sound EDA Fjords 9.85E+10 14000000 91.16 1.08E+09 500 8.3E+06 10.13 


M M050x Great South Bay 
Great South Bay 


EDA Lagoons 4.20E+08 471000 1.10 3.82E+08 199 7.0E+05 25.21 


M S190x Indian River Indian River EDA Lagoons 6.69E+08 2980000 0.77 8.69E+08 36 8.2E+04 6.09 


M M040w Long Island Sound 
Long Island Sound 


EDA 


Coastal 


Embayments 6.35E+10 15500000 19.47 3.26E+09 425 1.1E+07 11.81 


M P290d Puget Sound 
Port Orchard Sound 


EDA Fjords 1.41E+09 165000 15.33 9.20E+07 183 5.6E+04 8.73 


M G030x 
North Ten Thousand 


Islands 


North Ten Thousand 


Islands EDA River Dominated 2.84E+08 4200000 0.73 3.89E+08 16 7.8E+04 5.71 


P G200x Barataria Bay Barataria Bay EDA River Dominated 3.62E+08 598000 0.42 8.62E+08 114 7.2E+05 14.21 


P P290a Puget Sound Hood Canal EDA Fjords 2.69E+10 7450000 67.96 3.96E+08 470 1.5E+07 7.34 


P G310x Corpus Christi Bay 
Corpus Christi Bay 


EDA Lagoons 1.54E+09 492000 2.69 5.72E+08 1320 9.5E+05 4.61 


P P020x San Diego Bay San Diego Bay EDA Lagoons 1.04E+08 62500 2.37 4.39E+07 1384 9.6E+05 4.62 


P G220x 
Atchafalaya/Vermilio


n Bays 


Atchafalaya/Vermilio


n Bays EDA River Dominated 2.67E+09 716000000 1.20 2.23E+09 3 3.7E+08 11.45 


P M130t Chesapeake Bay 
Chesapeake Bay 


Mainstem EDA River Dominated 5.11E+10 105000000 28.00 1.83E+09 232 5.9E+07 15.36 
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P P090w San Francisco Bay 
San Francisco Bay 


EDA River Dominated 2.14E+09 692000 4.38 4.88E+08 1782 4.2E+06 6.90 


P P260x Columbia River Columbia River EDA River Dominated 2.85E+09 595000000 4.63 6.16E+08 4 1.2E+08 12.81 


P G230x Mermentau River 
Mermentau River 


EDA River Dominated 2.25E+07 7890000 0.05 4.50E+08 3 7.3E+06 12.07 


P G190x Mississippi River 
Mississippi River 


EDA River Dominated 6.88E+09 


 


7.01 9.81E+08 3 1.1E+09 9.34 


Note: Dropped Reasons: P- extreme physical characteristics (marked red); M- outlier results from early attempts with our model resulting in very high converting efficiencies 


(all>17 and some larger than 90. 


P : 
N180x : long residence time as 1294 days; 


P080w: too deep as 83.75 m; 


N170w : long residence time as 1320 days; 


P290w : too deep as 91.16 m; 


G200x : too shallow as 0.42m; 


P290a : too deep as 67.96 m  


G310x : long residence time as 1320 days; 


P020x long residence time as 1384 days; 


G220x : extreme load as 3.7E+08 kg/day; 


M130t : complex estuarine characters; 


P090w : long residence time as 1782 days;  


P260x : extreme load as 1.2E+08 kg/day; 


G230x : too shallow as 0.05m; 


G190x: extreme load as 1.1E+09 kg/day. 


 


M: Very high efficiencies   


EDA Q/V(1/year) Efficiency 


G180x 0.0074 123 


M120x 0.0298 98 


S020w 0.0081 91 


M030x 0.0101 77 


P290c 0.1095 72 


M050x 0.4093 43 


S190x 1.6259 22 


M040w 0.0891 19 


P290d 0.0427 19 


G030x 5.3979 18 
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Table S3 The model results:  


(a) Modeled Chl a and Alpha (α) values 


NO EDA 
Modeled Chl a 


(µg/L) 


Chla-


s.d. 


