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The Problem

TKe occXrrence of Kypoxia� or loZ GissolYeG 
oxyJen� is increasinJ in coastal Zaters 

ZorlGZiGe anG represents a siJnificant tKreat to 
tKe KealtK anG economy of oXr 1ation¶s coasts 
anG *reat /aNes.  7Kis trenG is exemplifieG 
most Gramatically off tKe coast of /oXisiana anG 
7exas� ZKere tKe seconG larJest eXtropKication�
relateG Kypoxic ]one in tKe ZorlG is associateG 
ZitK tKe nXtrient pollXtant loaG GiscKarJeG Ey tKe 
0ississippi anG AtcKafalaya 5iYers.  

ATXatic orJanisms reTXire aGeTXate GissolYeG 
oxyJen to sXrYiYe.  7Ke term ³GeaG ]one´ is often 
XseG in reference to tKe aEsence of life �otKer 
tKan Eacteria� from KaEitats tKat are GeYoiG of 
oxyJen.  7Ke inaEility to escape loZ oxyJen areas 
maNes immoEile species� sXcK as oysters anG 
mXssels� particXlarly YXlneraEle to Kypoxia.  7Kese 
orJanisms can Eecome stresseG anG may Gie GXe to 
Kypoxia� resXltinJ in siJnificant impacts on marine 
fooG ZeEs anG tKe economy.  0oEile orJanisms 
can Àee tKe affecteG area ZKen GissolYeG oxyJen 
Eecomes too loZ.  1eYertKeless� fisK Nills can resXlt 
from Kypoxia� especially ZKen tKe concentration 
of GissolYeG oxyJen Grops rapiGly.  1eZ researcK 
is clarifyinJ ZKen Kypoxia Zill caXse fisK Nills as 
opposeG to triJJerinJ aYoiGance EeKaYior Ey fisK.  
)XrtKer� neZ stXGies are Eetter illXstratinJ KoZ 
KaEitat loss associateG ZitK Kypoxia aYoiGance 
can impose ecoloJical anG economic costs� sXcK 
as reGXceG JroZtK in commercially KarYesteG 
species anG loss of EioGiYersity� KaEitat� anG 
Eiomass.  7ransient or ³Giel�cyclinJ´ Kypoxia� 
ZKere conGitions cycle from sXpersatXration of 
oxyJen late in tKe afternoon to Kypoxia or anoxia 
near GaZn� most often occXrs in sKalloZ� eXtropKic 
systems �e.J.� nXrsery JroXnG KaEitats� anG may 
KaYe perYasiYe impacts on liYinJ resoXrces EecaXse 
of EotK its location anG freTXency of occXrrence.                                                                                                                                  

AltKoXJK coastal Kypoxia can Ee caXseG Ey 
natXral processes� a Gramatic increase in tKe 
nXmEer of U.S. Zaters GeYelopinJ Kypoxia is 

linNeG to eXtropKication GXe to nXtrient �nitroJen 
anG pKospKorXs� anG orJanic matter enricKment 
resXltinJ from KXman actiYities.  SoXrces of 
enricKment inclXGe point soXrce GiscKarJes 
of ZasteZaters� nonpoint soXrce atmospKeric 
Geposition� anG nonpoint soXrce rXnoff from 
croplanGs� lanGs XseG for animal aJricXltXre� 
anG XrEan anG sXEXrEan areas.  7Ke inciGence of 
Kypoxia Kas increaseG ten�folG JloEally in tKe past 
�� years anG almost tKirty�folG in tKe UniteG States 
since ����� ZitK more tKan ��� systems recently 
experiencinJ Kypoxia �'ia] 	 5osenEerJ ����� 
7aEle � anG AppenGix ,,,�.

'iffXse rXnoff from nonpoint soXrces� sXcK 
as aJricXltXre fielGs� can Ee GifficXlt to control� 
altKoXJK improYeG proGXction metKoGs tKat 
reGXce tillaJe� optimi]e fertili]er application� 
anG EXffer fielGs from ZaterZays can mitiJate 
Zater TXality impairments. 'espite tKe Xse of 
improYeG proGXction metKoGs in recent years� 
aJricXltXre is still a leaGinJ soXrce of nXtrient 
pollXtion in many ZatersKeGs GXe� in part� to 
tKe KiJK GemanG for nitroJen�intensiYe crops� 
principally corn.  )XrtKermore� GrainaJe practices� 
inclXGinJ tile GrainaJe� KaYe EroXJKt ZetlanGs into 
crop proGXction� sKort�circXiteG patKZays �sXcK 
as Genitrification� tKat coXlG ameliorate nXtrient 
loaGinJ� anG increaseG tKe transport of nitroJen 
into ZaterZays.  AtmospKeric nitroJen Geposition 
GXe to fossil fXel comEXstion Kas GeclineG in many 
areas GXe to emission controls� EXt it remains an 
important soXrce of GiffXse nXtrient loaGinJ.  7Ke 
GifficXlty of reGXcinJ nXtrient inpXts to coastal 
Zaters resXlts from tKe close association EetZeen 
nXtrient loaGinJ anG a EroaG array of KXman 
actiYities in ZatersKeGs anG explains tKe JroZtK in 
tKe nXmEer anG si]e of Kypoxic ]ones.

UnfortXnately� Kypoxia is not tKe only stressor 
impactinJ coastal ecosystems.  2YerfisKinJ� 
KarmfXl alJal Elooms �HA%s�� toxic contaminants� 
anG pKysical alteration of coastal KaEitats 
associateG ZitK coastal GeYelopment are seYeral 
proElems tKat co�occXr ZitK Kypoxia anG interact 
to Gecrease tKe ecoloJical KealtK of coastal Zaters 
anG reGXce tKe ecoloJical serYices tKat tKey can 
proYiGe.  

Executive 
Summary
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Executive Summary

Legislative Mandates for 
Action

7Ke HarmfXl AlJal %loom anG Hypoxia 
5esearcK anG Control Act �HA%H5CA� manGateG 
creation of tKis report� ZKicK serYes as a tKoroXJK 
XpGate to tKe first scientific assessment of Kypoxia 
releaseG in ����.  SeYeral otKer leJislatiYe 
GriYers also inÀXence KoZ )eGeral aJencies 
ZorN on coastal Zater TXality inclXGinJ tKe 
Clean Water Act� tKe )ooG� ConserYation� anG 
(nerJy Act of ���� �³)arm %ill´�� tKe (nerJy 
,nGepenGence anG SecXrity Act of ����� anG tKe 
Coastal =one 0anaJement Act.  5esponsiEility 
for resolYinJ Kypoxia spans seYeral )eGeral 
aJencies �U.S. 'epartment of AJricXltXre� U.S. 
*eoloJical SXrYey� U.S. (nYironmental 3rotection 
AJency� anG 1ational 2ceanic anG AtmospKeric 
AGministration�� ZKicK oYersee researcK anG 
manaJement�control proJrams �AppenGix ,�.  
States play a critical role in monitorinJ anG 
manaJinJ Kypoxia� EXt tKeir efforts are not 
aGGresseG in Getail Kere EecaXse tKis report Zas 
manGateG to focXs on )eGeral efforts.

Adaptive Management
AGaptiYe manaJement recoJni]es tKat science 

sKoXlG inform manaJement Gecision�maNinJ� 
not only as tKe oriJinal TXestions are poseG 
EXt as scientific XnGerstanGinJ continXes to 
GeYelop.  CXrrent scientific XnGerstanGinJ of tKe 
factors contriEXtinJ to Kypoxia is GeriYeG from 
riJoroXs researcK tKat )eGeral aJencies KaYe Eeen 
conGXctinJ anG fXnGinJ for at least �� years.  
)eGeral Kypoxia researcK Kas maGe siJnificant 
proJress in GescriEinJ anG TXantifyinJ tKe caXses 
of Kypoxia anG reGXcinJ Xncertainties reTXireG to 
confiGently proceeG ZitK an aGaptiYe manaJement 
approacK.  )or example� tKe ecoloJical mecKanisms 
linNinJ nXtrient loaGinJ to Kypoxia in tKe 
CKesapeaNe %ay Zere TXantifieG sXfficiently to 
MXstify an initial ��� nXtrient reGXction Joal in tKe 
miG�����s� fXrtKer researcK anG sopKistication in 
simXlation moGels KaYe Eeen XseG sXEseTXently 
to sXpport tKree aGGitional roXnGs of aGaptiYe 
manaJement leaGinJ to more GetaileG nXtrient 
reGXction strateJies.  

)rom a national perspectiYe� aGaptiYe 
manaJement approacKes Zill KaYe to Ee ÀexiEle 
enoXJK to aGGress Gifferences amonJ ecosystems 
�e.J.� JeoJrapKy� leYel of ZatersKeG GeYelopment� 
aJricXltXral inÀXence� nXtrient loaGinJ� pKysical 
circXlation of tKe ZaterEoGy� anG fXtXre 
continJencies as tKey XnfolG.  )or example� 
it is liNely tKat climate cKanJe Zill affect tKe 
inciGence of Kypoxia in coastal Zaters.  A ÀexiEle 
manaJement approacK Zill enaEle response to 
climate impacts as tKey are reali]eG. A ÀexiEle 
anG meaninJfXl aGaptiYe manaJement strateJy 
for aJricXltXral proGXctionʊinclXGinJ EiofXelsʊ
sKoXlG Ee exploreG in orGer to ensXre tKat 
aJricXltXral proGXcts are proGXceG in a manner tKat 
minimi]es or preYents Zater TXality impairments.  

5eGXcinJ Kypoxia Yia nXtrient loaGinJ 
reGXctions Zill reTXire a concerteG effort Ey a 
GiYerse JroXp of staNeKolGers.  ,mplementinJ tKese 
actions Zill liNely reTXire orJani]eG proJrams to 
monitor� stXGy� anG manaJe Zater TXality proElems.  
SXcK proJrams KaYe alreaGy Eeen estaElisKeG for 
a feZ coastal ZaterEoGies �e.J.� /aNe (rie� *Xlf of 
0exico� CKesapeaNe %ay� /onJ ,slanG SoXnG�.  ,n 
tKe case of otKer ZaterEoGies ZKere tKe proElem 
Kas MXst recently Eeen recoJni]eG anG XnGerstooG 
�e.J.� 1arraJansett %ay� 5KoGe ,slanG� 3ensacola 
%ay� )loriGa�� only nascent efforts� if any� are in 
place to aGGress it.

Scientists use the box corer to sample sediments with 
negligible disturbance. Sediment cores are used to study 
sediment-oxygen-nutrient dynamics. 
Photo. L.Jewett, NOAA
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Executive Summary

Federal Research 
Accomplishments 
and Opportunities for 
Advancement

UnGerstanGinJ anG manaJinJ Kypoxia reTXires 
researcK anG manaJement actions to aGGress 
entire ZatersKeGs anG tKeir coastal receiYinJ 
Zaters.  7Kis report examines proJress in� �� 
XnGerstanGinJ tKe Gynamics of Kypoxia ZKere it 
occXrs �i.e.� in estXaries� coastal Zaters� anG tKe 
*reat /aNes�� �� XnGerstanGinJ anG monitorinJ 
nXtrient ÀXxes in ZatersKeGs� anG �� XnGerstanGinJ 
KoZ to reGXce nXtrient transport across tKe 
lanGscape.  %ecaXse responsiEility for manaJement 
of nXtrient enricKment in ZatersKeGs is sKareG 
across seYeral )eGeral aJencies� coorGination 
anG information�sKarinJ are critical.  3resently� 
interaJency collaEoration is most extensiYe anG 
effectiYe in places ZKere inYestments in scientific 
anG manaJement actiYities KaYe Eeen larJest anG 
sXstaineG for tKe lonJest perioG of time �e.J.� 
CKesapeaNe %ay�.  

5esponsiEility for monitoring dissolved oxygen 
in most coastal anG *reat /aNes ZaterEoGies lies 
ZitK states or ZitK )eGeral�state partnersKips tKat 
Xtili]e state monitorinJ proJrams to tracN Zater 
TXality.  )or many coastal anG *reat /aNes Zaters 
ZKere Kypoxia occXrs� fairly riJoroXs metKoGs 
KaYe Eeen implementeG for measXrinJ GissolYeG 
oxyJen anG conYeyinJ tKis information to scientists 
anG tKe pXElic.  HoZeYer� tKe tZo larJest Kypoxic 
]ones in tKe UniteG States� locateG at tKe moXtK 
of tKe 0ississippi 5iYer anG on tKe 2reJon 
continental sKelf� occXr EeyonG tKe limits of state 
Zaters anG� tKXs� rely on )eGeral sXpport for 
monitorinJ.  0onitorinJ informs coastal manaJers 
aEoXt Zater TXality conGitions in tKe ecosystems 
tKey oYersee� anG it Kelps sXpport tKe GeYelopment 
anG Yerification of ecosystem simXlation moGels 
XseG to JXiGe manaJement Gecisions.

Since tKe last scientific assessment of Kypoxia 
Zas Zritten in ����� many compXter models KaYe 
Eeen GeYelopeG or XpGateG to simXlate ecoloJical 
processes relateG to Kypoxia in estXarine� 
coastal� anG *reat /aNes ecosystems anG tKeir 

ZatersKeGs.  SopKisticateG pKysical transport 
moGels� ZKicK examine ocean cXrrents anG mixinJ� 
are increasinJly EeinJ coXpleG ZitK Zater TXality 
moGels to examine alternatiYes for manaJinJ 
Kypoxia.  7Kese moGels are most effectiYe ZKen 
tKey reÀect a stronJ scientific XnGerstanGinJ of 
tKe processes tKat control Kypoxia GeYelopment.  
5elatiYely simple reJression moGels can also Ee 
effectiYe for testinJ KypotKeses reJarGinJ factors 
tKat control Kypoxia� especially as more lonJ�
term Gata on Kypoxia Eecome aYailaEle.  7Ke 
relatiYe simplicity of reJression analyses Kas also 
maGe tKem XsefXl tools for sKort�term ecoloJical 
forecastinJ.  5eJression analyses KaYe Eeen XseG 
for annXal Kypoxia forecasts for tKe nortKern *Xlf 
of 0exico anG CKesapeaNe %ay.  (coloJical Eox 
moGels� ZKicK simplify processes into EroaGer 
JeoJrapKic resolXtion� KaYe improYeG Jreatly 
anG KaYe EeJXn to incorporate Eioeconomic 
components for assessinJ impacts of Kypoxia on 
commercial anG recreational fisKeries.  AGYances 
KaYe Eeen particXlarly Gramatic in ZatersKeG 
science.  WatersKeG moGels noZ alloZ scientists to 
TXantify tKe contriEXtion of particXlar JeoJrapKic 
reJions to nXtrients enterinJ a coastal system.  A 
sXite of moGels connectinJ soXrces of nXtrients 
in ZatersKeGs to tKe GeYelopment of Kypoxia 
in receiYinJ Zaters� iGeally ZitK TXantifieG 
Xncertainty� is neeGeG Ey resoXrce manaJers to 

Researchers retrieve the CTD rosette, used for collecting 
water and measuring dissolved oxygen and other 
oceanographic	parameters,	after	a	sampling	profile	is	
completed during rough seas.  
Photo: L.Jewett, NOAA
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MXstify potentially costly actions to reGXce nXtrients 
anG Kypoxia.  Use of a mXltiple moGel consensXs� 
ZKere moGels Xse Gifferent approacKes anG 
assXmptions� proYiGes one Zay to Eetter inform 
manaJement Gecisions.  7Kis approacK is Zell 
NnoZn for its application to forecastinJ KXrricane 
patKs anG preGictinJ tKe effects of carEon GioxiGe 
ÀXctXations on climate.

Monitoring stream and river flow and the 
associated nutrients is critically important for 
eYalXatinJ nXtrient soXrces in tKe ZatersKeG anG 
moGelinJ ÀXxes to coastal ZaterEoGies.  Stream 
anG riYer monitorinJ Zas maGe more efficient� 
maximi]inJ tKe Xse of existinJ resoXrces� 
tKroXJK tKe reGesiJn of tKe 1ational Stream 
4Xality AccoXntinJ 1etZorN in ����.  HoZeYer� 
it is important not only to maintain tKe cXrrent 
streamÀoZ JaXJes anG Zater TXality monitorinJ 
stations� EXt also to increase tKe nXmEer of streams 
monitoreG.  Similar to Kypoxia monitorinJ� tKe 
monitorinJ of nXtrients in riYers anG streams is 
reTXireG for tKe GeYelopment anG Xse of preGictiYe 
moGels anG to Getermine tKe caXse�effect 
relationsKips EetZeen actiYities tKat alter Zater 
nXtrient export anG tKe cKanJes in Zater TXality in 
tKe receiYinJ Zater.  (xpanGeG stream monitorinJ� 
in comEination ZitK moGelinJ efforts� Zill alloZ 
GesiJn of effectiYe nXtrient reGXction strateJies 
anG Zill improYe tKe aEility to tracN proJress 
toZarG Zater TXality Joals.  7KXs� effectiYe anG 
sXstaineG manaJement of Kypoxia Zill reTXire 
lonJ�term sXpport of stream anG riYer Zater TXality 
monitorinJ proJrams.

5esearcK explorinJ hypoxia impacts on fish 
and invertebrates Kas sKoZn neJatiYe effects on 
JroZtK� reproGXction� species composition� anG 
ecoloJical interactions amonJ species.  HoZeYer� 
scalinJ Xp tKese impacts from inGiYiGXals to entire 
fisKeries popXlations or ecosystems is extremely 
complex anG reTXires sopKisticateG ecosystem 
moGels tKat are Jenerally EeyonG tKe state�of�
tKe�science.  7KXs� researcK sKoXlG Ee focXseG 
on GeYelopinJ tKese moGels anG linNinJ tKem to 
tKose tKat inclXGe more conYentional Zater TXality 
components.  An aGGitional moGelinJ cKallenJe 
Zill Ee resolYinJ tKe impacts of Kypoxia on 
liYinJ resoXrces in systems affecteG Ey a sXite of 

stressors as Ze moYe toZarG more compreKensiYe 
ecosystem manaJement approacKes. 

Reducing nutrients from antKropoJenic soXrces 
can leaG to a reGXction in coastal Kypoxia anG 
improYements in Zater TXality tKroXJKoXt tKe 
ZatersKeG.  1Xtrient loaGs in some systems� sXcK 
as /onJ ,slanG SoXnG anG 1arraJansett %ay� are 
EeinJ sXccessfXlly reGXceG tKroXJK tarJetinJ of 
ZasteZater treatment plants.  HoZeYer� nXtrient 
loaGs from mXnicipal anG inGXstrial facilities� 
GefineG as point soXrces� are more easily aGGresseG 
tKan tKe GiffXse soXrces of nXtrients enterinJ 
ZaterZays as rXnoff from aJricXltXral anG XrEan 
lanGs.  

SiJnificant )eGeral inYestments anG scientific 
effort KaYe focXseG on GeYelopinJ efficient anG 
effectiYe Zays to reGXce nXtrient rXnoff� inclXGinJ 
lanG conserYation proJrams �ZKicK proYiGe 
incentiYes for farmers to taNe marJinal aJricXltXral 
lanG oXt of proGXction� inYest in ZorNinJ lanGs 
to reGXce erosion anG control nXtrients� anG re�
estaElisK ZetlanGs�� alternatiYe GrainaJe systems� 
remote sensinJ to tarJet fertili]er applications� 
Zinter coYer crops� anG neZly formXlateG 
fertili]ers.  

UnfortXnately� measXres implementeG on 
nonpoint soXrces to Gate KaYe proYen ineffectiYe 
at reGXcinJ nXtrient loaGs from larJe ZatersKeGs 
to leYels neeGeG to siJnificantly reGXce Kypoxic 
]ones.  )or example� reGXctions in total sprinJ 
nitroJen loaGs to tKe *Xlf of 0exico from �����
���� Zere primarily from forms of nitroJen 
otKer tKan nitrate� ZKicK is a critical form fXelinJ 
sprinJ primary proGXction leaGinJ to Kypoxia. 
7Kis KiJKliJKts tKe importance of tKe nXtrient 
composition� as Zell as seasonality� for reGXction 
tarJets.  )XrtKer� eYiGence sXJJests tKat some 
ecosystems may not responG as expecteG to nXtrient 
manaJement as tKey Eecome nXtrient satXrateG.  
7KXs� maMor neZ initiatiYes sKoXlG inclXGe riJoroXs 
scientific eYalXation of tKe effectiYeness of existinJ 
nXtrient reGXction strateJies tKroXJK local analyses 
of GoZnstream Zater TXality so tKat strateJies 
can Ee refineG accorGinJly.  ContinXeG researcK 
is also neeGeG on neZ practices� sXcK as tKose 
tKat enKance natXral nXtrient processes tKroXJK 
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reforestation� riYer GiYersions into ZetlanGs� anG 
YeJetation EXffer systems for streams anG riYers.  
SXcK researcK Kas alreaGy leG to manaJement 
Gecisions to protect ZetlanGs anG to reforest 
portions of ZatersKeGs.  

(staElisKment of criteria for acceptaEle nXtrient 
leYels in EotK coastal areas anG in riYers Xpstream 
from Kypoxic ]ones is also a critical tool for 
GesiJninJ manaJement plans.  7Kese criteria can 
also Ee XseG to measXre proJress. 

Conclusion
Hypoxia is a maMor contriEXtor to tKe Gecline of 

coastal Zater TXality oEserYeG in recent GecaGes� 
anG its extent Kas Eeen expanGinJ.  ,t is part of tKe 
EroaGer issXe of nXtrient�GriYen eXtropKication.  
(XtropKication is also linNeG to increaseG HA%s� 
loss of seaJrasses� anG otKer impacts on coastal 
ecosystems.  )or eXtropKic ecosystems� concerteG 
anG coXpleG researcK anG manaJement efforts� 
alonJ ZitK staNeKolGer sXpport� Zill Ee neeGeG 

to riJoroXsly iGentify� TXantify� anG implement 
nXtrient reGXction strateJies tKat are effectiYe anG 
acKieYaEle.  )XrtKermore� for systems sXcK as tKe 
2reJon sKelf ZKere Kypoxia is GriYen primarily Ey 
natXral processes linNeG to Yariations in climate� 
improYeG scientific XnGerstanGinJ Zill proYiGe 
insiJKt into fXtXre impacts of climate cKanJe on 
similar ecosystems.  0oreoYer� NnoZleGJe JaineG 
Zill Ee important for GeYelopinJ forecasts of 
tKe extent anG seYerity of loZ GissolYeG oxyJen� 
ZKicK Zill Kelp manaJers mitiJate tKe impacts of 
Kypoxia.  

,f properly planneG anG execXteG� aGaptiYe 
manaJement of nXtrient inpXts Zill leaG to 
siJnificant reGXctions in Kypoxia.  HoZeYer� if 
cXrrent practices are continXeG� tKe expansion 
of Kypoxia in coastal Zaters Zill continXe anG 
increase in seYerity� leaGinJ to fXrtKer impacts on 
marine KaEitats� liYinJ resoXrces� economies� anG 
coastal commXnities. 

Sunset aboard EPA’s Ocean Survey Vessel Peter W. Anderson during a research cruise in the Gulf of Mexico hypoxic zone. 
Photo: EPA
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1.1. Legislative Background 
,n tKe early ����s� concern aEoXt loZ GissolYeG 

oxyJen in coastal ZaterEoGies of tKe UniteG States 
leG to tKe first national assessment of coastal 
Kypoxia �WKitleGJe ������ ZKicK foXnG GissolYeG 
oxyJen leYels in many U.S. ZaterEoGies on tKe 
Gecline as a resXlt of eXtropKication.  %y tKe ����s� 
serioXs anG larJe�scale Zater TXality proElems Zere 
iGentifieG� inclXGinJ KarmfXl alJal Elooms �HA%s� 
anG Kypoxia� most prominently in tKe nortKern *Xlf 
of 0exico� /aNe (rie� CKesapeaNe %ay� anG /onJ 
,slanG SoXnG.  7Kese proElems leG to a national 
assessment of eXtropKication in ���� �%ricNer et al. 
������ ZKicK Zas sXEseTXently XpGateG �%ricNer et 
al. ������ anG an inteJrateG assessment of Kypoxia 
in tKe nortKern *Xlf of 0exico �C(15 ����� U.S. 
(3A ������ as Zell as tKe passaJe of tKe HarmfXl 
AlJal %loom anG Hypoxia 5esearcK anG Control 
Act of ���� �HA%H5CA� 3XElic /aZ ��������. 