Chla-


2.5% 


Chla-


25% 


Chla-


50% 


Chla-


75% 


Chla-


97.5% 


Alpha 


(α) 


alpha-


s.d. 


alpha-


2.5% 


alpha-


25% 


alpha-


50% 


alpha-


75% 


alpha-


97.5% 


efficiency 
(ε) 


1 G010x 3.79 0.27 3.28 3.62 3.78 3.96 4.31 125.57 24.11 81.91 109.00 124.20 140.35 175.30 6.69 


2 G020x 4.23 0.31 3.66 4.02 4.21 4.42 4.86 8.99 1.61 6.10 7.85 8.87 9.96 12.40 0.47 


3 G040x 3.41 0.25 2.97 3.24 3.39 3.58 3.93 49.21 10.25 31.50 41.67 48.49 55.70 70.79 2.70 


4 G050a 1.96 0.15 1.69 1.86 1.96 2.05 2.24 0.69 0.11 0.51 0.61 0.68 0.76 0.93 0.03 


5 G050w 6.79 0.49 5.88 6.44 6.78 7.11 7.77 16.15 2.71 11.52 14.35 15.96 17.69 22.17 0.77 


6 G060x 4.24 0.31 3.66 4.03 4.23 4.43 4.89 16.19 2.67 11.61 14.31 16.07 17.90 21.71 0.78 


7 G070x 7.50 0.54 6.54 7.12 7.47 7.85 8.64 41.84 7.36 28.93 36.68 41.24 46.15 57.89 1.91 


8 G080x 8.66 0.66 7.47 8.19 8.66 9.06 9.93 3.70 0.55 2.74 3.32 3.67 4.03 4.91 0.17 


9 G090x 5.64 0.43 4.84 5.35 5.62 5.93 6.50 33.37 5.59 23.89 29.37 32.76 36.89 45.59 1.59 


10 G100x 7.10 0.52 6.18 6.73 7.08 7.46 8.11 3.67 0.56 2.69 3.26 3.64 4.00 4.92 0.17 


11 G110x 4.18 0.30 3.63 3.96 4.17 4.38 4.78 32.86 5.60 23.07 29.10 32.41 36.34 44.50 1.54 


12 G120x 9.95 0.74 8.61 9.44 9.91 10.41 11.64 13.12 2.12 9.45 11.67 12.94 14.39 17.71 0.60 


13 G130x 8.37 0.61 7.20 7.94 8.36 8.78 9.56 9.33 1.46 6.81 8.33 9.18 10.19 12.54 0.42 


14 G140x 7.92 0.58 6.81 7.50 7.90 8.29 9.11 8.60 1.44 6.08 7.59 8.47 9.47 11.69 0.40 


15 G150x 10.19 0.77 8.76 9.66 10.17 10.72 11.68 4.75 0.76 3.41 4.24 4.67 5.23 6.35 0.21 


16 G160x 5.79 0.41 5.01 5.50 5.80 6.06 6.61 5.05 0.78 3.63 4.51 5.03 5.52 6.76 0.23 


17 G170a 8.57 0.63 7.36 8.14 8.52 8.97 9.89 5.58 0.94 4.03 4.90 5.48 6.16 7.70 0.25 


18 G170b 8.25 0.62 7.06 7.80 8.23 8.67 9.47 30.17 5.13 20.92 26.58 30.23 33.33 40.68 1.42 


19 G170w 6.26 0.44 5.48 5.96 6.25 6.54 7.16 96.45 16.42 66.79 85.27 94.60 106.60 131.92 4.50 


20 G210x 8.13 0.59 7.03 7.71 8.10 8.50 9.34 32.38 5.52 22.70 28.34 32.02 36.01 43.43 1.63 


21 G240x 11.59 0.86 10.08 10.97 11.53 12.16 13.35 9.40 1.55 6.77 8.30 9.30 10.37 12.66 0.44 


22 G250x 12.78 0.91 11.09 12.15 12.77 13.38 14.65 7.70 1.27 5.46 6.82 7.60 8.49 10.34 0.34 


23 G260x 9.87 0.73 8.48 9.38 9.84 10.31 11.39 9.40 1.53 6.72 8.26 9.27 10.36 12.49 0.43 


24 G280x 6.58 0.48 5.69 6.24 6.57 6.89 7.53 8.58 1.44 6.12 7.55 8.49 9.48 11.64 0.41 


25 G290x 7.18 0.51 6.26 6.82 7.17 7.54 8.21 7.60 1.32 5.29 6.73 7.42 8.41 10.47 0.39 
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26 G300x 5.23 0.39 4.57 4.96 5.20 5.50 6.02 34.05 6.19 23.73 29.72 33.48 37.82 47.60 1.73 