HA%H5CA Zas reaXtKori]eG Ey tKe HarmfXl 
AlJal %loom anG Hypoxia AmenGments Act of 
���� �HA%H5CA ����� 3XElic /aZ ��������.  
HA%H5CA ���� reconstitXteG tKe ,nteraJency 
7asN )orce on HA%s anG Hypoxia.  7o fXlfill 
tKe reTXirements of EotK HA%H5CA ���� anG 
tKe 2ceans anG HXman HealtK Act of ����� tKe 
,nteraJency 7asN )orce on HA%s anG Hypoxia Zas 
incorporateG into tKe ,nteraJency WorNinJ *roXp 
on HA%s� Hypoxia� anG HXman HealtK �,W*�
�H� see paJe iii� of tKe -oint SXEcommittee on 
2cean Science anG 7ecKnoloJy.  HA%H5CA ���� 
reTXireG fiYe reports to assess anG recommenG 
researcK proJrams on HA%s anG Kypoxia in 
U.S. Zaters� inclXGinJ tKis report� a Scientific 
Assessment of Hypoxia in U.S. Coastal Waters 
�%ox ��.  HA%H5CA ���� stipXlates tKat tKis 
report sKoXlG� 

� examine tKe caXses� ecoloJical conseTXences� 
anG economic costs of Kypoxia� 

� GescriEe tKe potential ecoloJical anG economic 
costs anG Eenefits of possiEle actions for 
preYentinJ� controllinJ� anG mitiJatinJ Kypoxia� 

� eYalXate proJress maGe Ey anG neeGs of )eGeral 
researcK proJrams� anG 

� iGentify Zays to improYe coorGination amonJ 
)eGeral aJencies ZitK respect to researcK on 
Kypoxia.  
HA%H5CA ���� also aXtKori]es appropriations 

to tKe Secretary of Commerce anG tKe 1ational 
2ceanic anG AtmospKeric AGministration �12AA� 
to conGXct researcK on Kypoxia.  

AGGitional leJislation affectinJ )eGeral 
researcK on Kypoxia or factors tKat may affect 
Kypoxia is listeG in %ox �.  7Ke Coastal =one 
Act 5eaXtKori]ation AmenGments of ���� 
reaXtKori]eG tKe Coastal =one 0anaJement Act 

Box 1.  HABHRCA 2004 Reports and 
Assessments

�	 Harmful Algal Bloom Management and 
Response: Assessment and Plan 
�	 National Assessment of Efforts to Predict and 

Respond to Harmful Algal Blooms in U.S. Waters 
(Prediction and Response Report) 

�	 Report	on	National	Scientific	Research,	
Development, Demonstration, and Technology 
Transfer Plan for reducing HAB Impacts (RDDTT 
Plan) 

�	 Scientific	Assessment	of	Freshwater	Harmful	
Algal Blooms 

�	 Scientific	Assessment	of	Marine	Harmful	Algal	
Blooms 

�	 Scientific Assessment of Hypoxia in U.S. 
Coastal Waters
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anG estaElisKeG a Moint proJram EetZeen tKe U.S. 
(nYironmental 3rotection AJency �(3A� anG tKe 
states to GeYelop anG implement coastal nonpoint 
pollXtion manaJement proJrams.  We note tKat 
(3A¶s 0ississippi 5iYer %asin proJram Zill Ee 
enKanceG in ����� penGinJ enactment of tKe 
3resiGent¶s proposeG EXGJet. 7Ke Water 5esoXrces 
'eYelopment Act aXtKori]es ÀooG control� 
naYiJation� anG enYironmental proMects anG stXGies 
Ey tKe U.S. Army Corps of (nJineers �USAC(�� 
anG it states tKat tKe Secretary of tKe Army may 
participate in assessments of Kypoxia in tKe 
nortKern *Xlf of 0exico.  Some of tKis leJislation 
focXses on Zater TXality in XplanG ZatersKeGs� 
ZKicK Xltimately may affect tKe TXality of Zater 
GeliYereG to coastal ecosystems� tKerefore� it also 
impacts coastal Kypoxia.  7Ke Clean Water Act 
aims to restore anG maintain tKe cKemical� pKysical� 
anG EioloJical inteJrity of tKe 1ation¶s Zaters Ey 
reGXcinJ point anG nonpoint pollXtion soXrces� 
proYiGinJ assistance to pXElicly oZneG treatment 
ZorNs for improYinJ ZasteZater treatment� 
anG maintaininJ tKe inteJrity of ZetlanGs.  7Ke 
)ooG� ConserYation� anG (nerJy Act of ���� �tKe 
³)arm %ill´� aXtKori]eG ��� Eillion to sXpport 
conserYation proJrams aGministereG Ey tKe U.S. 
'epartment of AJricXltXre �US'A� tKroXJK its 
1atXral 5esoXrces ConserYation SerYice �15CS� 
anG )arm SerYice AJency �)SA�.  )inally� tKe 
(nerJy ,nGepenGence anG SecXrity Act �(,SA� of 
���� potentially Kas far�reacKinJ enYironmental 
implications.  7Ke Eill manGates proGXction of 
�� Eillion Jallons of EiofXels Ey tKe year ����� 

inclXGinJ �� Eillion Jallons of corn�EaseG etKanol. 
7Ke leJislation GesiJnates tKe (3A� US'A� 
anG U.S. 'epartment of (nerJy �'2(� as leaG 
aJencies in an interaJency effort to GeYelop criteria 
for sXstainaEle GeYelopment of EiofXels� ZKicK 
inclXGe preYention of Zater TXality anG ecosystem 
impairments.

1.2. Report Overview
7Kis assessment focXses on tKe science tKat 

forms tKe Easis for improYinJ NnoZleGJe of tKe 
caXses� impacts� anG solXtions for Kypoxia in 
coastal ecosystems of tKe UniteG States as of ����.  
7Kis report Kas foXr cKapters anG tKree appenGices� 
� CKapter ��  /eJislatiYe EacNJroXnG� report 

oYerYieZ� anG report GeYelopment process�
� CKapter ��7Ke cXrrent statXs of Kypoxia in U.S. 

coastal Zaters� tKe spectrXm of caXsal factors 
contriEXtinJ to Kypoxia� anG tKe ecoloJical anG 
economic conseTXences of Kypoxia�

� CKapter �� StatXs anG accomplisKments of 
cXrrent )eGeral monitorinJ� assessment� anG 
researcK actiYities relateG to Kypoxia� inclXGinJ 
researcK on coastal ecosystems anG tKeir 
ZatersKeGs tKat proYiGes tKe Easis for effectiYe 
manaJement actions�

� CKapter �� 'irections for fXtXre science actiYities 
anG opportXnities to increase effectiYeness anG 
cost�efficiency tKroXJK coorGination of proJrams 
across )eGeral aJencies� 

� AppenGix ,�  )eGeral *oYernment Hypoxia or 
Hypoxia�relateG 5esearcK� 

� AppenGix ,,� Case stXGies tKat featXre coastal 
ecosystems across tKe UniteG States affecteG 
Ey Kypoxia.  7Ke featXreG systems Zere 
selecteG to illXstrate tKe ranJe of circXmstances 
caXsinJ Kypoxia as Zell as tKe ranJe in statXs 
of scientific XnGerstanGinJ anG manaJement 
approacKes EeinJ implementeG �tKe case stXGies 
are referenceG tKroXJKoXt tKe report�� anG

� AppenGix ,,,� 'etails on U.S. coastal systems 
affecteG Ey Kypoxia.

1.3. The Report 
Development Process

7Kis report Zas prepareG Ey a tasN force 
associateG ZitK tKe ,W*��H tKat inclXGeG 
representatiYes of )eGeral aJencies participatinJ 
in tKe science anG manaJement of coastal Kypoxia.  

Box 2. Legislation Relevant to 
Hypoxia 

�	 Harmful Algal Bloom and Hypoxia Research 
and Control Act

�	 Coastal Zone Management Act 
�	 Water Resources Development Act
�	 Clean Water Act
�	 Food,	Conservation,	and	Energy	Act	of	2008	
�	 Energy Independence and Security Act of 
200�

�	 Annual	appropriations	of	Federal	agencies
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,t EXilGs on earlier reports to assess Kypoxia in 
U.S. coastal Zaters Ey XpGatinJ tKe assessments 
anG sXmmari]inJ tKe maMor aGYances in Kypoxia 
researcK GXrinJ tKe past fiYe years.  Specifically� 
tKis report GraZs on An Assessment of Coastal 
Hypoxia anG (XtropKication in U.S. Waters 
�C(15 ������ ZKicK Zas calleG for in HA%H5CA 
����.  7Kis report also recommenGs priorities for 
fXtXre Kypoxia�relateG researcK across tKe U.S. 
JoYernment.
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2.1. The Issue of Hypoxia 

Hypoxia� or Zater ZitK GissolYeG oxyJen 
tKat is too loZ to sXpport fisK anG otKer 

important species �%ox ��� Kas Eeen recoJni]eG as 
one of tKe most important Zater TXality proElems 
ZorlGZiGe �'ia] anG 5osenEerJ �����.  Hypoxia 
Kas Eecome a serioXs proElem alonJ all of tKe 
1ation¶s coasts anG in tKe *reat /aNes.  Hypoxic 
areas are often termeG ³GeaG ]ones´ since tKe 
only orJanisms tKat tKriYe tKere are tKose tKat can 
liYe ZitK little or no oxyJen� often only Eacteria.  
0ost moEile orJanisms are aEle to aYoiG Kypoxic 
Zaters Ey sZimminJ or craZlinJ aZay� orJanisms 
XnaEle to moYe or tKose trappeG ZitKin a ]one 
of Kypoxia Eecome pKysioloJically stresseG anG 
Gie if exposXre is prolonJeG or seYere �'ia] anG 
5osenEerJ ����� 9aTXer�SXnyer anG 'Xarte �����.

0ost coastal Kypoxia is associateG at tKe JloEal 
scale ZitK eitKer areas of KiJK popXlation Gensity 
or GeYelopeG ZatersKeGs tKat 
export larJe TXantities of 
nXtrients anG orJanic matter 
�)iJXre �� 5aEalais et al. ����� 
*alloZay et al. ����� 'ia] anG 
5osenEerJ �����.  7Ke nXmEer 
of ZaterEoGies ZitK recorGeG 
anG pXElisKeG accoXnts of 
loZ GissolYeG oxyJen from 
aroXnG tKe JloEe Kas increaseG 
aEoXt an orGer of maJnitXGe 
GXrinJ tKe last �� years� from 
less tKan �� in tKe ����s to 
aEoXt ��� Ey ���� �'ia] 
anG 5osenEerJ �����.  7Ke 
nXmEer of ZaterEoGies in tKe 
UniteG States ZitK GocXmenteG 
Kypoxia folloZeG tKe same 
trenG� increasinJ from �� prior 

Causes and Status of Hypoxia 
in U.S. Coastal Waters

Chapter 2

to ���� to oYer ��� Ey ���� �AppenGix ,,,� )iJXre 
��.  

7Ke seconG larJest eXtropKication�relateG 
Kypoxic area in tKe ZorlG �after tKe %altic Sea� 
ZKicK is approximately ������ sTXare Nilometers� 
or Nm�� .arlson et al. ����� Hansen et al. ����� 
occXrs in tKe UniteG States� anG is associateG ZitK 
tKe GiscKarJe from tKe 0ississippi�AtcKafalaya 
5iYers in tKe nortKern *Xlf of 0exico.  7Ke *Xlf 
of 0exico Kypoxic area is similar in extent anG 
YolXme to anotKer larJe Kypoxic area associateG 
ZitK CKina¶s CKanJMianJ 5iYer oXtÀoZ ������� 
Nm� in ����� /i et al. �����.  7Ke nortKern *Xlf of 
0exico Kypoxic area Kas increaseG sXEstantially 
in si]e since tKe miG�����s ZKen it Zas first 
measXreG at aEoXt ����� Nm� �5aEalais et al. �����.  
,n ����� it encompasseG ������ Nm�� tKe seconG 
larJest area on recorG �Kttp���ZZZ.JXlfKypoxia.
net��.  A concerteG )eGeral interaJency anG mXlti�

Box 3.  Hypoxia 
Definition

Hypoxia means “low oxygen”.  
In aquatic and marine systems, 
low oxygen generally refers to a 
dissolved oxygen concentration less 
than	2	to	3	milligrams	of	oxygen	per	
liter of water (mg/L), but sensitive 
organisms can be affected at higher 
thresholds (4.5 mg/L).  A complete 
lack of oxygen is called anoxia.  

Hypoxic waters generally do not 
have enough oxygen to support 
fish	and	other	aTuatic	animals,	and	
are sometimes called dead zones 
because the only organisms that 
can live there are microbes.  The 
criteria set for health of various 
species in Chesapeake Bay are a 
good	example	of	how	one	definition	
for hypoxia is not possible (EPA 
2003�.

http://www.gulfhypoxia.net/
http://www.gulfhypoxia.net/
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state effort Kas Eeen XnGerZay since ���� to finG 
Zays to reGXce tKe si]e of tKe Kypoxic area �C(15 
����� U.S. (3A ����� see *Xlf of 0exico Case 
StXGy� AppenGix ,,�.  

0XcK of tKe scientific interest anG manaJement 
concern aEoXt Kypoxia is focXseG on its principal 
caXse� eXtropKication� ZKicK is GefineG as ³an 
increase in tKe rate of sXpply of orJanic matter to 
an ecosystem´ �1ixon �����.  (XtropKication is 
most often associateG ZitK nXtrient enricKment of 
coastal Zaters from XrEan anG aJricXltXral lanG 
rXnoff� ZasteZater treatment plant GiscKarJes� 
anG air Geposition of nXtrients �%ricNer et al. 
����� *alloZay et al. ����� �see Section �.�.��.  
7Ke comEination of stressors associateG ZitK 
eXtropKication� ZKicK inclXGes EotK HA%s 
anG Kypoxia� continXes to GeJraGe U.S. coastal 
Zaters� estXaries� anG tKe *reat /aNes.  1Xtrient 
manaJement� primarily Yia improYeG treatment of 
inGXstrial anG mXnicipal point soXrce GiscKarJes� 
Kas reGXceG Kypoxia in some systems �e.J.� /os 
AnJeles HarEor� 'elaZare 5iYer� anG HillsEoroXJK 
%ay in )loriGa�.  HoZeYer� a concerteG anG 
sXstaineG effort to aGGress nonpoint soXrces of 
nXtrients Zill Ee neeGeG to alloZ more ZaterEoGies 
to recoYer anG to protect oXr estXarine anG coastal 
resoXrces for tKe fXtXre.

2.2. Status of Hypoxia in 
the United States

Hypoxia is a serioXs proElem in estXarine anG 
coastal areas of tKe UniteG States resXltinJ from 
a GiYerse set of caXses� inclXGinJ eXtropKication 
GriYen mainly Ey nonpoint soXrces of nXtrients 
�'ia] anG 5osenEerJ �����.  7Ke present Gay 
statXs of Kypoxia contrasts ZitK tKat of fifty 
years aJo ZKen it Zas primarily a proElem in 
riYers resXltinJ from inaGeTXate treatment of 
mXnicipal anG inGXstrial Zastes.  7KroXJK tKe 
����s� orJanic matter loaGinJ from seZaJe anG 
inGXstrial GiscKarJes Zas tKe most salient caXse 
of eXtropKication anG Kypoxia in tKe UniteG 
States �SmitK et al. �����.  7Ke maMority of tKe �� 
Kypoxic U.S. ZaterEoGies NnoZn from tKat time 
perioG Zere relateG to GiscKarJes from ZasteZater 
treatment �e.J.� 3roYiGence 5iYer� 0elrose et al. 
����� or inGXstry �e.J.� 3ensacola %ay� HaJy anG 
0Xrrell �����.  Actions folloZinJ tKe passaJe 
of tKe Clean Water Act in ���� reGXceG tKese 
point soXrce orJanic loaGs anG� mXcK later� EeJan 
to reGXce point soXrce pKospKorXs anG �eYen 
later� nitroJen loaGinJ� contriEXtinJ to some 
improYements in loZ GissolYeG oxyJen proElems.  

7Ke Clean Water Act� KoZeYer� GiG not explicitly 
aGGress manaJement anG reJXlation of nonpoint 

Figure 1.  Global distribution of systems affected by low dissolved oxygen. 
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soXrces of pollXtants.  ,t Zas in tKe ����s tKat 
tKe risinJ effects of nonpoint rXnoff of nXtrients 
Zere oEserYeG in Zater TXality Geterioration 
aroXnG tKe UniteG States �SmitK et al. �����.  7Ke 
����s Zere also ZKen first reports of Kypoxia 
appeareG for oXr larJer coastal systems �nortKern 
*Xlf of 0exico� 1eZ <orN %iJKt� /onJ ,slanG 
SoXnG�.  %y tKe ����s� it Eecame apparent tKat 
increasinJ nXtrient loaGs from nonpoint soXrces 
Zere responsiEle for an expansion of eXtropKic 
conGitions in estXarine anG coastal systems ZitKin 
tKe UniteG States �reYieZeG Ey %ricNer et al. 
����� �����.  2Yerall� tKe UniteG States Kas leG a 
JloEal trenG in ZKicK aJricXltXral fertili]ers are tKe 
leaGinJ nonpoint soXrce of nXtrient pollXtion� EXt 
atmospKeric Geposition from EXrninJ of fossil fXels 
anG nitroJen fixation associateG ZitK leJXme crops 
also contriEXte siJnificantly �HoZartK et al. �����.  
7Ke primary soXrces of nXtrient pollXtion Yary 
sXEstantially amonJ ZatersKeGs �e.J.� )iJXre ��� 
complicatinJ tKe tasN of nXtrient manaJement.

A cXrrent analysis of ��� U.S. coastal anG 
estXarine ecosystems inGicates tKat tKe percentaJe 
of systems ZitK Kypoxia Kas increaseG Gramatically 
since tKe ����s �)iJXre �� anG eYen since tKe ����s 
�7aEle ��.  7Ke first national assessment of oxyJen 
conGitions in U.S. Zaters� conGXcteG in tKe ����s� 
foXnG ��� of systems to KaYe Kypoxia �WKitleGJe 
�����.  SXEseTXent eXtropKication assessments 
foXnG Jreater tKan ��� of systems to KaYe Kypoxia 
�%ricNer et al. ����� ����a� ����E� ����a� ����E� 
�����.  UpGatinJ tKe information from all tKese 
soXrces finGs tKat ��� of ��� ecosystems KaYe 
Kypoxia �AppenGix ,,,�.  0ost of tKe increases 
since tKe ����s occXrreG in tKe 1ortK Atlantic� 

SoXtK Atlantic� anG 3acific reJions anG reÀect 
an increase in tKe inciGence of Kypoxia.  ,n tKe 
0iGGle Atlantic anG *Xlf of 0exico reJions� tKe 
percentaJe of Kypoxic systems Zas alreaGy KiJK 
in tKe ����s anG remains KiJK to Gate.  )XrtKer� 
tKe tKirG 1ational Coastal ConGition 5eport �U.S. 
(3A ����� foXnG Zater TXality for Atlantic anG 
*Xlf coasts to ranJe from fair to poor� EaseG on 
Gata from tKe early ����s.  )or tKe *reat /aNes� 
tKere appears to KaYe Eeen little cKanJe in Kypoxic 
conGitions since tKe ����s.  

'issolYeG oxyJen conGitions KaYe improYeG 
in some ZaterEoGies GXe to intensiYe reJXlation 
of nXtrient or carEon inpXts� primarily from more 
aGYanceG seZaJe anG inGXstrial treatment.  7Ke 
Eest examples are from smaller systems ZKere 
point soXrce GiscKarJes Zere tKe primary soXrce 
of orJanic matter anG nXtrients� sXcK as tKe 
HXGson 5iYer in 1eZ <orN anG tKe 'elaZare 
5iYer in 3ennsylYania anG 1eZ -ersey �%rosnan 
anG 2¶SKea� ����� 3atricN� �����.  ,n larJer 
systems ZKere point soXrces KaYe Eeen intensely 
manaJeG� GissolYeG oxyJen conGitions KaYe not 
improYeG EecaXse of larJe nonpoint soXrces of 
nXtrients.  (xamples inclXGe CKesapeaNe %ay 
anG /aNe (rie� ZKicK KaYe a lonJ Kistory of 
nXtrient manaJement EXt continXinJ proElems 
ZitK larJe�scale Kypoxia. �See AppenGix ,,�.  
(Yen ZitK improYeG manaJement of nonpoint 
soXrces� recoYery of some larJe systems may 
Ee GelayeG GXe to nXtrient anG orJanic matter 
tKat KaYe accXmXlateG in tKe seGiments oYer tKe 
years� tKereEy increasinJ oxyJen GemanG� anG� 
in tXrn� expanGinJ tKe amoXnt of Kypoxia for a 
JiYen loaG of nXtrients �7Xrner et al. �����.  7Kis 

    Region % Hypoxic 1980s1  % Hypoxic 1990s2 % Hypoxic 2000s3 % Hypoxic 2000s4

North Atlantic 6	�1	of	1�� 22	�4	of	18� 35	��	of	20� 26	�10	of	38�
Mid-Atlantic 50	�19	of	38� 59	�13	of	22� 64	�14	of	22� 42	��6	of	180�
South Atlantic 18	�9	of	51� 64	�14	of	22� 91	�20	of	22� 55	���	of	139�
Gulf of Mexico 69	�38	of	55�	 84	�32	of	38� 68	�26	of	38� 51	�105	of	205�
Pacific 21	�6	of	29� 26	�10	of	39� 35	�13	of	3�� 46	�3�	of	80�
Great Lakes 1 of 5 lakes 2	of	5	lakes 2	of	5	lakes
Total Nation 38	��3	of	190� 52	��3	of	139� 58	�80	of	139� 4�	�30�	of	64��

1	Based	on	Whitledge	1985a�	2	Based	on	Bricker	et	al.	1996,	199�a,	199�b,	1998a,	1998b�	3	Based	on	Bricker	et	al.	200�� 4	From	
Appendix III.

Table 1. Percentage of U.S. estuaries and coastal waterbodies with reports of hypoxia.
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may Ee tKe case in tKe nortKern *Xlf of 0exico 
anG CKesapeaNe %ay �HaJy et al. ����� 7Xrner et 
al. �����.  UnfortXnately� nXtrient loaGinJ from 
aJricXltXral anG atmospKeric soXrces is preGicteG to 
increase JloEally oYer tKe next �� years �7ilman et 
al. ����� *alloZay et al. ������ creatinJ aGGitional 
stress on coastal ZaterEoGies alreaGy in Gecline.  
)eGeral researcK anG manaJement actions mXst 
accelerate tKe pace of Zater TXality manaJement in 
orGer to protect anG restore YalXeG coastal aTXatic 
resoXrces.  

2.3. Causes of Hypoxia
WiGespreaG anG persistent Kypoxia is Jenerally 

not a natXral conGition in estXaries� coastal Zaters� 
or larJe laNes liNe tKe *reat /aNes� ZitK /aNe 
(rie EeinJ an exception �AppenGix ,,�.  HoZeYer� 
natXrally occXrrinJ oxyJen Gepletion Goes occXr� 
as in oceanic oxyJen minimXm ]ones� fMorGs� 
some stratifieG seas �e.J.� tKe %lacN Sea�� laNes anG 
ponGs� anG sZamps anG EacNZaters tKat circXlate 
poorly anG KaYe larJe loaGs of natXral lanG�GeriYeG 
orJanic matter.  1atXrally occXrrinJ Kypoxia is 
not tKe focXs of tKis report� EXt it is important to 
consiGer tKese cases EecaXse KXman actiYities may 
increase tKe freTXency� GXration� anG intensity of 
natXrally occXrrinJ Kypoxia �Cooper anG %rXsK 

����� Helly anG /eYin ����� 'ia] anG 5osenEerJ 
�����.