27 M010x 6.61 0.42 5.86 6.33 6.60 6.88 7.53 116.44 20.91 80.57 101.80 114.50 129.40 159.84 5.15 


28 M020x 9.54 0.68 8.30 9.05 9.53 10.00 10.97 23.17 4.23 15.89 20.25 22.89 25.80 32.47 1.02 


29 M060x 17.12 1.25 14.72 16.26 17.01 17.96 19.66 12.56 2.41 8.62 10.77 12.28 13.98 18.07 0.54 


30 M070x 16.84 1.24 14.67 15.98 16.81 17.64 19.51 34.37 5.81 24.03 30.19 33.92 38.09 47.08 1.64 


31 M080x 15.18 1.10 13.13 14.43 15.16 15.93 17.40 58.39 9.81 40.91 50.95 57.91 64.80 79.26 2.68 


32 M090x 14.85 1.06 12.88 14.14 14.83 15.48 17.01 27.41 5.07 18.32 23.87 26.93 30.51 37.75 1.18 


33 M100x 12.26 0.88 10.50 11.68 12.24 12.85 14.01 61.69 11.02 42.77 53.59 60.82 68.91 85.41 2.79 


34 M110x 14.36 0.97 12.42 13.69 14.36 15.00 16.27 105.28 18.49 72.56 91.81 103.65 116.80 144.63 4.71 


35 M130a 8.06 0.60 6.96 7.63 8.03 8.45 9.31 10.38 1.83 7.31 9.12 10.25 11.55 14.26 0.48 


36 M130b 23.94 1.69 20.83 22.78 23.87 25.03 27.36 47.84 8.95 32.59 41.50 47.07 53.81 66.22 2.05 


37 M130c 18.85 1.38 16.32 17.84 18.87 19.74 21.59 60.06 11.21 41.11 52.13 59.16 66.30 84.57 2.60 


38 M130d 16.66 1.24 14.40 15.77 16.60 17.47 19.12 28.63 5.15 19.74 25.03 28.25 32.11 39.73 1.26 


39 M130e 17.71 1.29 15.31 16.84 17.65 18.55 20.33 24.61 4.44 16.73 21.72 24.19 27.29 34.58 1.08 


40 M130f 21.87 1.33 19.44 20.93 21.81 22.76 24.62 159.50 28.38 110.69 140.50 156.20 176.90 220.86 7.05 


41 M130g 18.92 1.33 16.59 17.99 18.88 19.79 21.86 96.07 17.66 65.54 83.72 94.54 106.70 135.00 4.27 


42 M130h 14.11 1.03 12.21 13.41 14.09 14.79 16.10 55.67 10.24 38.08 48.58 54.77 61.98 78.29 2.50 


43 N010x 7.28 0.51 6.34 6.92 7.29 7.59 8.33 61.66 11.86 41.70 53.04 60.39 69.22 85.43 2.59 


44 N020x 6.36 0.46 5.53 6.02 6.37 6.66 7.30 29.90 5.29 20.91 26.16 29.31 33.16 40.99 1.31 


45 N030x 6.00 0.44 5.17 5.66 5.98 6.27 6.93 43.59 7.86 30.53 37.93 42.67 48.60 62.09 1.92 


46 N040x 5.80 0.38 5.05 5.54 5.79 6.05 6.58 116.37 21.40 79.35 101.40 114.70 129.90 160.90 5.08 


47 N050x 8.78 0.65 7.59 8.34 8.76 9.22 10.08 55.88 11.09 37.95 47.84 54.83 62.58 80.10 2.39 


48 N060x 6.18 0.44 5.33 5.87 6.18 6.49 7.05 89.02 16.90 59.53 76.94 88.21 99.80 125.40 3.91 


49 N070x 3.92 0.27 3.41 3.73 3.92 4.09 4.50 38.81 6.72 27.40 34.01 38.41 43.19 53.51 1.73 


50 N080x 4.70 0.34 4.05 4.46 4.71 4.95 5.37 44.82 8.31 30.32 38.74 44.30 50.33 61.98 1.96 


51 N100x 7.35 0.52 6.33 7.01 7.34 7.68 8.38 71.93 13.55 48.88 62.79 70.97 80.11 101.50 3.11 


52 N110x 5.42 0.40 4.68 5.14 5.40 5.67 6.23 4.17 0.70 3.00 3.68 4.10 4.60 5.66 0.18 


53 N170a 7.08 0.53 6.07 6.72 7.07 7.45 8.10 6.27 1.07 4.36 5.49 6.25 6.94 8.53 0.28 


54 P050w 5.98 0.45 5.14 5.67 5.97 6.29 6.85 0.80 0.15 0.54 0.70 0.79 0.90 1.13 0.04 


55 P090a 7.62 0.56 6.59 7.23 7.58 7.97 8.82 5.42 0.93 3.85 4.76 5.32 6.05 7.49 0.24 
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56 P240x 8.02 0.61 6.88 7.58 8.01 8.42 9.26 2.55 0.39 1.83 2.27 2.52 2.81 3.36 0.11 