WKen tKe rate of oxyJen consXmption in 
aTXatic enYironments increases sXcK tKat tKe 
oxyJen consXmption rate exceeGs resXpply� 
oxyJen concentrations can TXicNly Gecline 
to leYels insXfficient to sXstain most animal 
life.  7Zo conGitions are Jenerally reTXireG for 
tKe GeYelopment anG maintenance of Kypoxia 
�)iJXre ���
� Zater colXmn stratification tKat isolates a layer 

of Eottom Zater anG seGiments from a XsXally 
Zell�oxyJenateG sXrface layer �see Section 
�.�.��� anG  

� a soXrce of orJanic matter� ZKicK is tKen 
GecomposeG anG Gepletes oxyJen in tKe isolateG 
Eottom layer �see Section �.�.��.  
'iel�cyclinJ Kypoxia� ZKere conGitions can 

cycle from sXpersatXration of oxyJen late in tKe 
afternoon to Kypoxia or anoxia near GaZn� is a 
XniTXe sitXation tKat Goes not reTXire tKe first 
conGition GescriEeG aEoYe.  7Kis pKenomenon 
can occXr in XnstratifieG Zaters anG appears to Ee 
increasinJ in freTXency �'¶AYan]o anG .remer 
����� 9erity et al. ����� SKen et al. �����.  ,t most 
often occXrs in sKalloZ� eXtropKic tiGal creeNs 
ZKere oxyJen excKanJe at tKe Zater sXrface 

Figure 2.  Change in number of U.S. coastal areas experiencing hypoxia from 12 documented areas in 1960 to over 300 
now (Appendix III).  Not shown here are one hypoxic system in Alaska and one in Hawaii.
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is insXfficient to sXpply tKe respiratory neeGs 
of microEes anG otKer orJanisms.  7Kis type of 
transient or Giel Kypoxia may caXse perYasiYe 
impacts on liYinJ resoXrces EotK EecaXse of tKe 
freTXency ZitK ZKicK it occXrs �KoXrs to Gays� 
anG its location �small anG sKalloZ nXrsery JroXnG 
KaEitats� e.J.� 3epper CreeN� 'elaZare� 7yler anG 
7arJett ����� 7yler et al. �����.  7Ke increaseG 
proGXction of orJanic matter ZitKin a system� 
mostly in tKe form of pKytoplanNton proGXctiYity 
in response to antKropoJenic nXtrient pollXtion� 
contriEXtes to EotK seasonal anG Giel�cyclinJ 
Kypoxia in coastal ecosystems.  ,n sKalloZ systems 
tKat are KiJKly eXtropKic� calm ZeatKer conGitions 
anG extenGeG perioGs of cloXG coYer can caXse loZ 
GissolYeG oxyJen eYents �7yler et al. �����.

WKereas pKysical factors create tKe pKysical 
conGitions tKat are XsXally necessary for Kypoxia 
to GeYelop in Eottom Zaters� nXtrient�GriYen 
eXtropKication proYiGes tKe increaseG Geposition of 
GecomposinJ orJanic matter to tKe Eottom layer� 
creatinJ increaseG oxyJen GemanG.  AltKoXJK 
pKysical factors can cKanJe oYer tKe lonJ�term� 
tKey KaYe not in most cases �e.J.� HaJy et al. 
����� *reene et al. �����.  7KXs� eXtropKication is 
tKe principal caXse of tKe lonJ�term increases in 
Kypoxia tKat KaYe Eeen oEserYeG.   

2.3.1. Physical Factors
'ensity stratification of tKe Zater colXmn� in 

ZKicK a less Gense layer of Zater Àoats on top 
of a Genser Eottom layer� is an almost XniYersal 
cKaracteristic of coastal systems sXEMect to seasonal 
Eottom Zater Kypoxia.  Stratification reGXces 
tKe potential for oxyJen from tKe atmospKere to 
replenisK oxyJen GepleteG at GeptK.  ,n most cases 
inYolYinJ marine systems� a Yertical JraGient of 
salinity� creatinJ a Kalocline� is tKe most important 
factor contriEXtinJ to Gensity stratification.  
SXrface KeatinJ� creatinJ Zarmer sXrface Zater 
temperatXres anG tKXs a Yertical JraGient of 
temperatXre� or a tKermocline� is tKe caXse of 
stratification in laNes anG can also contriEXte to 
Gensity stratification in marine systems� especially 
GXrinJ sprinJ ZKen Geeper Zaters are relatiYely 
colG.  7Kermal stratification creates tKe potential 
for Kypoxia in /aNe (rie anG is also NnoZn to Ee 
important in /onJ ,slanG SoXnG anG 1eZ <orN 
%iJKt �%oescK anG 5aEalais ����� HaZley et al. 
����� /ee anG /Zi]a �����.  ,n tKe fall� coolinJ 
temperatXres anG GecreasinJ fresKZater inpXts 
can GestaEili]e sXmmer stratification� leaGinJ to 
relatiYely aErXpt mixinJ or ³tXrnoYer´ of tKe Zater 
colXmn tKat eliminates seasonal Kypoxia.  )all 
tXrnoYer is often associateG ZitK a ZinG eYent sXcK 
as a storm or frontal passaJe.
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Figure 3.  Comparison of the relative contribution of major sources of nitrogen pollution in three coastal ecosystems 
experiencing hypoxia.		Urban�suburban	includes	both	point	�industrial	and	sewage	effluent�	and	nonpoint	sources	�residential	run	
off�.		Data	sources�	Chesapeake	Bay�	Chesapeake	Bay	Program�	Narragansett	Bay�	Nixon	et	al.	2008,	Moore	et	al.	2004�	Gulf	of	
Mexico�	Alexander	et	al.	2008.		
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,n riYer�GominateG estXaries anG ocean marJins� 
Gensity stratification anG otKer circXlation featXres 
are stronJly affecteG Ey tKe amoXnt of less Gense 
fresKZater ÀoZinJ oXt of associateG riYers.  
7Kerefore� tKe extent anG seYerity of seasonal 
Kypoxia Yaries on an annXal Easis in relation to 
tKe maJnitXGe of fresKZater inpXts.  ,n larJer 
systems� ZKere fresKZater is retaineG in tKe system 
for lonJer perioGs of time� sXmmer Kypoxia is 
XsXally coXpleG most closely to fresKZater inpXts 
GXrinJ sprinJ� ZKen sprinJ rains or snoZ melt 
caXse KiJK fresKZater ÀoZ �e.J.� CKesapeaNe 
%ay� HaJy et al. ����� nortKern *Xlf of 0exico� 
*reene et al. �����.  ,n smaller systems� pKysical 
conGitions conGXciYe to GeYelopment of Kypoxia 
may Ee coXpleG to fresKZater inpXts on a sKorter 
time scale.  )or example� a sinJle early fall pXlse 
of fresKZater associateG ZitK HXrricane ,Yan 
stimXlateG GeYelopment of an XnseasonaEle perioG 

of Kypoxia in 3ensacola %ay� )loriGa� GXrinJ 
fall ���� �HaJy et al. �����.  SKen et al. ������ 
oEserYeG perioGs of Kypoxia lastinJ tZo to fiYe 
Gays in a sKalloZ miG�Atlantic creeN folloZinJ a 
rain eYent.

'eYelopment anG maintenance of Kypoxia are 
stronJly affecteG Ey Zater colXmn mixinJ.  StronJ 
tiGal mixinJ preYents Zater colXmn stratification 
almost entirely in some systems.  WKere tiGes are 
not as stronJ� loZ GissolYeG oxyJen eYents may 
occXr GXrinJ neap tiGes� tKe pKase of tKe sprinJ�
neap tiGal cycle ZKen tiGal mixinJ is minimal 
�Haas �����.  Stratification� anG tKXs YXlneraEility 
to Kypoxia� is reGXceG GXrinJ tKe larJer sprinJ 
tiGes� ZKicK are associateG ZitK fXll anG neZ 
moons� ZKen tiGal cXrrents are stronJer anG 
Jenerate increaseG mixinJ of tKe Zater colXmn.  
Some estXaries� sXcK as 0oEile %ay� AlaEama� 

Figure 4.  Conceptual diagram illustrating development and effects of hypoxia in stratified waters (from Downing et al. 
1999).		The	pycnocline	is	the	boundary	that	stratifies	and	separates	the	bottom	and	surface	water	layers.
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anG 3ensacola %ay� )loriGa� in tKe nortKeastern 
*Xlf of 0exico KaYe loZ amplitXGe tiGes �HaJy 
anG 0Xrrell ������ anG otKers� sXcK as tKe 
AlEermarle�3amlico (stXarine System on tKe 1ortK 
Carolina coast� are YirtXally tiGeless �/XetticK 
et al. �����.  7Kese estXaries� ZKicK are also in 
a Zarmer climate tKat yielGs KiJKer respiration 
anG nXtrient reJeneration rates� are particXlarly 
sXsceptiEle to stratification anG Kypoxia.  WinG is 
an especially important factor affectinJ Kypoxia in 
tKese microtiGal estXaries �5eynolGs�)leminJ anG 
/XetticK ����� 3arN et al. ����� HaJy anG 0Xrrell 
�����.  

2.3.2. Biological/chemical Factors
(XtropKication� fXnGamentally a EioloJical 

anG EioJeocKemical process� is an important 
factor anG inGeeG tKe principal caXse of coastal 
Kypoxia.  ,n an XpGate to tKe 1ational (stXarine 
(XtropKication Assessment �%ricNer et al. ����� 
See 7aEle ,�� eXtropKication Zas recoJni]eG as a 
ZiGespreaG proElem� ZitK ��� of assesseG systems 
��� of ��� systems KaG aGeTXate Gata for analysis� 
sKoZinJ moGerate� to KiJK�leYel proElems.  7Ke 
most commonly reporteG eXtropKication�relateG 
proElems inclXGeG Kypoxia� losses of sXEmerJeG 
Jrasses� excessiYe alJal Elooms �tKe most 
commonly reporteG proElem�� anG nXmeroXs 
occXrrences of nXisance anG toxic HA%s.  7Ke miG�
Atlantic Zas iGentifieG as tKe reJion most impacteG 
Ey eXtropKication.  7Ke maMority �almost ���� of 
estXaries assesseG� ZitK tKe exception of 1ortK 
Atlantic systems �Cape CoG nortK to 0aine�� Zere 
KiJKly inÀXenceG Ey KXman�relateG actiYities tKat 
contriEXteG to lanG�EaseG soXrces of nXtrient loaGs.  
7Ke most commonly reporteG caXses of nXtrient�
relateG impairments Zere aJricXltXral actiYities 
�roZ crops anG liYestocN operations�� ZasteZater 
treatment plants� XrEan rXnoff� anG atmospKeric 
Geposition.  (XtropKication�relateG proElems Zere 
preGicteG to Zorsen in ��� of estXaries� ZKereas 
��� of tKe assesseG estXaries Zere expecteG to 
improYe in tKe fXtXre.  Analysis of tKe extent 
of cKanJe in �� estXaries from tKe early ����s 
to tKe early ����s sKoZs tKat most ����� Zere 
XncKanJeG� inclXGinJ all of tKe larJer estXaries.  

7Ke principal soXrces of nXtrients tKat sXstain 
coastal eXtropKication Yary amonJ systems.  WKere 
siJnificant riYers enter tKe coastal ]one� nXtrient 
loaGs associateG ZitK tKe fresKZater GiscKarJe are 
XsXally tKe preGominant soXrce.  Coastal systems 
lacNinJ sXEstantial riYerine inpXts may receiYe a 
sXEstantial fraction of nXtrient inpXts Yia sXEmarine 
JroXnGZater GiscKarJe or Girect atmospKeric 
Geposition� as in %arneJat %ay� 1eZ -ersey 
�.ennisK et al. �����.  7Ke maMor antKropoJenic 
soXrces of nXtrients to coastal Zaters are roZ 
crop aJricXltXre anG animal operations� inGXstrial 
anG mXnicipal ZasteZater GiscKarJes� nonpoint 
soXrce rXnoff from XrEan anG sXEXrEan areas� 
anG atmospKeric Geposition �)iJXre ��.  HXman 
actiYities KaYe Eeen linNeG to a Gramatic increase 
in nitroJen cyclinJ in tKe natXral enYironment.  
WatersKeGs can Eecome ³nitroJen�satXrateG´� 
for example� ZKen fXrtKer aGGitions of nitroJen 
Go not elicit a response from tKe ecosystem.  ,n 
nitroJen�satXrateG ZatersKeGs� tKe sXrplXs nitroJen 
Zill tKeoretically leaN to streams� JroXnGZater� 
or tKe atmospKere �9itoXseN et al. �����.  /oss or 
GeJraGation of riYerine anG coastal ZetlanGs can 
also contriEXte to eXtropKication of coastal Zaters 
EecaXse ZetlanGs natXrally trap anG retain nXtrients 
�e.J.� 9aliela anG Cole �����. 

,n most cases� eXtropKication Kas Eeen caXseG 
Ey an antKropoJenic increase in nXtrient inpXts.  ,n 
a feZ cases� larJe EXt� nonetKeless� natXral soXrces 
of nXtrients KaYe Eeen implicateG in sXstaininJ 
KiJK primary proGXctiYity in coastal systems.  )or 
example� some ZatersKeGs in soXtKZest )loriGa 
KaYe natXrally KiJK concentrations of pKospKates 
tKat can sXpport KiJK leYels of primary proGXction 
�7Xrner et al. ����a�.  1atXral XpZellinJ of 
nXtrient�ricK Geep ocean Zater into sKalloZ areas 
also can sXpport larJe Elooms of pKytoplanNton 
�*lenn et al. ����� CKan et al. ����� anG can 
resXlt in Kypoxia.  UpZellinJ of nXtrient�ricK 
Zaters Kas Eeen implicateG in tKe GeYelopment of 
seYere ZiGespreaG Kypoxia anG� for tKe first time 
�in ������ anoxia on 2reJon¶s inner continental 
sKelf �*rantKam et al. ����� CKan et al. �����.  
7ransport of Kypoxic Zater from tKe continental 
sKelf into coastal emEayments Kas also Eeen 
GocXmenteG alonJ tKe 2reJon coast �%roZn 
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et al. �����.  7Kese GeYelopments seem to Ee 
linNeG to impacts of climate Yariation on ocean 
processes� sXcK as intensity of XpZellinJ ZinGs� 
oxyJen concentration in XpZelleG Zater� anG 
Zater colXmn respiration �*rantKam et al. ����� 
CKan et al. �����.  0ore sXEtle XpZellinJ Kas 
Eeen oEserYeG alonJ tKe 1eZ -ersey coast anG 
Kas Eeen implicateG in GeYelopment of nearsKore 
Kypoxia �*lenn et al. ����� �����.  %otK of tKese 
cases� KoZeYer� contrast ZitK tKe sitXation for most 
coastal areas XnGerJoinJ eXtropKication� ZKere tKe 
soXrce of increaseG nXtrient inpXt is lanG�EaseG anG 
attriEXtaEle to antKropoJenic caXses. 

Hypoxia can Ee relateG in some cases to 
GocXmenteG lonJ�term increases in alJal 
Eiomass.  )or example� tKe lonJ�term increase in 
cKloropKyll�a �a proxy for pKytoplanNton Eiomass� 
in tKe CKesapeaNe %ay� as GocXmenteG Ey HarGinJ 
anG 3erry ������� Zas concXrrent ZitK tKe increase 
in Kypoxia GocXmenteG Ey HaJy et al. ������.  ,n 
a feZ cases� Kypoxic eYents KaYe Eeen relateG to 
KiJK Eiomass HA%s.  )or example� tKe one�time 
Kypoxic eYent in tKe 1eZ <orN %iJKt �*arlo et al. 
����� %oescK anG 5aEalais ����� anG Kypoxia in 
tKe 3eace 5iYer�CKarlotte HarEor system �7Xrner et 
al. ����a� Zere EotK relateG to KiJK Eiomass alJal 
Elooms.  )XrtKer� massiYe mortalities of Eottom�
GZellinJ orJanisms Zere associateG ZitK tKe 
cascaGinJ effects of alJal toxicity� Kypoxia� anoxia� 
anG KyGroJen sXlfiGe poisoninJ GXrinJ a toxic HA% 
eYent in )loriGa in ���� �/anGsEerJ et al. �����.

2.4. Consequences of 
Hypoxia
2.4.1. Ecological Consequences

(coloJical effects of Kypoxia in coastal systems 
can Yary in EotK GeJree anG scale �)iJXre ��.  7Ke 
specific concentration of GissolYeG oxyJen EeloZ 
ZKicK YarioXs animals sXffocate Yaries� EXt for 
estXarine anG marine species� effects Jenerally 
appear ZKen oxyJen Grops EeloZ aEoXt � mJ�/ 
�'ia] anG 5osenEerJ ����� 5itter anG 0ontaJna 
����� 5aEalais et al. ����� %reitEXrJ et al. ����� 
.arlson et al. �����.  HoZeYer� tKe EeKaYior 
of some orJanisms �e.J.� fisK� larYae� can Ee 
neJatiYely affecteG at oxyJen concentrations as 

KiJK as ���.� mJ�/ �WKitmore et al. ����� .ramer 
����� %reitEXrJ �����.  7oxic KyGroJen sXlfiGe 
is often present in Zaters nearly or completely 
GeYoiG of oxyJen anG siJnificantly reGXces sXrYiYal 
�*amenicN et al. �����.

)isK Nills are an oEYioXs anG Yery Xnpleasant 
conseTXence of Kypoxia.  7Ke freTXency anG 
maJnitXGe of fisK Nills KaYe increaseG as nXtrient�
relateG eXtropKication Kas ZorseneG EotK Kypoxia 
anG HA%s �7KXrston ����� 7Kronson anG 4XiJJ 
�����.  )isK Nills relateG to Kypoxia KaYe Eeen 
noteG in ZaterEoGies on all U.S. coasts� EXt tKe 
inciGence of fisK Nills Goes not captXre tKe extent 
of Kypoxia impacts.  )isK Nills are mXcK less 
ZiGespreaG tKan Kypoxia itself anG sometimes 
occXr only ZKen seYeral factors are present alonJ 
ZitK Kypoxia �e.J.� HA%s as in Corsica 5iYer� 
0arylanG� %ricNer et al. ����� or ZKen Kypoxia 
GeYelops in a Zay tKat preYents fisK from escapinJ.  
2tKer effects of Kypoxia are less oEYioXs� EXt 
more perYasiYe anG liNely more important oYerall.  
7Kese inclXGe sKifts in spatial GistriEXtion of 
orJanisms� cKanJes in commXnity strXctXre caXseG 
Ey emiJration of fisK anG moEile inYerteErates� 

Figure 5. The range of ecological impacts exhibited as 
dissolved oxygen levels drop from saturation to anoxia 
(based on Diaz and Rosenberg 1995, Rabalais et al. 2001).
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mortality of sessile �immoEile� 
Eottom�GZellinJ orJanisms� 
anG alteration or ElocNaJe of 
normal miJration roXtes of 
fisK anG inYerteErates. 

Hypoxic KaEitats tKat are 
aYoiGeG Ey orJanisms are 
fXnctionally lost from tKe 
system �%reitEXrJ ����� 
5aEalais anG 7Xrner ����� 
SaJasti et al. �����.  %ecaXse 
oxyJen tKresKolGs for 
aYoiGance are XsXally KiJKer 
tKan for sXrYiYal �)iJXre ��� 
KaEitat loss GXe to Kypoxia 
is far Jreater tKan ZoXlG Ee 
sXJJesteG Ey calcXlations EaseG on recrXitment 
or sXrYiYal tolerances.  CKanJes in commXnity 
strXctXre anG KaEitat loss associateG ZitK Kypoxia 
can also propaJate to otKer components of tKe fooG 
ZeE.  )or example� impacts to animals tKat act as 
crXcial fooG ZeE linNaJes EetZeen alJal proGXcers 
anG top preGators �e.J.� EentKic sXspension feeGers� 
resXlt in a GecreaseG ÀoZ of enerJy to preGators 
anG an increase to microEes �)iJXre �� 'ia] anG 
5osenEerJ �����.  AYoiGance of Kypoxia can also 
reGXce enerJy ÀoZ to preGators.  Hypoxia can 
caXse reGXceG JroZtK �7aylor anG 0iller ������ 
loZer reproGXction �0arcXs et al. ������ anG otKer 
pKysioloJical effects �WX et al. �����.  SKrimp 
anG craEs exposeG to Kypoxia� for example� 
Eecome immXnocompromiseG anG may sXffer 
increaseG sXsceptiEility to Gisease anG mortality 
from Eacterial infections �/e 0oXllac et al. ����� 
Holman et al. ����� %XrJents et al. ����� 7anner et 
al. �����.  

Hypoxia Kas contriEXteG to tKe collapse or 
impairment of a nXmEer of commercially important 
fisKeries ZorlGZiGe� inclXGinJ 1orZay loEster 
in tKe .atteJat Sea �%aGen et al. ����� anG 
Eottom�GZellinJ fisK in tKe %altic anG %lacN Seas 
�%reitEXrJ et al. ����� 0ee �����.  (ffectiYely 
separatinJ impacts of Kypoxia on exploiteG fisKery 
popXlations from tKose GXe to oYerfisKinJ can Ee 
cKallenJinJ �%reitEXrJ et al. �����.  0ost liNely� 
tKe effect of Kypoxia is to Gecrease proGXctiYity 
anG resilience of exploiteG popXlations� maNinJ 

tKem more YXlneraEle to collapse in tKe face of 
KeaYy fisKinJ pressXre.

7Ke ecoloJical impacts of Kypoxia may Ee 
XnGerstooG in terms of tKe ecosystem serYices 
normally proYiGeG Ey a KealtKy ecosystem� EXt lost 
as a resXlt of Kypoxia �7aEle ��.  A fXll assessment 
of ecosystem serYices lost Kelps EriGJe tKe Jap 
EetZeen ecoloJical fXnctions lost anG tKeir impact 
on people.  ,n some cases� tKoXJK not ZitKoXt 
cKallenJes� ecosystem serYices can Ee assiJneG a 
reasonaEle Gollar YalXe.  ,n tKese cases� analysis 
of serYices Kelps conYey tKe economic costs 
associateG ZitK ecoloJical impacts.  

)isKeries yielG is one ecosystem serYice tKat 
can Ee impacteG EotK Girectly anG inGirectly Ey 
Kypoxia.  0ortality of fisKeries species is a Girect 
mecKanism Ey ZKicK serYices are lost.  /oss of 
foraJe for Eottom�feeGinJ fisK anG sKellfisK GXe to 
Kypoxia is proEaEly more important in most cases 
anG also amoXnts to a loss of ecosystem serYices.  
,n tKe CKesapeaNe %ay� seasonal Kypoxia lasts 
aEoXt tKree montKs anG reGXces tKe %ay¶s total 
EentKic seconGary proGXction Ey aEoXt �� �'ia] 
anG ScKaffner ������ or roXJKly ������ metric 
tons of Eiomass �'ia] anG 5osenEerJ �����.  7Kis 
is enoXJK to feeG aEoXt Kalf tKe annXal ElXe craE 
catcK for a year.  ,n tKe nortKern *Xlf of 0exico� 
seYere seasonal Kypoxia can last Xp to six montKs 
anG reGXces EentKic Eiomass Ey aEoXt ������� 
metric tons ZKen tKe Kypoxic ]one is ������ Nm� 
�5aEalais et al. �����.  7Kis lost Eiomass coXlG 

Figure 6.  Conceptual view of how hypoxia alters ecosystem energy flow with 
example systems (modified from Diaz and Rosenberg 2008).
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feeG aEoXt ��� of tKe EroZn sKrimp catcK for a 
season �'ia] anG 5osenEerJ �����.  ,t is XnNnoZn 
ZKetKer tKese systems can recoYer seconGary 
proGXction lost to Kypoxia GXrinJ perioGs ZitK 
normal oxyJen leYels.  7Ke CKesapeaNe %ay Kas 
a recoYery perioG of approximately nine montKs� 
ZKereas tKe nortKern *Xlf of 0exico reTXires six 
montKs for recoYery of tKe lost EentKic proGXction.  
Well�oxyJenateG conGitions oXtsiGe of sXmmer� 
KoZeYer� may Ee inaGeTXate to sXpport recoYery 
since many otKer JroZtK reTXirements �especially 
appropriate Zater temperatXres� are optimal in tKe 
sXmmer. 

2ne of tKe less oEYioXs ecosystem serYices lost 
GXrinJ Kypoxia is seGiment mixinJ Ey EentKic 
orJanisms� or µEiotXrEation.¶  5eZorNinJ of 
seGiments Yia EiotXrEation promotes oxyJenation 
of seGiments� improYinJ KaEitat for EentKic 

animals anG promotinJ EioJeocKemical feeGEacN 
processes tKat reGXce nXtrient recyclinJ anG 
limit eXtropKication.  ,n particXlar� EiotXrEation 
promotes coXpleG nitrification anG Genitrification� 
ZKicK eliminates excess EioaYailaEle nitroJen from 
tKe ecosystem.  /oss of tKese serYices amoXnts to 
aGGitional nitroJen loaGinJ� ZKicK mXst Ee offset 
Ey aGGitional controls on inpXts �HaJy et al. �����.  
WKen EiotXrEation is eliminateG GXe to Kypoxia� 
nitroJen is retXrneG to tKe Zater as EioaYailaEle 
ammoniXm� often ZitK pKospKorXs as Zell� 
reinforcinJ a cycle of eXtropKication �Aller ����� 
.emp et al. �����.

'etermininJ tKe ecoloJical conseTXences of 
Kypoxia on ecosystem serYices �7aEle �� is often 
complicateG Ey cXmXlatiYe anG interactinJ impacts 
inYolYinJ a Yariety of stressors.  4Xantification of 
tKe relationsKip EetZeen Kypoxia anG impacts on 

Impacts on Ecosystem Services Example Reference
Loss of biomass
Direct	mortality	of	fisheries	species Long Bay .oepfler	et	al.	200�
Direct mortality of prey species Northern Gulf of Mexico Rabalais	et	al.	2001
Reduced growth and production Chesapeake Bay Dia]	and	Schaffner	1990
Reduced recruitment Patuxent River Breitburg	1992

Loss of biodiversity
Elimination of sensitive species Pensacola Bay Hagy	et	al.	2006
Reduced diversity Pamlico River Tenore	19�2
Increased susceptibility to disease and other stressors St. Johns River Mason	1998
Lower food web complexity Neuse River Estuary Baird	et	al.	2004

Loss of habitat
Crowding of organisms into suboptimal habitats Neuse River Estuary Eby	et	al.	2005
Increased	predation	risks	�both	natural	and	fishing� Northern Gulf of Mexico Craig	and	Crowder	2005
Forced	migration	from	preferred	habitat St. Josephs Bay Leonard	and	McClintock	1999
Altered or blocked migration routes New York Bight Sindermann and Swanson 

1980
Altered energy and biogeochemical cycling
Increased	energy	flow	through	microbes Corpus Christi Bay Montagna	and	Ritter	2006
Production	of	toxic	hydrogen	sulfide Dead end canals Luther	et	al.	2004
Release of phosphorus from sediments Lake Erie Hawley	et	al.	2006
Release of ammonia and ammonium from sediments Chesapeake Bay Cowan	and	Boynton	1996
Loss	of	denitrification Chesapeake Bay Lewis	et	al.	200�

Table 2.  Principal ecosystem characteristics and services impacted by hypoxia.  Ecosystem 
services are processes by which the environment produces resources that are important 
to humans.  Lost ecosystem characteristics highlighted here are critical for supporting 
ecosystem services. Not listed here are impacts to aesthetics or services lost due to 
eutrophication in general.
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commercial anG recreational liYinJ resoXrces are 
neeGeG Ey manaJers in orGer to improYe coastal 
manaJement anG policy Gecision�maNinJ.  5ecent 
researcK aGYances in tKis area are GiscXsseG in 
Section �.�.

2.4.2. Economic Consequences
7Kere is a JroZinJ collection of literatXre on tKe 

ecoloJical conseTXences of Kypoxia� EXt economic 
eYalXations are lacNinJ.  (conomic effects 
attriEXtaEle to Kypoxia are sXEtle anG GifficXlt 
to TXantify eYen ZKen mass mortality eYents 
occXr.  0XcK of tKe proElem is relateG to mXltiple 
stressors �KaEitat GeJraGation� oYerfisKinJ� HA%s� 
anG pollXtion� actinJ on tarJeteG commercial 
popXlations as Zell as factors tKat impact fisKers¶ 
economics �aTXacXltXre� imports� economic costs 
of fisKinJ� anG fisKeries reJXlations�.  (conomic 
impacts tKat stem from tKe effects of Kypoxia 
on fisKery stocNs are mostly sXEtle anG tieG to 
ecoloJical impacts tKroXJK reGXceG JroZtK anG 
reproGXction.  2tKer economic costs imposeG on 
fisKers are relateG to increaseG time on fisKinJ 
JroXnGs anG costs of searcKinJ for stocNs �e.J.� to 
reacK more Gistant fisKinJ JroXnGs EeyonG areas 

impacteG Ey Kypoxia�.  HoZ tKese costs translate 
to impact on profits is complex� KoZeYer� EecaXse 
in aGGition to tKe ramifications of reGXceG TXantity� 
tKe Xnit YalXe of lanGinJs on tKe marNet affects its 
total YalXe anG mXst Ee consiGereG ZKen eYalXatinJ 
tKe economic impacts.  

AltKoXJK TXantifyinJ costs of Kypoxia�relateG 
mortality eYents is GifficXlt� tKere are some 
pXElisKeG examples �7aEle ��.  Hypoxia in tKe 
early ����s in 0oEile %ay� AlaEama Zas estimateG 
to KaYe NilleG oYer �������� ZortK of oysters 
�0ay �����.  An eYen Jreater economic cost Zas 
associateG ZitK tKe GeclininJ stocN si]e associateG 
ZitK mortality anG poor recrXitment of oysters 
in years ZitK seYere Kypoxia.  A moGelinJ stXGy 
in tKe 3atXxent 5iYer in 0arylanG estimateG tKat 
tKe net YalXe of stripeG Eass fisKinJ alone ZoXlG 
Gecrease oYer tKe lonJ�term Ey oYer ���� million 
if tKe entire CKesapeaNe %ay Zere impacteG Ey 
Kypoxia� ZKicK ZoXlG preclXGe fisKinJ in otKer 
sites �/ipton anG HicNs �����.  ,mpacts of Kypoxia 
on tKe oYerall KealtK of tKe stripeG Eass popXlation 
anG impacts to otKer CKesapeaNe fisKeries Zere not 
inclXGeG in tKis estimate EXt ZoXlG sXEstantially 

Event Impacts considered 
in Estimate

Estimated Economic 
Impact 

Economic Impact in 
2009 dollars

Hypoxia in Mobile Bay in 
19�0¶s	�May	19�3�

Mortality to oysters �500,000	 �2,400,000

Modeled hypoxia 
in Patuxent River, 
Maryland (Lipton and 
Hicks	2003�

Striped	bass	fishing	and	
associated activities in 
Patuxent River*

�100,000

	for	dissolved	
oxygen below 5 mg/L in 
the River

�300,000

	for	anoxia	in	
the River

�145,000,000

	for	
dissolved oxygen less 
than	3mg�L	in	entire	
Chesapeake Bay 
(eliminates substitute 
fishing	sites�	

�110,000

	 
 

�340,000

	 

�166,000,000

 
 
 

New York Bight hypoxic 
event in the summer of 
19�6	�Figley	et	al.	19�9�

Surf	clams,	finfishes,	
ocean quahogs, sea 
scallops, lobsters

��0,000,000	 �265,000,000

 
 * Note that the impact would be substantially greater if all target species were considered. 


Net	present	value�	the	net	present	value	represents	the	chronic	effects	of	hypoxia	on	the	value	of	striped	bass	
fishing.

Table 3.  Examples of hypoxia-related economic impacts.  For a current perspective, impacts 
are also shown in 2009 dollars, calculated from the original values using the consumer price 
inÀation index (http:��www.bls.gov�cpi�).
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Climate Driver Direct Effect Secondary Effect ,nÀuence on 
Hypoxia

Increased 
temperature

   

More evaporation Decreased	stream	flow -
Land-use and cover changes +/-

Less snow cover More nitrogen retention -
Warmer water Stronger	stratification +

Higher metabolic rates +
More precipitation More	stream	flow Stronger	stratification +

More nutrient loading +
More extreme rainfall Greater erosion of soil phosphorus +

Less precipitation Less	stream	flow Weaker	stratification -
Less nutrient loading -

Higher sea level Greater depth Stronger	stratification +
Greater bottom water volume -
Less hydraulic mixing +

Less tidal marsh Diminished nutrient trapping +
Summer winds and 
storms

Weaker, less water 
column mixing

More	persistent	stratification +

Stronger, more water 
column mixing

Less	persistent	stratification -

Shifting wind patterns Weaker/stronger upwelling potential +/-

Table 4.  Estimated inÀuence of climate drivers on the extent and severity of hypoxia 
(�   more hypoxia) (Dia] 2008, Modified from Boesch et al. 2007). 

increase tKe oYerall economic conseTXences to 
fisKers in tKe reJion.  'XrinJ tKe ���� sXmmer 
Kypoxic eYent in tKe 1eZ <orN %iJKt� acXte 
economic losses Zere estimateG to KaYe Eeen oYer 
��� million �)iJley et al. �����.  0XcK of tKis 
loss Zas GXe to impacts to tKe sXrf clam resoXrce� 
accoXntinJ for more tKan ��� million.  7Kese 
YalXes consiGer sKort�term impacts from actXal 
losses reporteG Ey fisKers anG potential losses GXe 
to resoXrce mortality.

(xperience ZitK Kypoxic ]ones aroXnG tKe JloEe 
sKoZs tKat EotK ecoloJical anG fisKeries impacts 
Eecome proJressiYely more seYere as Kypoxia 
Zorsens �'ia] anG 5osenEerJ ����� CaGGy 
����� anG tKe area of sXitaEle KaEitat Geclines 
�%ricNer et al. �����.  /arJe systems aroXnG 
tKe JloEe KaYe sXffereG serioXs ecoloJical anG 
economic conseTXences from seasonal Kypoxia� 
most notaEly tKe .atteJat anG tKe %lacN Sea.  
ConseTXences ranJe from locali]eG loss of catcK 
anG recrXitment failXre to complete system�ZiGe 
loss of fisKery species �.arlsen et al. ����� 0ee 

�����.  ,n systems ZKere KaEitat is only partially 
lost to Kypoxia� sXcK as /onJ ,slanG SoXnG anG tKe 
CKesapeaNe %ay� catcK rates for recreational fisKinJ 
Gecline �%ricNer et al. �����.

2.5. Future Considerations
2.5.1. Climate change 

Climate cKanJe Zill almost certainly inÀXence 
EotK natXrally occXrrinJ anG eXtropKication�
relateG Kypoxia� as Zell as tKe inciGence of otKer 
ecoloJical proElems� sXcK as HA%s.  7o fXlly 
XnGerstanG enYironmental cKanJe� it is necessary to 
consiGer tKe inÀXence of mXltiple climate GriYers 
�7aEle ��.  ,n Jeneral� tKe expecteG lonJ�term 
ecoloJical cKanJes faYor proJressiYely earlier onset 
of Kypoxia eacK year anG� possiEly� lonJer oYerall 
GXration �%oescK et al. �����.   

,ncreasinJ aYeraJe Zater temperatXre is one 
mecKanism Ey ZKicK climate cKanJe may increase 
sXsceptiEility of systems to Kypoxia.  HiJKer Zater 
temperatXres promote increaseG Zater colXmn 
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stratification� GecreaseG solXEility 
of oxyJen� anG increaseG metaEolic 
rates� inclXGinJ oxyJen consXmption 
anG nXtrient recyclinJ.  Climate 
preGictions also sXJJest larJe 
cKanJes in precipitation patterns� 
EXt ZitK siJnificant Xncertainty 
reJarGinJ ZKat cKanJes Zill occXr 
in any JiYen ZatersKeG �CKristensen 
et al. �����.  ,ncreaseG precipitation 
can Ee expecteG to promote 
increaseG rXnoff of nXtrients to 
estXarine anG coastal ecosystems 
anG increaseG Zater colXmn 
stratification ZitKin tKese systems� 
contriEXtinJ to more seYere oxyJen 
Gepletion �7aEle �� *loEal Climate 
CKanJe ,mpacts in tKe U.S. ����� 
-Xstic� et al. ����� 1aMMar et al. 
�����.  Climate preGictions for tKe 
0ississippi 5iYer Easin sXJJest 
a ��� increase in riYer GiscKarJe 
�0iller anG 5Xssell ������ ZKicK is expecteG to 
increase tKe aYeraJe extent of Kypoxia on tKe 
nortKern *Xlf of 0exico sKelf �*reene et al. �����.  
Climate�associateG cKanJes in oceanic ZinG 
patterns can impact ocean circXlation at a larJe 
scale.  7Ke seYere Kypoxia tKat Kas GeYelopeG eYery 
year since ���� alonJ tKe coast of 2reJon Kas Eeen 
linNeG to climate�EaseG cKanJes in reJional ZinG 
patterns� ZKicK affect Zater colXmn stratification 
anG GeliYery of nXtrients from Geep Zater to 
relatiYely sKalloZ coastal areas.  

2.5.2. Impacts of Biofuels Strategy 
7Ke (,SA of ���� manGates proGXction of 

�� Eillion Jallons of EiofXels Ey tKe year ����� 
ZitK a �� Eillion Jallon limit for tKe amoXnt to 
come from corn.  CompareG to otKer potential 
soXrces of Eiomass for EiofXel proGXction� sXcK as 
perennial Jrasses or soyEeans� corn is less efficient 
at taNinJ Xp applieG nXtrients anG XsXally reTXires 
KiJKer nXtrient application rates²tKese factors 
contriEXte to KiJKer nXtrient loaGinJs �especially 
nitroJen� ZitK corn �C%C ����� 15C �����.  
,ncreaseG proGXction of corn�EaseG etKanol EiofXel 
is proMecteG to exacerEate Kypoxia in tKe *Xlf 

of 0exico anG otKer coastal areas �*reene et al. 
����� 5aEalais et al. �����.  'onner anG .XcKariN 
������ estimate tKat expanGeG corn cXltiYation 
Zill increase tKe aYeraJe annXal ÀXx of GissolYeG 
inorJanic nitroJen to tKe *Xlf of 0exico Ey ���
���.  7Ke acreaJe planteG in corn JreZ Ey ��� 
EetZeen ���� anG ����� replacinJ acreaJe in 
conserYation reserYe proJrams as Zell as soyEeans 
anG cotton �crops tKat are freTXently less nitroJen�
intensiYe� particXlarly in tKe Upper 0iGZest� 
see 3otter et al. ����� �7Xrner et al. ����� 1ASS 
�����.  HoZeYer� tKis increase GiG not continXe 
as KiJK fertili]er prices� faYoraEle prices for otKer 
crops� anG a retXrn to normal crop rotations leG to 
a �� Gecline in corn proGXction in ���� �1ASS 
�����.  7Ke (,SA manGates tKat tKe U.S. EiofXels 
strateJy Ee µsXstainaEle.¶

2.5.3. Impacts of Future Management 
Decisions

7Ke extent of Kypoxia in tKe fXtXre Zill 
GepenG on lanG manaJement practices inclXGinJ 
aJricXltXral practices.. Climate cKanJe Zill 
affect Zater colXmn stratification� orJanic matter 
proGXction� nXtrient GiscKarJes� anG rates of 
oxyJen consXmption.  /anG manaJement Zill 

Figure 7.  Relative magnitude and contribution (the larger the arrow, the 
larger the contribution) of land management practices versus climate change 
factors to expansion or contraction of low dissolved oxygen (modified from 
Diaz and Breitburg 2009).
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affect nXtrient EXGJets anG concentrations of 
nXtrients applieG to lanG tKroXJK aJricXltXre 
�)iJXre ��.  )or example� tKe expansion of 
aJricXltXre for proGXction of crops to Ee XseG 
for fooG anG EiofXels Zill� lacNinJ preYentiYe 
actions� resXlt in increaseG nXtrient loaGinJ to 
coastal Zaters anG increaseG eXtropKication effects 
�U.S. (3A ����� 5aEalais et al. �����.  2n tKe 
otKer KanG� improYeG aJricXltXral conserYation 
practices anG larJe�scale implementation of 
nXtrient Eest manaJement practices �%03s� can 
create Gramatically Eetter oXtcomes for Zater 
TXality.  7Ke GeYelopment of cellXlosic etKanol 
proGXction Zill enaEle farmers anG forest manaJers 
to GeriYe income from tKeir lanGs ZKile reGXcinJ 
nXtrient rXnoff.  7Kis is an important aspect of 
tKe plans to acKieYe Zater TXality improYements 
in tKe CKesapeaNe %ay reJion �CKesapeaNe %ay 
Commission anG CommonZealtK of 3ennsylYania 
�����.  Application of tKese alternatiYes on 
aJricXltXral lanGs tKat contriEXte Gisproportionately 
KiJK nitroJen loaGs �e.J.� tile�GraineG fielGs� Zill 
Ee especially Eeneficial.  0ore ZiGespreaG anG 
aJJressiYe implementation of nXtrient remoYal 
tecKnoloJies in ZasteZater anG stormZater 
manaJement also offers opportXnities to reGXce 
nXtrient enricKment� eXtropKication� anG Kypoxia.  
7oJetKer� compreKensiYe nXtrient manaJement 
Kas tKe potential to offset tKe impact of KXman 
popXlation pressXre� ZKicK otKerZise Zill liNely 
continXe to Ee tKe main GriYinJ factor in tKe 
persistence anG spreaGinJ of coastal Kypoxia. 
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TKe serioXs anG complex enYironmental issXe 
of Kypoxia anG eXtropKication cannot Ee 

stXGieG or manaJeG Ey any one )eGeral or state 
aJency� EXt reTXires an orJani]eG� compreKensiYe 
approacK.  7Kis cKapter KiJKliJKts )eGeral 
researcK accomplisKments since ���� ZKen tKe 
last HA%H5CA�manGateG Kypoxia assessment 
Zas compileG �C(15 �����.  7Ke )eGeral 
researcK presenteG Kerein is inteJral for informeG 
Gecision�maNinJ anG sXccessfXl manaJement of 
nXtrients anG Kypoxia in an ³aGaptiYe manaJement 
frameZorN´ �)iJXre ��.  

UnGer tKis frameZorN� cXrrent scientific 
NnoZleGJe JXiGes GeYelopment of manaJement 
Joals ZitK tKe option to continXe to assess 

NnoZleGJe Japs.  As scientific XnGerstanGinJ 
aGYances� manaJement Joals are reassesseG 
anG aGMXsteG as neeGeG.  ApproacKes taNen in 
tKe *Xlf of 0exico �%ox ��� CKesapeaNe %ay 
�%ox ��� anG /onJ ,slanG SoXnG �%ox �� proYiGe 
JooG examples of tKe Xse of science to inform 
manaJement Gecisions.  ,n aGGition� reJional 
JoYernance strXctXres inYolYinJ mXltiple state 
anG )eGeral partners are emerJinJ as an important 
mecKanism for mitiJatinJ Kypoxia EecaXse most 
cases of coastal Kypoxia are linNeG to nXtrient 
loaGs resXltinJ from ZatersKeGs tKat cross state 
EoXnGaries.  (xamples inclXGe tKe *Xlf of 0exico�
0ississippi 5iYer WatersKeG 1Xtrient 7asN 
)orce� *Xlf of 0exico Alliance� *Xlf of 0exico 
3roJram� *reat /aNes 5eJional CollaEoration� 

Figure 8. Conceptual diagram explaining how, in an adaptive management framework, scientific research 
informs management of environmental problems such as hypoxia (and vice versa). 



Scientific Assessment of Hypoxia in U.S. Coastal Waters��

Chapter 3

CKesapeaNe %ay 3roJram� anG 3XJet SoXnG 
3artnersKip.  0any of tKe case stXGies presenteG 
in AppenGix ,, proYiGe aGGitional Gescriptions 
of reJional JoYernance strXctXres.  *iYen tKe 
exponential increase in tKe nXmEer of systems 
experiencinJ Kypoxia �'ia] anG 5osenEerJ ������ 
it is critical tKat more states taNe actions to reGXce 
nXtrient transport into tKe coastal ]one. 

As KiJKliJKteG in tKis cKapter� eacK of tKe 
YarioXs researcK efforts conGXcteG Ey )eGeral 
aJencies or fXnGeG extramXrally Ey )eGeral 
aJencies Kas focXseG on XnGerstanGinJ a Gifferent 
aspect of tKe Kypoxia issXe �)iJXre ��.  StXGies 
KaYe aGGresseG approacKes for reGXcinJ nXtrients 
at tKeir soXrces� ZKat Kappens to nXtrients GXrinJ 
transit tKroXJK tKe ZatersKeG� KoZ nXtrients affect 
Kypoxia anG relateG Zater TXality concerns in tKe 
coastal ]one� anG� finally� KoZ Kypoxia impacts 
aTXatic life anG ecoloJical serYices proYiGeG Ey 
coastal systems.  5ecipients of extramXral fXnGs 
KaYe inclXGeG state JoYernments anG acaGemic 
orJani]ations tKat KaYe coorGinateG tKeir researcK 
ZitK )eGeral researcK proJrams �see AppenGix ,�.  

0any )eGeral aJencies contriEXte to researcK 
anG manaJement of Kypoxia anG nXtrients.  7Ke 
primary aJencies inclXGe 12AA� (3A� US*S� anG 
US'A.  12AA Kas focXseG researcK fXnGs anG 
internal capaEilities on monitorinJ anG improYinJ 
XnGerstanGinJ of Kypoxia anG its impacts on 
commercially� anG ecoloJically�important liYinJ 
resoXrces in coastal Zaters.  (3A EriGJes tKe 
continXXm from fresKZater ecosystems to estXaries 
anG coastal Zaters anG Kas focXseG resoXrces on 
XnGerstanGinJ anG reJXlatinJ nXtrient inpXts� sXcK 
as tKose from ZasteZater treatment plants� as 
Zell as stXGyinJ anG moGelinJ Kypoxia in coastal 
Zaters.  US*S proYiGes critical Gata tKroXJK tKe 
measXrement anG moGelinJ of fresKZater anG 
nXtrient GeliYery to coastal Zaters tKroXJKoXt 
tKe 1ation.  )inally� US'A is responsiEle for 
GeYelopinJ anG implementinJ strateJies to reGXce 
nXtrient inpXts to coastal Zaters from aJricXltXral 
lanGs anG XrEan ecosystems� ZKicK is a maMor caXse 
of eXtropKication anG Kypoxia in many systems.  
5ecent researcK accomplisKments for tKese )eGeral 
aJencies are KiJKliJKteG in tKis cKapter anG in tKe 
place�EaseG case stXGies in AppenGix ,,.  AppenGix 
, proYiGes Getails aEoXt proJrams in )eGeral 

Box 4.  Adaptive Management Approach for Gulf of Mexico Hypoxic Zone

HABHRCA	1998	mandated	an	integrated	scientific	assessment	of	hypoxia	in	the	northern	Gulf	of	Mexico.	The	
findings	on	how	and	why	hypoxia	forms	in	the	Gulf	informed	the	first	Action	Plan	signed	by	Federal	and	state	
agencies	in	2001.		The	final	recommendation	of	the	2001	Action	Plan	called	for	an	updated	scientific	assessment	
to	be	completed	in	five	years	which	in	turn	would	lead	to	an	updated	Action	Plan.		Following	the	release	of	the	2001	
Action	Plan,	the	Task	Force	completed	a	series	of	reports,	including	A Science Strategy to Support Management 
Decisions	in	2004	and	The Management Action Review	in	2006.		A	series	of	four	state�of�science	symposia	were	
also	completed	in	2006.		These	symposia	and	reports	fed	into	a	comprehensive	EPA	Science	Advisory	Board	
Report.		The	findings	from	the	reassessment	directly	informed	the	2008	Action	Plan,	which	was	signed	in	-une	
2008.	

The	2008	Action	Plan	recommends	at	least	a	45�	reduction	in	nitrogen	and	phosphorus	flowing	into	the	Gulf	to	
reduce	the	si]e	of	the	hypoxic	]one	to	the	5000	km2 target. Unfortunately, despite the positive intentions embodied 
in these various rounds of assessments and plans, the aerial extent of hypoxia in the Gulf has continued to grow, 
which indicates that an even broader, more forceful, perhaps regulatory, approach is needed.
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aJencies ZKicK aGGress 
YarioXs aspects of Kypoxia.  
WKere appropriate� tKe 
)eGeral aJency responsiEle 
for conGXctinJ or 
fXnGinJ specific researcK 
accomplisKments is 
parentKetically KiJKliJKteG 
in ElXe text. 

3.1. Improving 
Understanding 
of Hypoxia in 
Coastal Waters

,GentifyinJ anG 
cKaracteri]inJ tKe caXses 
of Kypoxia are critical 
for effectiYe ecosystem 

manaJement anG GepenG 
KeaYily Xpon monitorinJ 

proJrams anG tKe GeYelopment of moGels.  
'ifferences in factors tKat caXse Kypoxia 
amonJ systems� ranJinJ from primarily 
nonpoint soXrce nXtrients in tKe nortKern 
*Xlf of 0exico to ZasteZater treatment 
plant efÀXent in 1arraJansett %ay �)iJXre 
��� KiJKliJKt one soXrce of complexity in 
mitiJatinJ anG controllinJ Kypoxia in Gifferent 
coastal systems.  7Ke folloZinJ sections 
KiJKliJKt recent monitorinJ �Section �.�.�� 
anG moGelinJ �Section �.�.�� actiYities 
anG aGYances in XnGerstanGinJ of Kypoxia 
cKaracteristics anG caXses �Section �.�.��.  