57 P270x 11.13 0.81 9.62 10.58 11.11 11.63 12.79 22.35 3.51 16.41 19.83 21.94 24.50 30.03 1.02 


58 P280x 9.41 0.70 8.09 8.91 9.39 9.89 10.85 3.92 0.59 2.84 3.51 3.90 4.28 5.23 0.17 


59 P290b 13.03 0.88 11.38 12.43 12.98 13.61 14.82 91.09 18.02 59.80 77.95 89.71 102.55 130.50 3.86 


60 S010x 13.31 0.94 11.58 12.67 13.31 13.92 15.23 52.19 9.48 35.87 45.41 51.83 58.16 72.87 2.31 


61 S020a 15.29 1.17 13.26 14.41 15.27 16.06 17.60 23.67 4.37 16.33 20.58 23.07 26.43 33.15 1.07 


62 S020b 13.45 0.95 11.73 12.80 13.37 14.09 15.24 19.03 3.52 12.99 16.64 18.64 21.23 26.64 0.83 


63 S030x 7.03 0.51 6.04 6.67 7.01 7.37 8.09 49.77 8.80 34.29 43.61 48.78 55.35 69.18 2.41 


64 S050x 4.08 0.30 3.51 3.87 4.09 4.27 4.69 0.52 0.08 0.38 0.46 0.51 0.56 0.69 0.02 


65 S060x 5.95 0.44 5.14 5.64 5.94 6.24 6.80 0.66 0.11 0.47 0.59 0.65 0.72 0.91 0.03 


66 S080x 6.37 0.49 5.46 6.05 6.36 6.69 7.36 9.86 1.54 7.09 8.81 9.72 10.80 13.32 0.44 


67 S100x 7.41 0.55 6.38 7.01 7.39 7.76 8.52 19.98 3.30 14.52 17.69 19.75 21.95 27.01 0.94 


68 S110x 4.61 0.34 3.94 4.40 4.61 4.83 5.28 37.01 5.97 25.49 32.96 36.52 41.00 49.25 1.75 


69 S120x 6.72 0.50 5.85 6.35 6.68 7.06 7.76 1.91 0.31 1.40 1.68 1.87 2.09 2.63 0.08 


70 S130x 8.02 0.59 6.87 7.61 8.03 8.40 9.24 3.64 0.56 2.67 3.25 3.61 3.96 4.85 0.17 


71 S140x 7.46 0.53 6.48 7.10 7.44 7.81 8.60 72.54 12.48 50.39 63.70 71.65 81.07 100.30 3.36 


72 S160x 7.60 0.57 6.54 7.21 7.57 7.99 8.76 8.07 1.34 5.75 7.13 7.96 8.91 10.99 0.37 


73 S170x 2.64 0.19 2.30 2.50 2.64 2.77 3.01 2.65 0.40 1.92 2.36 2.63 2.92 3.49 0.13 


74 S180x 5.11 0.38 4.44 4.86 5.10 5.36 5.88 6.99 1.16 5.01 6.20 6.86 7.73 9.50 0.33 


75 S200x 4.18 0.32 3.58 3.97 4.17 4.39 4.80 3.89 0.62 2.74 3.45 3.86 4.30 5.26 0.19 


 