3.1.1. Monitoring Hypoxia 
0onitorinJ of GissolYeG oxyJen in coastal 

Zaters is XsXally conGXcteG as a component 
of researcK anG Zater TXality monitorinJ 
proJrams.  0any sXcK proJrams are conGXcteG 
tKroXJK partnersKips inYolYinJ one or more 
aJencies of tKe )eGeral JoYernment� one or 
more states� anG local JoYernment.  (3A¶s 
1ational (stXary 3roJram �1(3� sXpports 
sXcK partnersKips aroXnG tKe coXntry in orGer 
to implement enYironmental monitorinJ.  As 
part of tKeir respectiYe missions� (3A anG 
US*S conGXct lonJ�term assessments of 

Box 5. Adaptive Management Approach 
for Chesapeake Bay 

In	1983,	following	the	
conclusion of a 5-year EPA 
Chesapeake Bay Study 
and other water quality 
initiatives, Bay states and 
the	Federal	government	
agreed to reduce nitrogen 
inputs into the Bay through 
the	first	Chesapeake	Bay	
Agreement.		A	Scientific	and	Technical	Advisory	Committee	
was	formed	at	this	time	and	released	its	first	report	in	1986.		
The	scientific	information	and	consensus	in	this	report	
led to the Second Chesapeake Bay Agreement	in	198�,	
calling for a basin-wide nutrient reduction strategy and more 
stringent	nutrient	reduction	targets.		Reevaluations	in	1992	
and	199�	then	led	to	the	Chesapeake	2000	Agreement, 
which recommitted to goals of the prior agreements while 
outlining	more	specific	strategies	for	achieving	the	targets.		
In support of the adaptive management process, the 
Chesapeake Bay Program recently agreed to a framework 
for	a	five�stage	adaptive	management	model	�.aplan	and	
Norton	2008�.		

A recent assessment of water quality trends in rivers 
feeding	the	Bay	showed	significant	improvements	for	
nutrient	loading	for	nitrogen	��2��,	total	phosphorus	�81��,	
and	sediment	�43��,	indicating	that	management	actions	
are having some effect in reducing nutrients and sediments 
�Langland	et	al.	2006�.	However,	to	date,	the	management	
of nutrient input in the Chesapeake Bay has not improved 
dissolved oxygen, although it has caused small-scale 
reversals	in	hypoxia	�Dia]	and	Rosenburg	2008�.		

Figure 9.  Schematic describing general areas of hypoxia-related research.  This 
illustration	explains	the	organi]ation	of	Chapter	3.
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enYironmental anG ecoloJical conGitions� inclXGinJ 
GissolYeG oxyJen� ZitKin selecteG Eays� estXaries� 
anG otKer coastal Zaters.  7Ke ,nteJrateG 2cean 
2EserYinJ System �,22S� 12AA�� ZKicK seeNs 
to inteJrate all ocean anG coastal Gata ZitKin a 
national monitorinJ frameZorN� Goes not cXrrently 
inclXGe GissolYeG oxyJen as one of its fiYe KiJK 
priority YariaEles for syntKesis.  HoZeYer� some 
of tKe reJional ocean oEserYinJ systems tKat 
contriEXte to ,22S collect GissolYeG oxyJen Gata 
�AppenGix ,�.

7Kere is reJionally focXseG monitorinJ of 
GissolYeG oxyJen in tKe CKesapeaNe %ay �(3A� 
12AA� US*S�� 1arraJansett %ay �12AA� (3A�� 
HooG Canal� /aNe (rie �12AA�� /onJ ,slanG 
�(3A�� anG alonJ tKe 2reJon continental sKelf 
�12AA� 1ational Science )oXnGation or 1S)� see 
)iJXre �� for examples�.  0ost of tKe �� 1ational 
(stXarine 5esearcK 5eserYes �12AA±state 
partnersKips� recently sXmmari]eG Ey SanJer et 
al. ����� monitor GissolYeG oxyJen tKroXJK tKe 
System�WiGe 0onitorinJ 3roJram �SW03�.  
)inally� roXtine monitorinJ of GissolYeG oxyJen 
as part of MXYenile salmoniG sXrYeys from 2reJon 
to tKe CanaGian EorGer alonJ tKe sKelf EeJan in 
���� in orGer to monitor tKe XpZellinJ Gynamics 
tKat KaYe caXseG perioGic Kypoxia off tKe coast of 
2reJon �12AA�.

0onitorinJ in tKe nortKern *Xlf of 0exico� tKe 
larJest Kypoxic ]one in tKe UniteG States �)iJXre 
��G� anG one of tZo Kypoxic ]ones locateG in 
)eGeral Zaters �tKe otKer one is off tKe 2reJon 
coast� see AppenGix ,,� Kas receiYeG increasinJ 
attention in recent years.  Since ����� an annXal 
sKelf�ZiGe sXrYey Kas Eeen conGXcteG GXrinJ 
-Xly� ZKen Kypoxia is presXmeG to Ee most 
ZiGespreaG.  AltKoXJK tKis Kas Eeen fXnGeG as part 
of a competitiYe researcK proJram� tKe sXrYeys 
KaYe proYiGeG tKe principal metric for assessinJ 
proJress toZarG tKe Joal of a reGXction in Kypoxia 
oXtlineG Ey tKe *Xlf of 0exico�0ississippi 5iYer 
WatersKeG 1Xtrient 7asN )orce �see *Xlf of 0exico 
case stXGy� AppenGix ,,� anG for YaliGatinJ Kypoxia 
forecasts �12AA�.  2tKer sKip�EaseG samplinJ 
of Zater TXality �inclXGinJ GissolYeG oxyJen� on 
tKe continental sKelf anG near maMor oXtlets of tKe 
0ississippi anG AtcKafalaya 5iYers occXrs annXally 

anG seasonally as a part of sKelf�ZiGe sXrYeys anG 
Kypoxia�relateG researcK �12AA� (3A�.  7Kese 
sXrYeys Zere GesiJneG to TXantify Ney pKysical 
anG EioJeocKemical processes inÀXencinJ tKe 
GeYelopment anG persistence of Kypoxia� anG to 
sXpport GeYelopment of preGictiYe moGels �12AA� 
(3A�.  Seasonal fielG sXrYeys XsinJ (3A¶s offsKore 
sXrYey Yessel anG satellite ocean color remote 
sensinJ Zere conGXcteG in ����� ����� anG ���� 
to cKaracteri]e tKe maJnitXGe anG YariaEility in 
pKysical� EioloJical� anG cKemical oceanoJrapKic 
conGitions anG processes alonJ tKe nortKern *Xlf 
continental sKelf from tKe 0ississippi 5iYer 'elta 
to 7exas �(3A�.  12AA¶s *Xlf of 0exico Hypoxia 
WatcK �Kttp���ecoZatcK.ncGGc.noaa.JoY�Kypoxia� 
Kas proYiGeG internet access to sXmmer seasonal 
GissolYeG oxyJen Gata collecteG tKroXJK roXtine 
tKe SoXtKeast Area 0onitorinJ anG Assessment 
3roJram �S(A0A3� JroXnGfisK monitorinJ 
crXises in -Xne anG -Xly �12AA�.  SeYeral mooreG 
instrXment arrays KaYe also Eeen GeployeG in tKe 
*Xlf of 0exico Kypoxic ]one to oEtain continXoXs 
recorGs of GissolYeG oxyJen.  (fforts to improYe 
anG test tKe mooreG instrXments are continXinJ 
�12AA� 0inerals 0anaJement SerYice�. 

Box 6. Sound Science Leads to 
Significant Reductions in Hypoxia in 
Long Island Sound

Following	progressive	declines	in	water	Tuality	
and increasing prevalence of hypoxia, the Long 
Island	Sound	Study	�LISS�	was	formed	in	1985	to	
guide the recovery of the Sound. The LISS released 
a Comprehensive Conservation Management Plan 
in	1994	that	outlined	3�phases�	1�	in	1990,	free]ing	
nitrogen loadings in critical areas to prevent worsening 
of	hypoxia,	2�	implementation	of	low�cost	nitrogen	
reduction	measures,	and	3�	reduction	of	nitrogen	
loads	to	target	levels.	In	1998,	the	LISS	adopted	a	
58�	nitrogen	reduction	target	by	2014	and	in	2001,	
the EPA approved state total maximum daily loads 
�TMDL�	plans	to	achieve	this	goal.	By	2005,	point	
source	nitrogen	loads	had	been	reduced	by	20�	from	
the peak in the 
early	1990¶s	
and the severity 
of hypoxia 
declined (see 
Long Island 
Case Study in 
Appendix II).

http://ecowatch.ncddc.noaa.gov/hypoxia
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5ecoJni]inJ tKe neeG to expanG coastal 
monitorinJ in tKe nortKern *Xlf of 0exico 
anG moYe fXnGinJ from a competitiYe researcK 
mecKanism to an operational monitorinJ 
frameZorN� 12AA conYeneG a ZorNsKop in 
-anXary ���� entitleG ³SXmmit on /onJ�7erm 
0onitorinJ of tKe *Xlf of 0exico Hypoxic 
=one� 'eYelopinJ tKe ,mplementation 3lan for 
an 2perational 2EserYation System.´  7Kree 
committees Zere formeG as a resXlt of tKe SXmmit 
�execXtiYe� tecKnical� anG staNeKolGer� anG KaYe 
ZorNeG to GeYelop a monitorinJ implementation 
plan� ZKicK inclXGes GetaileG GesiJns anG cost 
estimates.  7Kis plan Zas completeG in 'ecemEer 
����.  2perational monitorinJ for tKe nortKern 
*Xlf of 0exico is important for tracNinJ proJress 
in remeGiatinJ Kypoxia anG sXpport forecasts 
anG otKer scientific researcK neeGeG to inform 
manaJement.  ,mplementation of tKis plan is a 
priority.

Box 7. Hypoxia Advanced Warning 
Protects Drinking Water

Since	2006,	when	three	out	of	four	Cleveland	
water treatment plans were exposed to anoxic waters 
carrying increased loads of certain metals, NOAA 
deployed water quality monitoring sensors as part of 
its Real-time Coastal Observation Network (ReCON) 
near the plants’ water intakes.  The ReCON sensors 
provided	advanced	warning	of	hypoxia	in	200�,	
allowing the Cleveland Water Division to adjust their 
water treatment approach to maintain the safety of 
water supplies for 1.5 million people.

Real-time Coastal Observation Network (ReCON)

Figure 10. Hypoxia is most intensively monitored in the largest and most impacted coastal systems in the 
United States. Examples include: a) Long Island Sound, b) Chesapeake Bay, c) Lake Erie, and d) Northern Gulf 
of Mexico.

a) b)

c)

d)

Image: EcoCheck and Chesapeake Bay Program

Image�	IF<LE	Program

Image: CT DEP

Image: LUMCON, NOAA
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3.1.2. Modeling and Forecasting Hypoxia
(nYironmental moGels can ranJe from simple 

statistical eTXations to complex� compXter�
intensiYe tKree�Gimensional simXlations tKat 
incorporate YarioXs aspects of pKysical� cKemical� 
anG EioloJical processes in a coastal ZaterEoGy 
anG its ZatersKeG.  0oGels are essential tools for 
maNinJ scientific inferences ZKen systems are 
too larJe or complex to conGXct manipXlatiYe 
experiments.  WeatKer forecast moGels are tKe 
most ZiGely appreciateG enYironmental moGels� 
EXt enYironmental moGels are also ZiGely XseG for 
air TXality forecastinJ anG manaJement� fisKeries 
manaJement� emerJency manaJement� anG Zater 
TXality manaJement� amonJ otKers.  0oGels are 
particXlarly XsefXl for XnGerstanGinJ Kypoxia 
EecaXse Kypoxia reÀects stronJly coXpleG pKysical�
cKemical�EioloJical processes.  CompXter intensiYe 
Zater TXality moGels KaYe Eeen XseG for nearly 
tKree GecaGes to preGict tKe impact of nXtrient 
manaJement actions on specific Zater TXality 
oXtcomes� inclXGinJ tKe extent anG seYerity of 
Kypoxia.  

CoXpleG ZatersKeG�Zater TXality moGels KaYe 
Eeen a critical tool in tKe effort to manaJe nXtrients� 
reGXce Kypoxia� anG� more EroaGly� restore tKe 
KealtK of tKe CKesapeaNe %ay ecosystem.  7Ke 
(3A CKesapeaNe %ay 3roJram Kas fXnGeG Zater 
TXality moGel GeYelopment Ey tKe U.S. Army 
Corps of (nJineers WaterZays (xperiment Station 
anG otKers since ���� anG Kas relieG KeaYily on 
tKe resXltinJ moGels to JXiGe nXtrient reGXction 
strateJies tKroXJKoXt tKe CKesapeaNe %ay 
ZatersKeG �.oroncai et al. ����� Cerco anG 1oel 
����� �����.  0oGel resXlts proYiGe options to Ee 
analy]eG in tKe coXrse of GetermininJ a nXtrient 
manaJement strateJy.  A GeliEeratiYe process EaseG 
on moGel resXlts is necessary EecaXse all moGels� 
eYen if Yery XsefXl� are imperfect anG sXEMect to 
error �.oroncai et al. �����.

WKile efforts to improYe CKesapeaNe %ay 
moGelinJ are onJoinJ� recent )eGeral moGelinJ 
efforts KaYe focXseG KeaYily on moGel GeYelopment 
in tKe nortKern *Xlf of 0exico Kypoxic ]one� 
ZKicK Kas folloZeG a someZKat Gifferent 
traMectory.  A Yariety of relatiYely simple moGels 

Table 5. Models developed since 2002 to forecast or simulate Gulf of Mexico hypoxia 
(adapted from Justic� et al. 2007).

Model Class Key Outputs Key Attributes 
Greene et 
al.	�2009�

Statistical Substantial and sustained nitrogen 
and phosphorus reductions are 
required to reduce hypoxia.  

Indicated dependence of conclusions on 
model choice and input data and provides 
estimates of forecast uncertainty.

Justic´ et 
al.	�2002�	

Simulation Riverine nutrients play a major role in 
the development of hypoxia. 

Provides estimate of time series of oxygen 
at a single location. Includes mechanistic 
detail. 

Scavia et 
al.	�2003,	
2004�	

Simulation Extensive hypoxia not common 
before	mid�19�0¶s.		A	40�45�	
reduction is nitrogen may be required 
to meet management goals.

Provides estimates of forecast uncertainty 
using a biophysical modeling scheme. 

Stow et al. 
�2005�	

Statistical Stratification	is	a	predictor	of	hypoxia	
and	the	amount	of	stratification	
required to induce hypoxia has gone 
down	�1982�2002�.	

Uses statistical approach to characterize 
long-term change in hypoxia relative to 
stratification	strength.	

Turner et 
al.	�2005,	
2006�	

Statistical Hypoxic zone has only recently 
developed	�19�0¶s	or	1980¶s�	and	
nitrogen is the major driving factor 
controlling the size.

Incorporates spring nitrate, river 
discharge, and year factor to predict 
hypoxia

Hetland 
and 
DiMarco 
�2008�	

Simulation Biological processes controlling 
hypoxia vary from east to west. 
Hypoxia is formed in place, and not 
advected across shelf.

Uses	3�dimensional	hydrodynamic	model	
with	simplified	water	Tuality	model	to	
explore implications of different controls 
on oxygen consumption for the spatial 
distribution of hypoxia. 



Scientific Assessment of  Hypoxia in U.S. Coastal Waters ��

Federal Hypoxia and Watershed Science Research

KaYe Eeen GeYelopeG to forecast tKe response of 
Kypoxia to YarioXs nXtrient loaG scenarios.  ,n 
aGGition� more complex moGels KaYe Eeen anG 
are EeinJ GeYelopeG to improYe XnGerstanGinJ 
of Easic scientific TXestions �7aEle ��.  CoXpleG 
KyGroGynamic�Zater TXality moGels KaYe Eeen 
GeYelopeG for tKe nortKern *Xlf EXt tKese moGels 
lacN important mecKanistic Getails� particXlarly in 
tKeir representation of EioJeocKemical anG otKer 
EioloJical processes �7aEle ��.  

'espite EeinJ recently GeYelopeG anG still 
relatiYely Easic� moGels KaYe nonetKeless Eeen 
Yery inÀXential in settinJ nXtrient reGXction tarJets 
for Kypoxia in tKe nortKern *Xlf of 0exico �U.S. 
(3A ����� -Xstiü et al. �����  12AA�.  Simple 
reJression moGels relatinJ Kypoxia to eitKer 
nXtrient loaGinJ �7Xrner et al. ����E� 12AA� 
or fresKZater ÀoZ anG nXtrient concentration 
�*reene et al. ����� (3A� KaYe proYen sXrprisinJly 
preGictiYe.  7Ke moGel Ey 7Xrner et al. �����E� 
Kas Eeen XseG annXally since it Zas pXElisKeG 
to forecast tKe expecteG extent of Kypoxia in 
miGsXmmer.  A sXite of reJression moGels 
�*reene et al. ����� (3A� explore KoZ moGel 
selection may inÀXence possiEle conclXsions anG 
applications.  %otK stXGies sXJJest tKat a Gecrease 
in nXtrient loaGs from tKe 0ississippi AtcKafalaya 
5iYer %asin �0A5%� on tKe orGer 
of ��� Zill Ee sXfficient to reGXce 
tKe extent of Kypoxia on tKe sKelf to 
tKe Joal �fiYe�year aYeraJe of ����� 
Nm�� estaElisKeG in tKe first *Xlf 
Hypoxia Action 3lan.  7Xrner et al. 
�����E� sXJJest tKat Kypoxia Zas not 
present on tKe sKelf prior to tKe miG 
����s� ZKereas *reene et al. ������ 
conclXGe tKat Kypoxia liNely occXrreG 
as early as tKe ����s� EXt most liNely 
Zas mXcK less extensiYe anG perKaps 
GiG not occXr eYery year as it 
presently Goes.

ScaYia et al. ������ ����� 12AA� 
employ a EiopKysical moGel to 
parameteri]e tKe pKysical reJime on 
tKe nortKern *Xlf of 0exico sKelf 
anG forecast Kypoxia extent �)iJXre 
���.  ScaYia et al. ������ ����� anG 

*reene et al. ������ eacK proYiGe moGels tKat 
forecast tKe extent of Kypoxia as a fXnction of 
nXtrient inpXts ZitK TXantifieG EoXnGs of forecast 
Xncertainty� a XsefXl GeYelopment for manaJement 
applications.  7Kese essentially empirical moGels 
proYiGe a scientific rationale for tKe ��� reGXction 
in EotK nitroJen anG pKospKorXs loaGinJ tKat Kas 
Eeen sXJJesteG to Ee neeGeG in orGer to acKieYe 
tKe Kypoxia reGXction tarJet for tKe *Xlf.  7Key 
lacN� KoZeYer� explicit simXlation of ecoloJical 
processes tKat miJKt Ee XseG to Eetter aGGress 
fXnGamental TXestions reJarGinJ ecoloJical 
controls on tKe extent anG intensity of Kypoxia 
as Zell as tKe impacts of Kypoxia.  )or tKese 
applications� process�orienteG Gynamic simXlation 
moGels ZoXlG Ee preferaEle.  7Kese moGels ZoXlG 
Ee more similar to tKe coXpleG KyGroGynamic�
Zater TXality moGels tKat KaYe Eeen GeYelopeG for 
tKe CKesapeaNe %ay �Cerco anG 1oel ����� �����.

)or simXlation moGels� tKe 5eJional 2cean 
0oGel System �520S�� a mXlti�pXrpose� 
mXltiGisciplinary� open soXrce oceanic moGelinJ 
tool� is EeinJ aGapteG to 1arraJansett %ay anG Zill 
Ee coXpleG ZitK an ecoloJical moGel to improYe 
XnGerstanGinJ of tKe conGitions GriYinJ Kypoxia 
in tKat system �12AA�.  7Ke 520S moGel is 
also noZ fXnctional for tKe CKesapeaNe %ay� anG 

Figure 11.  Ensemble forecasts of the response of hypoxia to changes in 
riverine nitrogen load.	Loads	are	percent	reduction	from	the	1980±1996	mean	
May±-une	total	nitrogen	loads.	The	grey	shaded	area,	representing	the	ensemble	
forecast,	contains	all	values	from	1,000	simulations.	The	hori]ontal	bar	at	5,000	
km2 represents the Action Plan goal. The blue area represents the range of 
nitrogen load reductions needed to achieve that goal. Most of the Gulf of Mexico 
hypoxia	models	agree	that	an	approximately	45�	reduction	in	both	nitrogen	and	
phosphorus are required to reduce the size of the hypoxic zone to the goal set by 
the	Mississippi	River�Gulf	of	Mexico	Watershed	Nutrient	Task	Force	�adapted	from	
Scavia	et	al.	2003,	2004�.	
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a neZ proMect is focXseG on aGGinJ ecoloJical 
anG seGiment components to preGict impacts of 
climate anG nXtrients on Kypoxia anG tKe ecosystem 
�12AA�.  7Ke 520S ecoloJical KyEriG moGel is 
also EeinJ aGapteG for tKe finer�scale resolXtion 
existinJ in tKe sKalloZer� narroZer 'elaZare 
,nlanG %ays ZKicK perioGically experience fisK 
Nills GXe to seYere Giel Kypoxic eYents �12AA�.  
A moGifieG Yersion of tKe 520S moGel Xses a 
nXmEer of oceanoJrapKic anG meteoroloJical 
YariaEles to examine tKe effects of Zater colXmn 
stratification anG circXlation on Kypoxia in tKe 
nortKern *Xlf of 0exico �HetlanG anG 'i0arco 
����� 12AA�.  AGGitionally� -Xstic� et al. ������ 
����� 12AA� GeYelopeG anotKer simXlation 
moGel� a coXpleG EioloJical�pKysical moGel to 
examine oxyJen cyclinJ Gynamics in tKe core of 
tKe Kypoxic ]one.  7Kis moGel XseG a nXmEer of 
forcinJ fXnctions inclXGinJ nitrate loaGs� montKly 
0ississippi 5iYer rXnoff� anG oceanoJrapKic 
anG meteoroloJical conGitions.  ,t enaEleG tKe 
simXlation of Kistorical oxyJen concentrations anG 
tKe linNinJ of 0ississippi 5iYer nXtrient loaGinJs to 
eXtropKication.

0oGels can also Ee XseG to assess estXarine 
system sXsceptiEility to Kypoxia as a resXlt 
of nXtrient enricKment.  An initial Yersion of 
a 1itroJen�3KytoplanNton�'etritXs�2xyJen 
�3'2� moGel is EeinJ GeYelopeG to aGGress 
estXarine sXsceptiEility to nXtrient enricKment� 
consiGerinJ tKe effects of nXtrient loaGinJ� ÀXsKinJ� 
stratification� Genitrification� anG temperatXre 
�12AA�.  A preliminary 3'2 moGel is EeinJ 
testeG on �� estXaries anG sKoZs promise in 
preGictinJ cKloropKyll�a concentrations across 
a ranJe of estXarine types.  7Ke moGel coXlG Ee 
XseG to Getermine ZKicK estXaries� especially ones 
not cXrrently impacteG� are most sXsceptiEle to 
seconGary effects of enricKment.  7Kis information 
coXlG Kelp GriYe preYentatiYe manaJement actions.

)inally� as part of tKe ,nternational )ielG <ears 
on /aNe (rie �,)</(� 12AA�� an international 
JoYernment anG acaGemic partnersKip� a maMor 
effort Kas Eeen XnGerZay since ���� to moGel 
YarioXs aspects of tKe /aNe (rie ecosystem ZitK 
a special empKasis on XnGerstanGinJ tKe caXses 
anG Gynamics of Kypoxia.  ,n an effort to GeYelop 

a moGelinJ frameZorN tKat coXlG Kelp syntKesi]e 
tKe Gata collecteG GXrinJ ,)</(� a neZ proMect Zill 
employ a nXmEer of moGelinJ approacKes �e.J.� 
ZatersKeG� riYer KyGroloJy� laNe KyGroGynamics� 
loZer fooG ZeE� spatially explicit KiJKer fooG ZeE� 
statistical� to Kelp iGentify tKe caXses of Kypoxia in 
/aNe (rie anG its conseTXences for tKe /aNe (rie 
fooG ZeE �12AA�.