(b) Correlation matrix 


 
s


v  C:CHL L α 


s
v  1.00    


C:CHL -0.58 1.00   


L 0.57 -0.83 1.00  


ad 0.20 0.24 -0.03 1.00 
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Table S4 Primary production values from the literature used in Figure 1 


M-H S&H Boynton U&K 


1.29 1.94 0.16 0.55 
1.28 1.20 0.17 0.16 


1.05 1.16 0.24 0.23 


0.88 1.15 0.24 0.50 


0.83 0.77 0.30 0.04 


0.74 0.74 0.30 0.11 


0.74 0.73 0.30 0.99 


0.43 0.69 0.37 0.67 


0.37 0.53 0.37 0.71 


0.23 0.51 0.43 0.07 


0.19 0.53 0.46 1.27 


0.18 0.48 0.49 1.08 


0.17 0.47 0.49 1.15 


0.17 0.42 0.55 0.74 


0.13 0.39 0.61 0.64 


 0.35 0.67 0.29 


 0.32 0.73 2.29 


 0.31 0.89 0.96 


 0.29 0.91 0.30 


 0.20 0.97 0.57 


 0.16 1.10 1.07 


 0.07 1.22 0.40 


  1.34 0.32 


  1.58 1.60 


  1.83 1.95 


  0.07 0.45 


  0.12 1.49 


  0.17 1.87 


  0.32 0.48 


  0.32 0.59 


  0.62  


  0.67  


  0.73  


  0.79  


  0.24  


  0.43  


  0.61  


  0.61  


  0.97  


  0.15  


  0.30  


  0.34  


  0.76  


  1.53  


  1.64  
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Table S5 Estimated parameter values with doubled and halved variance 


Variance  mean s.d. 2.50% 25% 50% 75% 97.50% 


L 0.66 0.23 0.26 0.49 0.64 0.81 1.16 


C:Chla 56.69 10.57 41.50 48.72 55.03 63.08 81.90 
Original 


Variance 


vs 0.21 0.07 0.09 0.16 0.21 0.26 0.35 


L 0.77 0.17 0.45 0.64 0.76 0.88 1.08 


C:Chla 50.92 5.92 40.91 46.71 50.36 54.70 63.72 
Half 


variance 


vs 0.25 0.06 0.15 0.21 0.25 0.29 0.36 


L 0.57 0.33 0.10 0.31 0.50 0.79 1.29 


C:Chla 66.72 21.22 38.51 50.42 62.68 77.00 120.31 
Double 


variance 


vs 0.17 0.08 0.05 0.11 0.16 0.22 0.37 
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