3.1.3. Identifying Causes and 
Characteristics of Hypoxia

CKapter � proYiGes an oYerYieZ of tKe Jeneral 
caXses of Kypoxia.  ,n aGGition� AppenGix ,, coYers 
a series of specific case stXGies ZKicK proYiGe 
aGGitional Getail aEoXt caXses anG cKaracteristics 
of Kypoxia in KiJKliJKteG systems.  ,n Jeneral� 
aGYances KaYe Eeen maGe in XnGerstanGinJ tKe 
relationsKip EetZeen YarioXs nXtrients anG tKe si]e 
or extent of Kypoxia.  )or instance� GetermininJ 
tKat pKospKorXs is a limitinJ nXtrient for primary 
proGXction on portions of tKe continental sKelf 
in nortKern *Xlf of 0exico Zaters leG to a call 
for reGXction in EotK nitroJen anG pKospKorXs 
leYels EeinJ transporteG GoZn tKe 0ississippi 
5iYer �12AA� (3A�.  ,n aGGition� tKere Kas Eeen 
improYeG XnGerstanGinJ of tKe inÀXences tKat 
pKysical oceanoJrapKic YariaEles �e.J.� salinity 
anG cXrrents� KaYe on Kypoxia formation anG 
cKaracteristics.

UnGerstanGinJ ZKat aspects of tKe pKysical 
system alloZ Kypoxia to GeYelop anG tracNinJ KoZ 
it cKanJes tKroXJK time KaYe Eeen actiYe areas of 
researcK for most systems tKat experience Kypoxia.  
AGGitionally� Kypoxic Zaters tenG to remain near 
ZKere tKey Zere formeG� sXJJestinJ tKat cXrrents 
Go not moYe Kypoxia across tKe sKelf �12AA�.  
7Ke strXctXral featXres �Kori]ontal anG Yertical 
cKaracteristics� of Kypoxia KaYe Eeen accXrately 
reproGXceG XsinJ a comEination of EentKic 
respiration anG KyGroGynamic moGels.  7Kis Kas 
reaffirmeG tKe oEserYeG spatial anG temporal 
YariaEility of tKe Kypoxia� especially toZarGs tKe 
enG of tKe Kypoxia season.  'ifferent processes 
reJXlate tKe formation of Kypoxia in Gifferent 
reJions of tKe Kypoxic ]one.  AGGitionally� Gespite 
EeinJ GisrXpteG Ey KXrricanes �ZKicK serYe to 
mix tKe Zater colXmn anG oxyJenate tKe Eottom 
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layer�� tKe Kypoxic ]one can Ee resilient� TXicNly 
reforminJ once tKe storm Kas passeG �12AA�. 

7Ke pKysical circXlation of 1arraJansett %ay Kas 
Eeen Zell stXGieG tKroXJK tKe Xse of strateJically 
GeployeG sKipEoarG anG mooreG instrXments.  
5ecent resXlts sKoZ tKat stratification is a maMor 
GriYer for Kypoxia� ZitK Kypoxia KappeninJ most 
often in sXmmer seYeral Gays after a neap tiGe 
�12AA�.  0eanZKile� efforts to Getermine tKe 
caXses of Kypoxia off tKe 2reJon sKelf �e.J.� 
CKan et al. ����� are EeinJ pXrsXeG after Kypoxia 
anG anoxia in Zaters less tKan �� m Geep caXseG 
massiYe mortality of EentKic orJanisms �12AA� 
1S)�.  UpZellinJ Gynamics are important for 
many of tKe Zest coast systems experiencinJ 
Kypoxia sXcK as <aTXina %ay anG HooG Canal �see 
AppenGix ,,�.

1ational assessments Ey a Yariety of )eGeral 
aJencies anG )eGeral�state partnersKips� ZitK tKe 
sXpport of acaGemic scientists� KaYe reYealeG anG 
cKaracteri]eG ZiGespreaG nXtrient pollXtion in 
estXarine Zaters �C(15 ����� ����� 15C ����� 
U.S. Commission on 2cean 3olicy �����.  7Ke 
(3A Water 4Xality ,nYentory reporteG tKat ��� 
of tKe estXarine Zaters assesseG Zere impaireG 
Ey loZ GissolYeG oxyJen GXe to antKropoJenic 
eXtropKication �U.S. (3A �����.  (3A¶s 1(3 

anG 1ational Coastal Assessment 3roJram anG 
tKe 12AA¶s 1ational Centers for Coastal 2cean 
Science KaYe Eeen formally monitorinJ anG 
assessinJ inGiYiGXal estXaries since tKe early ����s 
anG KaYe EroaGly reporteG tKat estXarine Zater 
TXality Kas Eeen GeJraGeG Ey excess nXtrients anG 
eXtropKication �U.S. (3A ����� ����� %ricNer et al. 
����� �����.

7Ke first National Estuarine Eutrophication 
Assessment �%ricNer et al. ����� 12AA�� a 
sXrYey of tKe extent� seYerity� types� proEaEle 
caXses� anG fXtXre oXtlooN of eXtropKic symptoms� 
Zas conGXcteG in tKe early ����s.  An XpGate� 
examininJ tKe statXs of eXtropKication in tKe 
early ����s anG tKe cKanJes tKat KaYe occXrreG 
since tKe early ����s� Zas completeG in ���� 
�%ricNer et al. �����.  )or EotK reports� Gata anG 
information Zere collecteG for ��� estXaries anG 
coastal ZaterEoGies from scientists anG resoXrce 
manaJers from acaGemia� state� anG )eGeral 
aJencies �i.e.� US*S� (3A� anG 12AA�� as Zell 
as nonJoYernmental orJani]ations.  7Kis national 
assessment empKasi]es tKe neeG for a coorGinateG 
anG inteJrateG effort tKat Ealances manaJement 
action� efficient monitorinJ to assess tKe 
effectiYeness of tKe manaJement� focXseG researcK� 
anG a commXnication campaiJn aimeG at enJaJinJ 
tKe EroaGer pXElic.

3.2. Quantifying and 
Modeling the Impacts of 
Hypoxia 

As GiscXsseG in CKapter �� TXantifyinJ tKe 
impacts of Kypoxia remains a critical information 
Jap.  7Ke state�of�NnoZleGJe relateG to Kypoxia 
impacts� as Zell as tKe researcK anG manaJement 
neeGs� Zere assesseG in tKe 12AA�sXpporteG 
³(coloJical ,mpacts of Hypoxia on /iYinJ 
5esoXrces WorNsKop�´ ZKicK Zas KelG in 0arcK 
����.  A peer�reYieZeG special issXe of tKe -oXrnal 
of (xperimental 0arine %ioloJy anG (coloJy� 
ZKicK resXlteG from tKe ���� ZorNsKop anG 
contains tKe most Xp�to�Gate NnoZleGJe of Kypoxia 
impacts� Zas pXElisKeG in ���� �/eZitXs et al. 
�����.  7Ke maMor resXlts from tKis ZorNsKop anG Figure 12.  Trends in catch per unit effort for brown 

shrimp in the northern Gulf of Mexico (modified from 
Downing et al. 1999).
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otKer )eGerally fXnGeG researcK are presenteG 
EeloZ.

4XantifyinJ tKe ecoloJical impacts of Kypoxia 
is essential for GeYelopinJ meaninJfXl tarJets 
for Kypoxia mitiJation strateJies �e.J.� Joals 
for areal extent or perioGicity of Kypoxia�.  A 
nXmEer of effects on liYinJ resoXrces KaYe 
Eeen GocXmenteG in EotK fielG anG laEoratory 
experiments.  0any of tKese effects are GepenGent 
on EotK tKe temporal anG spatial scale of Kypoxic 
eYents anG can Ee manifesteG tKroXJK EotK Girect 
anG inGirect impacts.  CXrrent researcK sXJJests 
tKat effects at EotK tKe popXlation anG inGiYiGXal 
leYels are liNely to Ee reYealeG not only tKroXJK 
Girect means� sXcK as fisK Nills� EXt also tKroXJK 
complex inGirect� often sXE�letKal mecKanisms� 
sXcK as reGXceG reproGXctiYe oXtpXt anG JroZtK.  
HoZeYer� separatinJ tKe effects of Kypoxia from 
otKer stressors tKat also neJatiYely inÀXence 
popXlations anG inGiYiGXals is extremely GifficXlt.  
)or example� trenGs in tKe catcK per Xnit effort of 
EroZn sKrimp in tKe nortKern *Xlf of 0exico are 
consistent ZitK impacts from Kypoxia� KaEitat loss� 
oYerfisKinJ� anG economic factors �)iJXre ���.  %Xt 
tKe area of Kypoxia may KaYe a Jreater inÀXence 
on annXal lanGinJs �)iJXre ���.  0oGels ZKicK 
relate experimental fielG anG laEoratory stXGies to 
popXlation�leYel cKanJes in fisKeries anG potential 
economic impacts are EeinJ GeYelopeG for seYeral 

systems inclXGinJ tKe 1eXse�3amlico 5iYer 
estXary� /aNe (rie� CKesapeaNe %ay� 'elaZare 
,nlanG %ays� anG nortKern *Xlf of 0exico 
�12AA�.  

3.2.1. Mortality and Altered 
Distribution of Fauna

)aXnal mortality �e.J.� fisK Nills� Kas Eeen 
GocXmenteG in most coastal systems affecteG 
Ey Kypoxia anG is often a factor of tKe GXration 
anG extent of Kypoxic conGitions.  0ost of 
tKe species affecteG are inYerteErates tKat are 
XnaEle to moYe �e.J.� clams� ZKen GissolYeG 
oxyJen Eecomes too loZ.  7Kis Kas Eeen Eest 
GocXmenteG in tKe CKesapeaNe %ay� ZKere 
sXmmer Kypoxia typically caXses mortality 
amonJ immoEile Eottom�GZellinJ orJanisms 
�e.J.� clams� mXssels� anG Zorms� in Geep Zater 
�see Seit] et al. �����.  Similarly� mortality 
eYents in tKe nortKern *Xlf of 0exico are 
typically limiteG to immoEile EentKos ZitKin 
tKe Kypoxic ]one� altKoXJK mortality of moEile 
faXna Kas also Eeen reporteG �see 5aEalais et 
al. �����.  (lseZKere� tKe increasinJ freTXency 
of transient Kypoxic eYents in 3XJet SoXnG Kas 
resXlteG in larJe locali]eG Gie�offs of fisK anG 
sKellfisK species� ZKile Gie�offs of menKaGen 
anG otKer species KaYe Eeen increasinJ in 
freTXency in tKe 1eXse 5iYer� 1ortK Carolina 
anG in 1arraJansett %ay� 5KoGe ,slanG.  7Kese 
areas Zere also sites of EentKic faXnal Gie�offs� 
especially in 1arraJansett %ay ZKere Kypoxia 
Kas resXlteG in locali]eG loss of ElXe mXssel 
popXlations �Altieri anG Witman �����.  

AltKoXJK it Kas Eeen lonJ NnoZn tKat moEile 
orJanisms� especially fisK� aYoiG Kypoxic Zaters� 
tKe extent anG pattern of moYements KaYe only 
recently Eeen GocXmenteG.  ,n most systems� 
inclXGinJ tKe CKesapeaNe %ay anG tKe nortKern 
*Xlf of 0exico� YirtXally all Eottom�GZellinJ 
moEile species �e.J.� Atlantic croaNer� CraiJ 
anG CroZGer ������ as Zell as some open�
Zater species �e.J.� Eay ancKoYy� 7aylor et al. 
����� are aEsent in Eottom Zaters of Kypoxic 
areas� ZKile in /aNe (rie fisK are typically not 
foXnG EeneatK tKe tKermocline ZKere GissolYeG 
oxyJen can Ee loZ �/XGsin et al. �����.  WitKin 

Figure 13. Relationship between annual landings of brown 
shrimp in the northern Gulf of Mexico and the size of the 
hypoxic zone (O’Connor and Whitall 2007).
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'elaZare¶s coastal Eays� MXYenile ZeaNfisK aYoiG 
Kypoxic conGitions caXseG Ey Giel oxyJen cyclinJ� 
resXltinJ in tKe Gaily emiJration of ZeaNfisK oXt of 
tiGal triEXtaries anG tKeir preferreG KaEitats �7yler 
anG 7arJett �����.  0oYements of Atlantic croaNer 
anG sKrimp in tKe *Xlf of 0exico KaYe proGXceG 
a ³Kalo effect´ ZKicK GescriEes tKe conJreJation 
of fisK aroXnG tKe eGJe of tKe Kypoxic ]one �CraiJ 
anG CroZGer ����� CraiJ et al. �����.  CKanJes 
in ]ooplanNton GistriEXtion KaYe also Eeen 
oEserYeG in /aNe (rie� tKe *Xlf of 0exico� anG 
tKe CKesapeaNe %ay� ZitK cKanJes in Eiomass si]e 
spectra GetecteG in tKe latter tZo systems.  7Kere 
KaYe also Eeen anecGotal reports tKat commercial 
fisKinJ Kas aGapteG to Kypoxia�inGXceG altereG 
spatial GistriEXtion� possiEly placinJ concentrateG 
prey at risN of oYerfisKinJ.  

As ZoXlG Ee expecteG� an analysis of fisKery 
lanGinJs in �� ecosystems tKat experience 
seasonal Kypoxia �! ��� of total Eottom area 
affecteG� GetermineG tKat pelaJic species sXcK as 
ClXpeoiG fisK Zere more aEXnGant tKan Eottom�
GZellinJ species sXcK as crXstaceans.  Systems 
experiencinJ increaseG nXtrient loaGinJs� EXt 
not Kypoxia� experienceG tKe opposite effect on 
species composition� ZitK more Eottom�GZellinJ 
crXstaceans tKan pelaJic fisK �%reitEXrJ et al. 
�����.

Hypoxia�inGXceG popXlation miJrations liNely 
reÀect an effectiYe loss of preferreG KaEitat for 
some species �)iJXre ���.  7Ke conJreJation of 
Atlantic croaNer anG EroZn sKrimp alonJ tKe eGJe 
of tKe Kypoxic ]one in tKe *Xlf of 0exico �tKe 
Kalo�effect� sXJJests a loss of preferreG KaEitat.  
)XrtKer� ZKite sKrimp spenG a critical portion of 
tKeir life cycle ZitKin tKe *Xlf of 0exico anG 
can Ee exclXGeG from optimal spaZninJ KaEitat.  
Hypoxia in tKe CKesapeaNe %ay Kas reGXceG anG 
fraJmenteG KaEitat for enGanJereG stXrJeon� liNely 
KamperinJ tKe species recoYery �1iNlitscKeN 
anG Secor �����.  ,n aGGition to exclXsion from 
preferreG pKysical KaEitat� miJrational patterns 
of species KaYe Eeen altereG EotK in tKe *Xlf of 
0exico �e.J.� EroZn anG ZKite sKrimp� anG alonJ 
tKe coast of 1eZ -ersey �e.J.� ElXe fisK� *arlo et al. 
�����.  

3.2.2. Changes in Food Web Structure 
and Physiology

An emerJinJ� inGirect impact of Kypoxia is tKe 
alteration in preGator�prey relationsKips anG fooG 
ZeE fXnctions tKat often inYolYe complex patKZays 
tKroXJK cascaGinJ effects.  SKifts in Giets can resXlt 
in cKanJes in tKe transfer of enerJy tKroXJK tKe 
fooG cKain.  Hypoxia�inGXceG sKifts in Giet KaYe 
Eeen GocXmenteG in a nXmEer of systems anG 
typically resXlt in sKifts from Eottom�GZellinJ to 
pelaJic fooG items �%airG anG UlanoZic] ����� 
%airG et al. �����.  AGGitionally� tKe aYailaEility 
of sXitaEle prey can Ee limiteG for planNtiYoroXs 
fisK �fisK tKat eat planNton� GXrinJ seYere Kypoxia� 
GXe to Kypoxia�inGXceG cKanJes in planNton 
GistriEXtion anG seJreJation from preGators �=KanJ 
et al. �����.  ConYersely� it Kas Eeen KypotKesi]eG 
tKat tKe altereG spatial GistriEXtion of orJanisms can 
also increase preGation Ey concentratinJ prey� sXcK 
as alonJ tKe eGJe of a Kypoxic area.  7Kere can also 
Ee Eenefits to EotK prey anG preGators� EXt tKese are 
species GepenGent.  )or example� in 1arraJansett 
%ay� TXaKoJs EenefiteG from reGXceG preGation 
pressXre GXrinJ moGerate Kypoxic conGitions� 
ZKereas ElXe mXssels sXffereG KiJK mortality 
XnGer similar conGitions anG tKXs receiYeG no 
Eenefit from reGXceG preGation �Altieri �����.  
9aryinJ tolerance to Kypoxia can also increase 
tKe aEXnGance of certain preGators.  )or example� 
Kypoxia can leaG to increaseG relatiYe aEXnGance of 
JelatinoXs ]ooplanNton �MellyfisK anG comE Mellies� 
ZKicK are more tolerant to loZ GissolYeG oxyJen� 

Figure 14.  Map of Gulf of Mexico with darker shaded 
areas indicating denser fish populations in the 1960s.  
Red	line	outlines	current	general	configuration	and	geographic	
location	of	the	hypoxic	]one.	Source�	.evin	Craig,	FSU.

 Pre-Hypoxia Fish Catch (1961-1965)

1997 Dead zone: oxygen ≤ 2 mg/L 

Pre-Hypoxia Fish Catch (1961-1965)

1997 Dead zone: oxygen ≤ 2 mg/L 1997 Dead zone: oxygen ≤ 2 mg/L 
1997 Hypoxic ]one: oxygen � 2 mg�L
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ZKicK in tXrn leaGs to increaseG preGation on fisK 
larYae.  7Ke oYerall effects of Kypoxia on fooG ZeE 
strXctXre KaYe only recently EeJXn to Ee TXantifieG� 
EXt appear to Ee EotK species� anG system�specific.  
SXstaineG� lonJ�term Kypoxia can Xltimately leaG to 
a total sKift in fooG ZeE strXctXre� ZKicK Kas Eeen 
oEserYeG in seYeral systems �5aEalais et al. ����� 
%airG et al. �����.  

5esearcKers are increasinJly examininJ sXE�
letKal pKysioloJical� reproGXctiYe� anG EioenerJetic 
impacts of Kypoxia.  A reporteG effect of Kypoxia 
in commercially� anG recreationally�releYant 
species is JroZtK reGXction.  ,n tKe *Xlf of 
0exico� Kypoxia Kas Eeen linNeG to reGXctions 
in EroZn sKrimp lipiG content as Zell as si]e.  ,n 
laEoratory analyses� stripeG Eass anG menKaGen 
JroZtK Zere reGXceG� ZKile fielG examinations 
KaYe foXnG reGXceG JroZtK in EotK MXYenile 
sXmmer ÀoXnGer anG ZeaNfisK.  5eproGXctiYe 
effects inclXGe alterations to reproGXctiYe orJans� 
reGXceG proGXction of offsprinJ� anG loZereG 
rates of offsprinJ sXrYiYal.  Atlantic croaNer KaYe 
also exKiEiteG altereG enGocrine fXnction anG 
sXppresseG JroZtK of oYaries anG testes XnGer 
similar conGitions.  5eGXceG eJJ proGXction 
attriEXteG to tKe effects of Kypoxia Kas Eeen foXnG 
in Atlantic croaNer� Jrass sKrimp� anG naNeG 
JoEies in tKe CKesapeaNe %ay anG *Xlf of 0exico 
estXaries �7Komas et al. �����.  )XrtKer� eJJ 
sXrYiYal can Ee reGXceG ZKen eJJs spaZneG ZitKin 
tKe Zater colXmn sinN into Kypoxic Zater� as Kas 
Eeen oEserYeG ZitK Eay ancKoYy anG ZeaNfisK in 
tKe CKesapeaNe %ay �%reitEXrJ �����.  )inally� a 
nXmEer of otKer sXEletKal or inGirect pKysioloJical 
effects of Kypoxia KaYe also Eeen GocXmenteG 
inclXGinJ immXne sXppression in oysters 
�AnGerson et al. ����� anG reGXceG consXmption 
anG respiration in fisK anG sKellfisK.   

3.3. Monitoring and 
Modeling Nutrient Flux in 
U.S. River Systems

0onitorinJ streamÀoZ anG nXtrient ÀXxes in 
riYer systems tKat feeG coastal estXaries is essential 
to XnGerstanGinJ anG preGictinJ coastal Kypoxia.  
)XrtKermore� NnoZleGJe of tKe soXrces of nXtrients 

Xltimately GeliYereG to tKe coastal ]one anG 
NnoZleGJe of processes tKat reGXce nXtrient loaGs 
GXrinJ transit are reTXireG for tKe GeYelopment 
of effectiYe manaJement strateJies for reGXcinJ 
coastal Kypoxia.  ,t is not economically feasiEle 
to monitor all tKe soXrces anG ÀXxes of nXtrients 
in all riYers anG streams in tKe UniteG States.  
HoZeYer� moGels XsinJ monitorinJ Gata from 
tarJeteG ZatersKeGs� representatiYe in terms of tKeir 
climate� JeoJrapKy� lanG Xse� anG manaJement 
measXres� can Ee extremely YalXaEle tools.  7Kese 
moGels can iGentify tKe JeoJrapKic areas ZitK tKe 
KiJKest nXtrient contriEXtions� tKe KXman actiYities 
tKat contriEXte tKe most nXtrients� tKe ecosystems 
tKat reGXce nXtrient ÀXxes� anG potentially tKe 
manaJement measXres tKat are most effectiYe at 
mitiJatinJ nXtrient ÀXxes. 

3.3.1. Monitoring Nutrient Sources and 
Fluxes to Coastal Systems

7Kere are tZo maMor components of riYerine 
monitorinJ in tKe UniteG States.  7Ke first 
component is monitorinJ GeliYery of streamÀoZ 
anG nXtrient ÀXxes to coastal enYironments.  7Kis 
monitorinJ reTXires sXfficient temporal resolXtion 
to enaEle GeYelopment of caXse anG effect linNaJes 
EetZeen tKe timinJ of nXtrient ÀXxes anG tKe 
GeYelopment of Kypoxia.  7Ke seconG component 
comprises monitorinJ of inlanG ZatersKeGs.  7Kis 
monitorinJ Kappens in ZatersKeGs of YarioXs scales 
anG sXpports moGelinJ applications tKat Gefine tKe 
spatial GistriEXtion of tKe soXrces of nXtrients anG 
tKe KXman actiYities tKat affect tKose ÀXxes. 

7Ke US*S is tKe primary aJency monitorinJ 
streamÀoZ� nXtrients� anG otKer Zater TXality 
constitXents in riYers anG streams tKroXJKoXt tKe 
UniteG States.  2tKer aJencies rely on tKese Gata 
to Getermine effectiYe conserYation measXres 
to protect GoZnstream resoXrces.  AGGitional 
monitorinJ is conGXcteG Ey state JoYernments 
tKroXJK Zater TXality compliance proJrams XnGer 
(3A oYersiJKt.  AltKoXJK limiteG Ey tKe oEMectiYe 
anG GesiJn� more anG more of tKese Gata are EeinJ 
inteJrateG into reJional anG national monitorinJ 
efforts.

An important element of tKe GesiJn of proJrams 
monitorinJ nXtrient GeliYery to coastal systems 
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is tKe aYailaEility of continXoXs streamÀoZ 
recorGs anG Zater TXality measXrements taNen 
ZitK sXfficient freTXency to enaEle accXrate 
estimation of nXtrients ÀXxes �mass per Xnit 
time� ZitK aGeTXate temporal resolXtion.  7Ke 
U.S. Commission on 2cean 3olicy ������ citeG 
a critical loss of US*S stream JaXJinJ capacity 
GXe to fXnGinJ constraints� ZKicK Kas limiteG tKe 
aEility to monitor Zater anG otKer constitXents 
enterinJ oXr coasts.  0ost monitorinJ proJrams are 
GesiJneG to measXre tKe concentration of nXtrients 
at tKe time of samplinJ� anG measXrements are 
only taNen a feZ times eacK year.  HoZeYer� ÀXx 
estimates are essential to eYalXatinJ tKe caXsal 
relationsKip EetZeen nXtrient GeliYery anG Kypoxia 
anG to eYalXate trenGs� inclXGinJ tKe performance 
of manaJement actions. 

7Ke US*S 1ational Stream 4Xality AccoXntinJ 
1etZorN Zas reGesiJneG in ���� as a national 
coastal monitorinJ netZorN ZitK tKe primary 
Joal of measXrinJ GeliYery of streamÀoZ anG tKe 
associateG ÀXxes of nXtrients anG selecteG otKer 
cKemical constitXents to coastal enYironments.  
7Ke reGesiJn maximi]es existinJ resoXrces anG 
onJoinJ monitorinJ proJrams �sXcK as tKe US*S 
1ational Water 4Xality Assessment 3roJram 

anG state monitorinJ proJrams�.  ,n ����� fiYe 
aGGitional stations Zere aGGeG to tKis national 
coastal monitorinJ netZorN as a resXlt of tKe initial 
steps of implementation of tKe 1ational 0onitorinJ 
1etZorN of tKe 2cean Action 3lan� tKereEy 
increasinJ tKe nXmEer of larJe coastal riYers 
EeinJ monitoreG from �� to ��.  7Kese �� stations 
Zere selecteG EecaXse tKe riYers tKey monitor 
contriEXte tKe Jreatest percent of streamÀoZ anG 
nXtrient ÀXxes to coastal enYironments.  SeYenteen 
stations are in tKe conterminoXs UniteG States� tKe 
otKer is on tKe <XNon 5iYer in AlasNa.  7oJetKer� 
tKese stations measXre more tKan ��� of tKe total 
GiscKarJe of streamÀoZ� nitroJen� pKospKorXs� 
anG sXspenGeG seGiment to U.S. coastal Zaters 
�US*S�.  Samples are collecteG at most stations 
tZelYe times eacK year to enaEle accXrate annXal 
ÀXx estimates for most constitXents measXreG.  
,ncreaseG freTXency of measXrements is reTXireG 
to estimate seasonal or montKly ÀXxes ZitK Jreater 
certainty anG also to captXre episoGic eYents.  7Kis 
monitorinJ netZorN Goes not aGGress GeliYery of 
nXtrients Ey smaller riYers to many local coastal 
ecosystems affecteG Ey Kypoxia.

0onitorinJ of inlanG ZatersKeGs is conGXcteG 
Ey a GiYerse JroXp of local proJrams.  HoZeYer� as 
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Figure 2. Estimated April, May, and June dissolved nitrite plus nitrate flux as N to the Gulf of Mexico for 1979 
through 2008. Maximum, minimum, and average fluxes are determined for the period 1979 through 2007. 
*Note that 2008 fluxes are preliminary as they are based on provisional data.
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Figure 15.  Estimated nitrate delivery to the Gulf of Mexico for April, May, and June 
1979 - 2008.	Maximum,	minimum,	and	average	fluxes	are	determined	through	200�.

Note	that	the	2008	deliveries	are	preliminary	as	they	are	based	on	provisional	data.		
Source: Brent Aulenbach, USGS, http://toxics.usgs.gov/hypoxia/mississippi/oct_jun/graphics.
html

http://toxics.usgs.gov/hypoxia/mississippi/oct_jun/graphics.html
http://toxics.usgs.gov/hypoxia/mississippi/oct_jun/graphics.html
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inGicateG aEoYe� tKe GesiJn limits tKeir applicaEility 
to coastal assessments.  US*S also monitors inlanG 
ZatersKeGs in selecteG maMor riYer systems tKat 
Grain to tKe coast� XsinJ tKe same samplinJ GesiJn 
sXitaEle for estimatinJ annXal nXtrient ÀXxes.  7Kis 
monitorinJ is conGXcteG in tKe 0A5% anG in tKe 
CKesapeaNe %ay GrainaJes.  7Kese Gata also are 
XseG to GeYelop ZatersKeG moGels GescriEeG in tKe 
folloZinJ section of tKis report.

WitKin tKe 0A5%� measXrements are maGe at 
�� inlanG stations.  7Ke GeliYery of streamÀoZ 
anG nXtrients from tKe 0ississippi 5iYer Easin to 
tKe *Xlf of 0exico for tKe first nine montKs of tKe 
Zater year �2ctoEer tKroXJK -Xne� is reporteG eacK 
year in -Xly to enaEle *Xlf scientists to analy]e anG 
forecast tKe si]e of tKe Kypoxic ]one in tKe nortKern 
*Xlf of 0exico �)iJXre ��E�.  7Ke Kypoxic ]one is 
estimateG eacK year in late sXmmer.  ,n aGGition� a 
sXmmary of nXtrient loaGs for all 0ississippi 5iYer 
stations for tKe perioG of recorG tKroXJK ���� is 
aYailaEle on tKe ,nternet �Kttp���toxics.XsJs.JoY�
Kypoxia�mississippi�nXtrientBÀXxByielGBest.Ktml�.  
7Kis Gataset is XpGateG annXally �)iJXre ���. 

3.3.2. Modeling Nutrient Sources, Fate, 
and Transport

WatersKeG anG nXtrient transport� yielG� anG 
ÀXx moGelinJ efforts are EeinJ XnGertaNen �(3A� 
12AA� US'A� US*S� to iGentify anG manaJe tKe 
most siJnificant nXtrient soXrces ZitKin ZatersKeGs 
GraininJ to coastal areas experiencinJ Kypoxia.  
7Kese moGelinJ efforts inclXGe tKe S3Atially 
5eferenceG 5eJressions 2n WatersKeG AttriEXtes 
�S3A552W� 0oGel �Kttp���Zater.XsJs.JoY�naZTa�
sparroZ��� tKe Soil anG Water Assessment 7ool 
�SWA7� 0oGel �Kttp���ZZZ.Erc.tamXs.eGX�sZat��� 
anG tKe 5eJional 1Xtrient 0anaJement 0oGel 
�5e1X0a� HonJ anG SZaney ����� Kttp���ZZZ.
eeE.cornell.eGX�EioJeo�nanc�XsGa�renXma.Ktm�.  

7Ke S3A552W moGel �%ox �� is a KyEriG 
mecKanistic�empirical� Easin�scale simXlation 
moGel GeYelopeG Ey tKe US*S �SmitK et al. �����.  
,t Zas GeYelopeG to coYer tKe entire conterminoXs 
UniteG States.  Since tKen� applications KaYe 
Eeen GeYelopeG for ZatersKeGs of a ZiGe ranJe 
of scales� ZitK Gata inpXt refinements appropriate 
for tKe specific scale of application.  ,t Kas Eeen 

Box 8. Application of SPARROW for Reducing Nutrients to the Gulf of Mexico

An	improved	SPARROW	model	published	in	2008	�Alexander	et	al.	2008,	USGS�	found	that	much	of	the	
nitrogen and phosphorus delivered to the Gulf originates from certain regions and watersheds of the Mississippi 
River	Basin,	including	many	watersheds	in	the	Central	Mississippi	and	Ohio,	which	contribute	more	than	50�	of	
the	nutrients	despite	accounting	for	less	than	30�	of	the	total	drainage	area	�see	inset�.		The	study	reveals	new	
details about sources of phosphorus, indicating that animal manure on pasture and range lands contributes nearly 
as	much	phosphorus	as	cultivated	crops,	3��	versus	43�,	respectively.	The	study	reports	that	66�	of	nitrogen	
originates primarily from cultivated crops, mostly corn and soybean, with animal grazing and manure contributing 
only	about	5�.	Atmospheric	contributions	also	are	important,	accounting	for	16�	of	nitrogen.		These	findings	
influenced	the	2008	decision	by	the	Mississippi	River�Gulf	of	Mexico	Watershed	Nutrient	Task	Force	to	call	for	
reductions in phosphorus, in addition to nitrogen, in an effort to control Gulf hypoxia.

 
Percentage of stream 
nutrient load delivered 
to the Gulf of Mexico: 
�a��	total	nitrogen�	
(b) total phosphorus. 
�Alexander	et	al.	2008�.

a) total nitrogen b) total phosphorus

http://toxics.usgs.gov/hypoxia/mississippi/nutrient_flux_yield_est.html
http://toxics.usgs.gov/hypoxia/mississippi/nutrient_flux_yield_est.html
http://water.usgs.gov/nawqa/sparrow/
http://water.usgs.gov/nawqa/sparrow/
http://www.brc.tamus.edu/swat/
http://www.eeb.cornell.edu/biogeo/nanc/usda/renuma.htm
http://www.eeb.cornell.edu/biogeo/nanc/usda/renuma.htm
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XseG to estimate nXtrient loaGs anG concentrations 
in streams anG to Getermine tKe proportion of 
stream loaGs tKat are GeriYeG from maMor soXrces 
of nXtrients� inclXGinJ lanG Xse� cKemical Xse� anG 
KXman actiYities �e.J.� aJricXltXre� atmospKeric 
Geposition� KXman Zastes�.  7Ke moGel accoXnts 
for tKe effects of climate� topoJrapKy� soils� anG 
tKe effects of aTXatic ecosystems to Getermine 
nXtrient transport in ZatersKeGs.  )ormal estimates 
of Xncertainties in tKe stream nXtrient loaGs anG 
soXrce contriEXtions are also reporteG.  7Ke moGel 
Kas Eeen applieG to small anG Yery larJe ZatersKeGs 
in tKe UniteG States anG internationally to assess 
nXtrient soXrces anG loaGs to tKe 0ississippi 5iYer 
Easin �AlexanGer et al. ����� ������ 1eZ (nJlanG 
ZatersKeGs �0oore et al. ������ tKe CKesapeaNe 
%ay ZatersKeG �3reston anG %raNeEill ������ 
1eZ =ealanG riYer Easins �AlexanGer et al. ����� 
(lliott et al. ������ anG 1ortK Carolina coastal 
ZatersKeGs �0c0aKon et al. �����.  0any of tKese 
applications KaYe GemonstrateG tKe particXlar 
Xtility of tKe moGel for TXantifyinJ tKe lonJ�
Gistance transport anG GeliYery of nXtrients to 
sensitiYe GoZnstream locations sXcK as estXaries.  
)eGeral anG state enYironmental manaJers KaYe 
XseG tKe S3A552W moGel to assess nXtrient 

soXrces in streams� inclXGinJ its Xse for tarJetinJ 
nXtrient reGXction strateJies in tKe CKesapeaNe %ay 
ZatersKeG �3reston anG %raNeEill� ����� anG in 
Zaters of tKe State of .ansas �.ansas 'epartment 
of HealtK anG (nYironment� ������ anG for 
GeYelopinJ total maximXm Gaily loaGs �70'/s� 
in tKe ConnecticXt 5iYer Easin �1(,W3CC� �����.  
5eJional nXtrient moGels are cXrrently XnGer 
GeYelopment in selecteG reJions ZitK tKe Joal of 
refininJ tKe national S3A552W moGel as part 
of tKe US*S 1ational Water 4Xality Assessment 
�1AW4A� 3roJram.

7Ke SWA7 moGel Zas GeYelopeG Ey tKe US'A 
AJricXltXral 5esearcK SerYice �A5S� 1eitscK et 
al. ����� ArnolG et al. �����.  ,t is a pKysically 
EaseG� Geterministic� continXoXs� ZatersKeG 
simXlation moGel.  ,t preGicts Zater� seGiment� 
nXtrient� anG pesticiGe yielGs XsinJ spatial Gata on 
topoJrapKy� soils� lanG coYer� lanG manaJement� 
anG ZeatKer.  7Ke SWA7 moGel Kas Eeen applieG 
in tKe 0ississippi 5iYer Easin� inclXGinJ for larJe 
ZatersKeG�scale applications �ArnolG et al. ����� 
AnanG et al. ������ to eYalXate aJricXltXral nXtrient 
reGXction strateJies �SantKi et al. ����� 9acKe 
et al. ����� HX et al. ������ aGGress tile�GraineG 

Box 9. EPA Works Closely With States to Develop and Adopt Nutrient 
Criteria

�	 Direct assistance to states close to adopting criteria, particularly permitting implementation questions. 
In	this	regard,	EPA¶s	Office	of	Science	and	Technology	�OST�	in	the	Office	of	Water	works	to	
develop	tools	to	help	states	calculate	the	economic	and	ecological	benefits	of	adopting	water	Tuality	
standards.		OST	has	provided	scientific	peer	review	of	proposed	water	Tuality	standards	packages	
for Vermont and draft nutrient criteria for Colorado. A cooperative assistance grant from EPA’s Gulf of 
Mexico Program to the Mississippi Department of Environmental Quality is assisting MS in all aspects 
of nutrient criteria development.  MS will then lead the other Gulf of Mexico states in nutrient criteria 
setting for their own states through the Gulf of Mexico Alliance initiative. 

�	 Building capacity of States gathering and analyzing data.  Over the past three years, OST has 
provided	�2.5	million	to	support	state	nutrient	criteria	work.		In	2008,	EPA	is	analy]ing	nine	nutrient	
data sets that will be used for nutrient criteria.  EPA OST also developed a number of webcasts that 
provided expert technical guidance on nutrient criteria issues, with examples from states that have 
successfully developed nutrient criteria. 

�	  Building a science-based foundation for developing new Clean Water Act water quality criteria for 
estuaries, wetlands and Large Rivers:  OST published a wetlands criteria technical guidance manual, 
developed case studies for two estuarine criteria efforts (Yaquina Bay, Oregon and Pensacola Bay, 
Florida�	in	collaboration	with	EPA¶s	Office	of	Research	and	Development,	and	are	supporting	four	
states	�Maine,	New	Hampshire,	Florida,	and	California�	who	are	making	progress	on	estuarine	
criteria.  OST is also supporting nutrient criteria development efforts on several large rivers:  the Big 
Sioux (South Dakota), the Missouri River, the Red River, and the Ohio River.
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croplanG �'X et al. ����� *reen et al. ������ assess 
tKe impacts of climate cKanJe on nXtrient export 
�-Ka et al. ������ anG preGict stream ÀoZ processes 
of a foresteG ZatersKeG in coastal SoXtK Carolina 
�Amatya et al. �����.

A stXGy comparinJ SWA7 anG a statistical 
approacK EaseG on S3A552W in tKe UniteG 
.inJGom �*ri]]etti et al. ����� sXJJesteG XsinJ 
S3A552W as a screeninJ tool for iGentifyinJ 
soXrces� anG SWA7 for testinJ manaJement 
practice scenarios� EXt foXnG tKat EotK moGels 
Zere XsefXl for estimatinJ nitroJen loaGinJ in 
aTXatic enYironments.  Similarly� A5S anG tKe 
15CS of US'A KaYe GeYelopeG a system of 
compXter moGels� tKe AJricXltXral 1on�3oint 
SoXrce 3ollXtion 0oGel� to preGict nonpoint soXrce 
pollXtant loaGinJs in aJricXltXral ZatersKeGs.  7Kis 
moGel contains a continXoXs simXlation sXrface 
rXnoff moGel GesiJneG to assist in GeYelopinJ 
%03s anG 70'/s� as Zell as risN anG cost�Eenefit 
analyses.

The 5e1X0A moGel is a ZatersKeG moGel 
tKat enaEles tKe examination of YarioXs scenarios 
for reGXcinJ nitroJen losses from tKe lanGscape 
�(3A�.  Components of tKe moGel incorporate 
EioJeocKemical complexities anG tKe impact 
of YaryinJ manaJement practices on reGXcinJ 
nXtrient loaGs.  ContinXal GeYelopment of tKe 
moGel Kas inclXGeG an improYeG aEility to 
incorporate atmospKeric Geposition anG improYe 
cKaracteri]ation of on�fielG nXtrient manaJement 
tecKniTXes to alloZ for more accXrate simXlation of 
YaryinJ manaJement scenarios �12AA�. 

3.4. Assessing, Managing, 
and Reducing Nutrient 
Inputs to Coastal 
Ecosystems 

7Kis section GiscXsses tools or manaJement 
measXres tKat are EeinJ stXGieG anG�or XseG to 
control or reGXce nXtrient GeliYery to coastal 
ecosystems.  1Xtrient ÀXxes to coastal ecosystems 
can primarily Ee reGXceG in tZo Zays� ��� reGXcinJ 
nXtrient inpXts to riYers anG streams� inclXGinJ 
losses of nXtrients from farmlanGs anG loaGs 
from point soXrces� XrEan anG sXEXrEan nonpoint 
soXrces� anG atmospKeric Geposition� anG ��� 
restorinJ anG enKancinJ natXral Genitrification 
anG nXtrient retention processes Yia restoration of 
riYerine anG coastal ZetlanGs anG in some areas� 
GiYersions of stream Zaters to coastal ZetlanGs. 

3.4.1. Reducing Nutrient Inputs to Rivers 
and Streams

3.4.1.1. Establishing Nutrient Criteria

7Ke Clean Water Act Girects states anG triEes 
to GesiJnate Xses for tKeir Zaters anG aGopt Zater 
TXality criteria to protect tKose Xses.  1Xmeric 
nXtrient stanGarGs are an important component 
to protectinJ Zater TXality from excessiYe alJal 
Elooms anG Kypoxia EecaXse tKey GriYe Zater 
TXality assessments anG ZatersKeG manaJement� 
facilitate GeYelopment of 70'/s� proYiGe 
TXantitatiYe tarJets to sXpport nXtrient traGinJ 
proJrams� facilitate ZritinJ protectiYe 1ational 
3ollXtant 'iscKarJe (limination System permits� 
proYiGe increaseG effectiYeness in eYalXatinJ 
sXccess of nXtrient rXnoff minimi]ation proJrams� 
anG proYiGe oEMectiYe Zater TXality Easelines 
aJainst ZKicK to measXre enYironmental proJress.  
1Xtrient criteria Eenefit not only tKe local Zaters 
in ZKicK actions are focXseG� EXt also tKe receiYinJ 
coastal Zaters.  (3A¶s 2ffice of Science anG 
7ecKnoloJy �2S7� in tKe 2ffice of Water �2W� is 
proYiGinJ EotK tecKnical anG financial assistance 
to states to Kelp tKem GeYelop anG aGopt nXmeric 
nXtrient stanGarGs �%ox ��.  

Figure 16.  Percent of the United States drained by 
artificial means such as tile drains (Jaynes and James 
2007).
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from many local� state� anG )eGeral aJencies� 
inclXGinJ (3A anG US*S.  7Ke mission of tKe 
A'0S 7asN )orce is to reGXce tKe loss of nitroJen 
anG pKospKorXs from aJricXltXral lanGs tKroXJK 
GrainaJe Zater manaJement.  7Ke 7asN )orce 
focXses on an eiJKt�state reJion²compriseG of 
0innesota� Wisconsin� ,oZa� 0issoXri� ,llinois� 
0icKiJan� ,nGiana� anG 2Kio²tKat contains more 
tKan �� million acres of sXrface� anG sXEsXrface�
GraineG croplanG.  7Ke 7asN )orce ZorNs ZitK 
farmers� contractors� anG aJricXltXral aGYisors to�  
�� implement improYeG aJricXltXral sXrface anG 
sXEsXrface GrainaJe in EotK neZ anG retrofitteG 
systems� �� reGXce nitrate loaGs in Grain oXtÀoZ� 
a maMor soXrce of poor stream Zater TXality anG 
Kypoxia in tKe nortKern *Xlf of 0exico� anG �� 
improYe tKe efficiency of proGXction anG economic 
retXrns tKroXJK manaJeG sXrface anG sXEsXrface 
aJricXltXral GrainaJe.  ,mplementation of manaJeG 
GrainaJe practices �15CS 3ractice ���� in tKe 
0iGZest EeJan in ����.  UsinJ Gemonstration 
sites� tKe 7asN )orce eGXcates local sponsors 
anG farmers anG ZorNs ZitK tKem to implement 
manaJeG GrainaJe on tKeir oZn lanG �Kttp���

3.4.1.2. Tools and Management Strategy 
Development for Reducing Nutrient Loadings

5eGXcinJ nXtrient loaGinJs to streams anG riYers 
sXrroXnGinJ anG GoZnstream from aJricXltXral 
lanGs Kas Eeen an actiYe area of researcK for 
US'A.  7Ke re�enJineerinJ of tKe 0iGZest oYer 
tKe past �� years ZitK tile GrainaJe systems tKat 
alloZ farmers to control sXEsXrface Zater leYels 
Kas EenefitteG U.S. aJricXltXre tKroXJK increaseG 
yielGs� EXt Kas neJatiYely affecteG Zater TXality Ey 
speeGinJ Zater anG its solXtes²sXcK as nitroJen� 
pKospKorXs� pesticiGes� anG seGiment²into streams 
anG riYers ZitKoXt alloZinJ natXral elimination 
processes to occXr �-aynes anG -ames ����� �)iJXre 
���.  As a resXlt� US'A Kas maGe siJnificant 
inYestments in conserYation proJrams tKat remoYe 
marJinal lanG from proGXction� conserYation 
improYements in ZorNinJ lanGs tKat reGXce erosion 
anG control nXtrients� anG tKe estaElisKment of 
ZetlanGs.  ,n aGGition� US'A Kas ZorNeG ZitK 
farmers anG rancKers to encoXraJe tKe Xse of 
EXffer strips anG improYeG tillaJe practices tKat are 
GesiJneG to preYent  Zater TXality impairments. 

Since nXtrients often leaYe aJricXltXral fielGs 
tKroXJK GrainaJe systems �e.J.� tile Grains� GitcKes�� 
siJnificant researcK Ey tKe US'A Kas focXseG on 
fine�tXninJ EotK sXrface anG sXEsXrface GrainaJe 
applications �%ox ���.  ,n tKe CKesapeaNe %ay 
ZatersKeG� it Kas Eeen estimateG tKat nitroJen 
losses coXlG Ee reGXceG Ey ��� Ey loZerinJ 
tKe Zater taEle GXrinJ plantinJ anG KarYestinJ.  
2tKer moGifieG sXrface GrainaJe systems KaYe tKe 
potential to reGXce pKospKorXs Ey ������� anG 
nitrate anG ammoniXm Ey ������.  ,n tKe *Xlf of 
0exico ZatersKeG� researcKers KaYe GiscoYereG 
tKat plantinJ cool�season perennial foraJes sXcK as 
alfalfa anG Jrass Girectly oYer sXEsXrface tile Grains 
remoYes nitrate from tKe Zater taEle.  2tKer options 
EeinJ exploreG inclXGe Geep cKiselinJ anG tKe 
Xse of ZooG cKips in GrainaJe GitcKes to promote 
Genitrification.  

AGGitionally� in ����� 15CS anG A5S �US'A� 
formeG tKe AJricXltXral 'rainaJe 0anaJement 
Systems �A'0S� 7asN )orce� in concert ZitK 
XniYersity researcK anG extension personnel.  7Ke 
tasN force Kas since expanGeG to inclXGe scientists 

Box 10. Soil Drainage Research in 
Ohio

Scientists at USDA ARS’ Soil Drainage Research 
Unit in Columbus, Ohio, have developed an innovative 
agricultural water management system called a 
Wetland Reservoir Subirrigation System (WRSIS), 
comprised of a wetland and a water storage reservoir 
linked to a network of subsurface pipes used at 
different times to either drain or irrigate crops through 
the root zone. Runoff and subsurface drainage are 
collected from cropland into a constructed wetland. 
Natural processes in the wetland treat the water 
by removing some of the nutrients, pesticides, and 
sediment. The water is then routed to a storage 
reservoir and held until needed to subirrigate the 
crops during dry parts of the growing season. The 
storage reservoir also provides a further opportunity 
for sediment and adsorbed nutrients to settle out 
of the water.  Most of the time, a WRSIS operates 
as a closed loop, thus restricting offsite water 
release.		Benefits	of	these	systems	include�		�1�	
enhanced	crop	yields�	�2�	reduced	offsite	release	of	
nutrients,	pesticides,	and	sediment�	�3�	increased	
wetland	vegetation	and	wildlife	habitat�	�4�	carbon	
seTuestration	in	soil�	and	�5�	the	potential	to	decrease	
flooding	downstream	�http���www.ars.usda.gov�
Research�docs.htm"docid 14999�.

http://extension.osu.edu/~usdasdru/ADMS/ADMSindex.htm
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extension.osX.eGX�aXsGasGrX�A'0S�A'0SinGex.
Ktm�.

US'A Kas inYesteG in GeYelopinJ a Yariety 
of strateJies anG tecKnoloJies for more effectiYe 
manaJement of fertili]er applications.  US'A 
GeYelopeG tKe 1itrate /eacKinJ anG (conomic 
Analysis 3acNaJe moGel to eYalXate tKe sensitiYity 
of Gifferent reJions to nitrate loss.  US'A A5S 
GeYelopeG tKe 3KospKorXs ,nGex� an assessment 
tool tKat Kas Eeen aGopteG Ey US'A 15CS� (3A� 
anG YarioXs state aJencies as tKe Easis for tKeir 
compreKensiYe pKospKorXs manaJement plans.  
AGoption of tKis tecKnoloJy Kas Eeen estimateG to 
reGXce annXal pKospKorXs loaGinJs in Zater Ey �� 
million poXnGs anG seGiment Ey �.� Eillion poXnGs.  
(conomic Eenefits to society KaYe Eeen estimateG 
at Jreater tKan ���� million Gollars per year.

ConsiGeraEle researcK Kas also focXseG on 
GeYelopinJ sensors to Getect tKe Zater anG 
nitroJen statXs of crops� ZKicK alloZs JroZers 
to tarJet fertili]er anG Zater applications to 
specific crop neeGs.  %y reGXcinJ Xnnecessary 
fertili]er applications� tKis approacK is also more 
economical.  7Ke sensors� some of ZKicK KaYe 
Eeen GeYelopeG tKroXJK tKe Small %Xsiness 
,nnoYation 5esearcK 3roJram Jrants to priYate 
inGXstry� can Ee eitKer JroXnG�EaseG or airEorne.  
*roXnG�EaseG sensors can Ee moXnteG on 

central piYot or otKer aXtomatic 
irriJation systems.  5esearcKers 
are also explorinJ KoZ to reGXce 
nitroJen anG pKospKorXs release 
from fertili]ers.  7Ke Eenefits 
of crop rotation� specifically tKe 
plantinJ of soy Eefore corn� are 
EeinJ XseG to MXstify applyinJ 
less cKemical fertili]er to corn 
since plantinJ soyEeans EXilGs Xp 
a nitroJen creGit.  )armers can 
saYe Xp to ��� per Kectare ZitK 
tKis approacK.  )inally� coYer 
crops are a proYen tecKnoloJy for 
tKe eastern anG soXtKern states� 
EXt are still EeinJ researcKeG 
anG introGXceG to 0iGZest 
farmers.  CoYer crops �%ox ��� 
may Ee tKe Eest tecKnoloJy for 
simXltaneoXsly reGXcinJ nitroJen� 

pKospKorXs� anG seGiment from roZ crops.  )XrtKer� 
US'A¶s ConserYation 5eserYe 3roJram �C53� 
is a YolXntary proJram aYailaEle to aJricXltXral 
proGXcers tKat protects enYironmentally sensitiYe 
lanG tKroXJK plantinJ of resoXrce�conserYinJ� lonJ�
term YeJetatiYe coYers �%ox ���.

%aseG on a ricK Gataset of oEserYations anG 
an improYeG� process�EaseG simXlation moGel 
�calleG tKe 5oot =one Water 4Xality 0oGel or 
5=W40��  A5S scientists KaYe sXmmari]eG anG 
TXantifieG tKe effects of manaJement on nitroJen 
losses to sXrface Zaters tKroXJK a series of papers 
pXElisKeG as a special issXe of tKe scientific 
MoXrnal *eoGerma �AKXMa anG HatfielG �����.  
%otK Zater anG nitroJen losses from tile�GraineG 
aJricXltXral systems in tKe 0iGZest are aGGresseG� 
as inÀXenceG Ey a Yariety of manaJement practices.  
7Kis special issXe is a Ney resoXrce for fXtXre 
efforts to control tKe maJnitXGe anG extent of tKe 
Kypoxic ]one in tKe *Xlf of 0exico Ey reGXcinJ 
nitroJen loaGinJs from tile�GraineG aJricXltXre in 
tKe 0ississippi 5iYer Easin.  Also� US'A¶s )orest 
SerYice is GeYelopinJ practices to improYe tKe 
capacity of nXtrient�enricKeG ZatersKeGs to reGXce 
nXtrient loaGs in sXrface Zater anG JroXnGZater 
Eefore tKey enter coastal ZaterEoGies.  )or 
example� tKe creation of ³Kot spots�´ places in a 

Figure 17.  2007 Map of CEAP projects, many of which are focused on the 
Mississippi River Watershed (http://www.nrcs.usda.gov/technical/nri/ceap/).

http://extension.osu.edu/~usdasdru/ADMS/ADMSindex.htm
http://extension.osu.edu/~usdasdru/ADMS/ADMSindex.htm
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A5S completeG GeYelopment of tKe SXstaininJ 
tKe (artK¶s WatersKeGs 7KroXJK 5esearcK� 'ata 
Analysis� anG SyntKesis �S7(WA5'S� GataEase²
an aJency�sXpporteG repository for C(A3 
Gatasets collecteG as part of A5S¶ %encKmarN 
WatersKeG 5esearcK 1etZorN �aYailaEle at Kttp���
arsaJsoftZare.ars.XsGa.JoY�steZarGs��.

3.4.2. Restoring and Enhancing Natural 
Nutrient Retention Processes to Reduce 
Pollution of Aquatic Environments 

1Xtrient ÀXxes to coastal ecosystems can Ee 
reGXceG ZKen nXtrients alreaGy in stream systems 
are remoYeG Ey natXral processes tKat occXr in 
riYerine ZetlanGs� certain types of reacKes of 

ZatersKeG ZKere Genitrification coXlG Ee enKanceG� 
Zas sKoZn to Ee an effectiYe Zay to reGXce tKe 
amoXnt of nitroJen leaYinJ XrEan ZatersKeGs 
�StrosneiGer et al. ����� 3oXyat et al. ������ 
resXltinJ in reGXceG nXtrient loaGinJ of coastal 
Zaters.

,n late ����� tKe 2ffice of 0anaJement 
anG %XGJet asNeG 15CS �US'A� to TXantify 
tKe Eenefits of )arm %ill�fXnGeG conserYation 
proJrams.  ,n ����� tKe ConserYation (ffects 
Assessment 3roMect �C(A3� �)iJXre ��� %ox ��� 
Zas initiateG Ey 15CS alonJ ZitK otKer US'A 
aJencies �A5S� CooperatiYe State 5esearcK� 
(GXcation� anG (xtension SerYice or CS5((S� 
anG  )SA� to improYe scientific XnGerstanGinJ 
of tKe effects of conserYation practices at tKe 
ZatersKeG scale� anG to estimate conserYation 
effects for reportinJ at reJional anG national scales.  
7Ke resXlts are EeinJ XseG to manaJe aJricXltXral 
lanGscapes for enYironmental TXality.  C(A3 
Kas JroZn into a US'A�leG mXlti�aJency� mXlti�
resoXrce effort �0arescK et al. �����.  'XrianciN 
et al. ������ proYiGe a GetaileG Gescription of 
tKe approacK of C(A3� anG of accomplisKments 
GXrinJ its first fiYe years.  Specific Getails of A5S 
researcK accomplisKments GXrinJ tKe first fiYe 
years of C(A3 are collecteG in a special issXe of 
tKe -oXrnal of Soil anG Water ConserYation ������.  

Box  11. Monitoring Winter Cover Crop Performance from Space

Planting	winter	cover	crops	is	seen	as	an	important	management	practice	for	reducing	agricultural	nutrient	flows	
into the Chesapeake Bay and improving ecosystem health.  The State of Maryland doubled its budget for its cover 
crops	cost	share	program	from	�9	million	to	�18	million	in	2008.		This	was	enough	for	farmers	to	plant	500,000	
acres	of	cover	crops	after	the	fall	2008	harvest.	USDA	scientists	at	the	Beltsville	Agricultural	Research	Center	
have formed a strong partnership with the Maryland Department of Agriculture (MDA) for the evaluation of winter 

cover crop performance on the Eastern Shore of Maryland which is 
closely linked to the Bay.  The evaluation uses a unique combination of 
remotely sensed data and program implementation information such as 
field	location,	planting	date,	cover	crop	type,	and	planting	method,	all	
supplied by participant farmers during program enrollment.  Based on 
this information, detailed evaluation of cover crop program performance 
for growth and nutrient uptake can be obtained for all enrolled cropland 
fields	within	a	region	based	on	analysis	of	satellite	images.		This	
powerful new approach has led to improvements in the operation of the 
MDA program for cover crops.  It has also demonstrated how satellite 
data can be used routinely to implement and monitor this important state 
conservation program.  There are plans to jointly develop an operational 
cover crop implementation and monitoring tool based on technologies 
developed by this collaboration.  This research effort is part of the 
Choptank River Watershed CEAP project.

Photo: Ben Longstaff,  www.eco-check.org

Box 12. USDA Conservation 
Research Program Benefits in the 
Mississippi River Basin

In the Mississippi River Basin, the CRP presence is 
estimated	to	confer	the	following	benefits	annually�
�	 Reduced	nitrogen	runoff�	295	million	pounds

�	 Reduced phosphorus runoff: 66 million pounds

�	 Reduced	sedimentation�	100	million	tons

�	 Protected�restored	wetlands�	1.2	million	acres

�	 Carbon	dioxide	seTuestered�	12	million	metric	tons

�	 Enhanced wildlife habitat

http://arsagsoftware.ars.usda.gov/stewards
http://arsagsoftware.ars.usda.gov/stewards
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riYer systems� anG coastal�GistriEXtary ZetlanGs.  
(xistinJ anG proposeG fresKZater GiYersions of tKe 
0ississippi 5iYer into tKe estXaries of soXtKeastern 
/oXisiana to mitiJate lanG loss �from many factors 
inclXGinJ sXEsiGence� salinity intrXsion� etc.� KaYe 
tKe ancillary Eenefit of remoYinJ nXtrients.

The US*S S3A552W moGel Zas XseG 
to Gemonstrate tKat stream cKannel Jeometry 
can affect nitroJen remoYal in streams in tKe 
0ississippi 5iYer Easin �AlexanGer et al. �����.  
Small streams Zere foXnG to KaYe a siJnificantly 
KiJKer nitroJen remoYal rate� ZKile larJer 
streams acteG more liNe conYeyors� transportinJ 
tKe nitroJen loaG GoZnstream.  7Kerefore� tKe 
proximity of nitroJen inpXts to larJer streams is an 
important consiGeration for manaJement actions 
EecaXse it inÀXences ZKetKer tKe nitroJen in a 
stream Zill Ee carrieG to tKe *Xlf of 0exico or 
remoYeG.

7Ke 5iparian (cosystem 0anaJement 0oGel 
�5(00� simXlates KyGroloJy� nXtrient Gynamics� 
anG plant JroZtK in lanG areas EetZeen tKe eGJe 
of fielGs anG a ZaterEoGy.  5(00 oXtpXt alloZs 
GesiJners to GeYelop EXffer systems to Kelp control 
nonpoint soXrce pollXtion �US'A�.  Analysis of tKe 
optimal composition of riparian EXffers for nXtrient 
remoYal Kas leG to YarioXs GesiJn criteria� inclXGinJ 
tKe recommenGation tKat trees or forests Ee part 
of tKe EXffer� anG analysis of tKe effectiYeness of 
YarioXs Jrass species as alternatiYes.  7Ke Jrass 
analysis GetermineG tKat all Jrasses except timotKy 
Zere Eeneficial for nXtrient remoYal �US'A�.   

Some of tKe natXral processes tKat reGXce 
nXtrient ÀXxes to receiYinJ Zaters inclXGe� �� 
restoration of riYerine ZetlanGs Ey tKe U.S. )isK 
anG WilGlife SerYice �US)WS� anG USAC(� 
�� manaJement of riYer ÀoZs to increase 
conGitions conGXciYe to increaseG nXtrient 
reGXctions� sXcK as locN anG Gam manaJement 
on tKe Xpper 0ississippi 5iYer� anG �� coastal 
GiYersions onto tKe 0ississippi 5iYer Gelta 
at proMects liNe tKe CaernarYon )resKZater 
'iYersion 3roMect.  Similarly� ÀoZ manaJement 
on tKe 0ississippi 5iYer tKat GiYerts ��� of ÀoZ 
GoZn tKe AtcKafalaya 5iYer proYiGes increaseG 
opportXnity for nXtrient remoYal in extensiYe 

GistriEXtary ZetlanGs in tKe loZer reacKes of tKat 
riYer.  US'A createG more tKan ��.� million acres 
of neZ ZetlanGs in ���� anG ���� as a resXlt of 
researcK sKoZinJ tKat Zater leaYinJ a ZetlanG 
KaG only a fraction of tKe nXtrients ����� tKan in 
tKe sXEsXrface Zater enterinJ tKe ZetlanGs from 
aJricXltXral fielGs.  7Ke ZetlanGs proJram ZitKin 
US'A C53 Zas aXJmenteG Ey tKe ���� )ooG� 
ConserYation� anG (nerJy Act� ZitK a specific 
empKasis on encoXraJinJ proGXcers to constrXct 
ZetlanGs to remoYe nitroJen Eefore it enters 
streams.

7Ke strateJic inteJration of perennials into 
aJro�ecosystems proYiGes Jreater Eenefits tKan 
tKeir spatial extent sXJJest �ScKXlte et al. ����� 
US'A )orest SerYice�.  CXrrent researcK at tKe 
fielG� ZatersKeG� anG lanGscape scales in tKe Xpper 
0ississippi 5iYer Easin is focXseG on seYeral 
components tKat contriEXte to tKe mitiJation 
of nXtrient loaGinJ to tKe 0ississippi 5iYer.  
5esearcKers KaYe employeG simXlation moGels to 
extrapolate resXlts from small�scale stXGies oYer 
EroaG scales.  Also� researcK is EeinJ conGXcteG on 
tKe fXnGinJ anG social mecKanisms neeGeG to ZorN 
ZitK priYate lanGoZners EecaXse� to Ee sXccessfXl� 
tKe researcK mXst Ee participatory.  7Ke US'A 
)orest SerYice¶s Center for %ottomlanG HarGZooG 
5esearcK in 0ississippi is a maMor partner in tKe 
effort to restore aJricXltXral lanGs to EottomlanG 
KarGZooG ecosystems in tKe 0ississippi 9alley.  
An important part of tKe proJram is GeYelopinJ anG 
GeliYerinJ tecKnoloJy on KoZ to GesiJn anG install 
foresteG EXffers to protect Zater TXality.

7Ke US'A )orest SerYice Kas conGXcteG 
extensiYe researcK on reforestation restoration 
tecKniTXes� tKeir costs� anG expecteG Eenefits 
�*arGiner anG 2liYer �����.  7Ke maMority of 
reforestation proMects in tKe /oZer 0ississippi 
AllXYial 9alley �/0A9� Xse loZ intensity �less 
expensiYe� EXt less assXreG in oEtaininJ GesireG 
Eenefits� metKoGs tKat Zere estaElisKeG tKroXJK 
tKe C53 anG tKe WetlanG 5eserYe 3roJram 
�*arGiner anG 2liYer �����.  7Kese proJrams 
proYiGe sXEsiGies for lanGoZners ZillinJ to 
conYert aJricXltXral lanG to forest� ranJe from 
ten year aJreements to perpetXal easements� anG 
reimEXrse lanGoZners for ��� to ���� of tKe 
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costs of approYeG practices.  %y ����� reforestation 
reclaimeG an estimateG ������� Ka in tKe /0A9 
�*arGiner anG /ocNKart ����� anG ��� of tKis lanG 
is priYately oZneG �*arGiner anG 2liYer �����.

A tool tKat Zill Kelp acKieYe tKat Joal is a 
Gecision sXpport system tKat can iGentify tKe 
JeoJrapKic areas ZitK tKe Jreatest potential for 
restoration anG proYision of relateG ecosystem 
serYices.  7Ke (co�Assessor� a Gecision sXpport 
system GeYelopeG Ey tKe US*S anG (3A �'aYis 
et al. ������ can Kelp planners anG manaJers 
tarJet areas ZitK tKe Jreatest potential for nXtrient 
remoYal from riYer Zater Ey increasinJ tKe ZeiJKt 
of  tKe  most important fXnctions in tKe moGel 
�Zater TXality� anG reGXcinJ tKe ZeiJKt of less 
important fXnctions �KaEitat� KyGroloJy� anG 
restoraEility�.  7Kis can alloZ manaJers to tarJet 
areas ZKere tKe proEaEility of restoration sXccess 
is KiJKest� anG eliminate from consiGeration areas 
ZitK less potential.  7Kis can sXstain pXElic sXpport 
for ZetlanG restoration Ey KaYinJ tKe most accXrate 
information aYailaEle to tKe pXElic.  

3.5. Economic Assessments
'etermininJ tKe economic impacts of coastal 

Kypoxia anG tKe costs anG Eenefits of nXtrient 
reGXction ZitKin ZatersKeGs Kas proYen GifficXlt 
anG complex.  HoZeYer� some proJress Kas 
Eeen maGe anG efforts are onJoinJ.  WitKin tKe 
ZatersKeG� tKe US'A (conomic 5esearcK SerYice 
�(5S� eYalXateG tKe economic costs of reGXcinJ 
nXtrient loaGs to tKe *Xlf of 0exico for tKe oriJinal 
Committee on (nYironment anG 1atXral 5esoXrces 
�C(15� stXGy �'oerinJ et al. �����.  Since tKen� 
(5S Kas proYiGeG some aGGitional insiJKts on 
policy options for reGXcinJ nXtrient loaGs to tKe 
*Xlf.  ,n ����� (5S compareG soXrce reGXction 
�fertili]er manaJement� anG interception strateJies 
�ZetlanG restoration� for controllinJ nitroJen 
loss in tKe 0ississippi 5iYer Easin �5iEaXGo et 
al. �����.  (5S foXnG tKat a stanGarG on fertili]er 
applications Zas more cost�effectiYe tKan restorinJ 
ZetlanGs Xp to a particXlar leYel of total nitroJen 
loss reGXction �aEoXt ��� reGXction�.  %eyonG tKis 
point� ZetlanG restorations are more cost�effectiYe.  

,n ���� (5S assesseG tKe economic Eenefits of 
a Zater TXality traGinJ proJram EetZeen point anG 
aJricXltXral soXrces in tKe 0ississippi 5iYer Easin 
�5iEaXGo et al. �����.  AlloZinJ traGes EetZeen 
point anG aJricXltXral soXrces Zas foXnG to reGXce 
oYerall nitroJen aEatement costs.  A JeoJrapKically 
extensiYe traGinJ proJram Zas also foXnG to raise 
crop prices� increase proGXction� erosion� anG 
nXtrient loss oXtsiGe of tKe Easin.

AGGitionally� tKere are onJoinJ efforts to linN tKe 
ZatersKeG moGels ZitK tKe US'A 5(A3 �5eJional 
(nYironment anG AJricXltXral 3roJramminJ� 
economic moGel GeYelopeG Ey US'A �12AA�.  
7Kis linNaJe Zill alloZ for analyses of tKe 
economic costs of YaryinJ manaJement scenarios 
anG tKe corresponGinJ Eenefits in reGXcinJ nXtrient 
inpXts

As inGicateG in Section �.�.�� limiteG NnoZleGJe 
of tKe ecoloJical impacts of Kypoxia on liYinJ 
resoXrces Kas restricteG analyses of tKe economic 
impacts of Kypoxia to coastal commXnities.  
HoZeYer� a recent Eioeconomic moGel GeYelopeG 
to examine Kypoxia in tKe 1eXse 5iYer estXary in 
1ortK Carolina inGicates tKe economic impacts 
of Kypoxia may Ee KiJK �12AA�.  7Ke moGel 
inGicates tKat reGXctions in tKe spatial anG 
temporal extent of Kypoxia coXlG increase profits 
to sKrimpers� assXminJ no aGGitional entry into tKe 
fisKery Zas permitteG.  3reliminary estimates from 
tKis moGel KaYe sXJJesteG tKat a ��� reGXction 
in tKe nXmEer of Kypoxic Gays in tKe 1eXse 
5iYer estXary coXlG potentially increase sKrimper 
profits Ey ��.� million annXally.  As NnoZleGJe 
of tKe popXlation anG pKysioloJical impacts of 
Kypoxia JroZs� it is anticipateG tKat tKe economic 
conseTXences Zill Eecome clearer.    
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4.1. Introduction

FeGeral researcK proJrams are aGGressinJ 
many aspects of eXtropKication� nXtrient 

enricKment anG Kypoxia.  'espite GecaGes 
of researcK� KoZeYer� manaJement efforts to 
reGXce nXtrients²particXlarly from nonpoint 
soXrces²anG tKeir aGYerse impacts on coastal 
ecosystems KaYe not maGe siJnificant KeaGZay� in 
part GXe to increaseG GeYelopment anG popXlation 
in coastal ZatersKeGs.  7Ke tasN of manaJinJ 
nXtrients anG associateG Kypoxia ZitKin anG across 
GiYerse lanGscapes anG political MXrisGictions is 
complicateG Ey a JroZinJ� EXt still incomplete� 
XnGerstanGinJ of tKe statXs of eXtropKication of 
coastal ecosystems anG tKe processes tKat control 
Zater TXality responses to excess nXtrients.  %Xt 
tKere are siJnificant opportXnities for aGYancement.  

Scientific Gata anG tools are� as of yet� 
inaGeTXate to fXlly inform manaJement 
actions GirecteG at Kypoxia in all of tKe coastal 
enYironments impacteG Ey Kypoxia.  ,Geally� sXcK 
tools ZoXlG alloZ manaJers to reaGily estaElisK 
reasonaEle science�EaseG Joals Ey TXantitatiYely 
linNinJ manaJement actions to nXtrient loaGs� 
nXtrient loaGs to coastal Zater TXality� anG coastal 
Zater TXality to ecoloJical oXtcomes of concern.

7Kis cKapter ErinJs toJetKer conclXsions of 
a nXmEer of reports tKat inGepenGently aGGress 
researcK enGeaYors tKat coXlG Eest improYe 
manaJement of Kypoxia in U.S. coastal Zaters.  
7Kese reports resXlteG from GeliEeratiYe� inclXsiYe� 
anG cooperatiYe efforts or ZorNsKops focXseG 
on GetermininJ researcK priorities.  5esearcK 
priorities relateG to Kypoxia in tKe nortKern *Xlf 
of 0exico KaYe receiYeG more concerteG )eGeral 
GeliEeration recently tKan priorities for otKer 
systems anG KaYe Eeen aGGresseG in at least fiYe 
maMor reports.  7Kese inclXGe �� tKe 2008 Gulf 

Hypoxia Action Plan �0ississippi 5iYer�*Xlf of 
0exico WatersKeG 1Xtrient 7asN )orce ������ 
�� tKe Hypoxia in the Northern Gulf of Mexico, 
An Update by the EPA Science Advisory Board 
�U.S. (3A �����, �� tKe Gulf of Mexico Hypoxia 
Monitoring Implementation Plan �*Xlf of 0exico 
Hypoxia 0onitorinJ ,mplementation 3lan 
SteerinJ Committee ������ �� tKe Science Strategy 
to Support Management Decisions Related to 
Hypoxia in the Northern Gulf of Mexico and 
Excess Nutrients in the Mississippi River Basin 
�0ississippi 5iYer�*Xlf of 0exico WatersKeG 
1Xtrient 7asN )orce ������ anG �� Nutrient 
Control Actions for Improving Water Quality in 
the Mississippi River Basin and Northern Gulf 
of Mexico �15C �����.  7Ke Lake Erie Research 
Planning Workshop Report �12AA ����� 
aGGresseG researcK neeGs for /aNe (rie� inclXGinJ 
priorities for aGGressinJ Kypoxia.  7Ke introGXction 
to tKe special issXe of tKe -oXrnal of (xperimental 
0arine %ioloJy anG (coloJy on tKe Ecological 
Impacts of Hypoxia on Living Resources �.iGZell 
et al. ����� proYiGes a frameZorN for JXiGinJ 
researcK aimeG at assessinJ tKe effects of Kypoxia 
on liYinJ resoXrces.  %roaG JXiGance reJarGinJ 
researcK priorities Kas Eeen sXJJesteG Ey national 
assessments sXcK as tKe National Estuarine 
Eutrophication Assessment �%ricNer et al. �����.  
AltKoXJK researcK is clearly EeinJ Gone to sXpport 
manaJement of eXtropKication anG Kypoxia in 
systems� sXcK as CKesapeaNe %ay� /onJ ,slanG 
SoXnG� 1arraJansett %ay� anG HooG Canal� recent 
GocXmentation of an oYerall researcK strateJy for 
tKese coastal ecosystems Goes not exist.

Some of tKe iGentifieG researcK neeGs are 
common across coastal systems or reJions of tKe 
coXntry� EXt tKere are also Gifferences.  7Kese 
Gifferences resXlt from YariaEility in pKysical anG 
ecoloJical properties anG in tKe researcK carrieG 
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oXt to Gate.  )oXr main cateJories of researcK neeGs 
are iGentifieG in tKis report anG GiscXsseG EeloZ.  
WitKin eacK cateJory� system�specific or reJional 
Gifferences in researcK neeGs are examineG.

4.2. Improved 
Characteri]ation and 
4uantification of Hypoxia

(ffectiYe manaJement of Kypoxia reTXires 
tKat tKe caXses� extent� anG seYerity of Kypoxia 
Ee aGeTXately XnGerstooG anG TXantifieG.  ,f tKe 
caXses are not tKoroXJKly XnGerstooG� effectiYe 
manaJement actions cannot Ee formXlateG.  
AGeTXate monitorinJ information is reTXireG 
to NnoZ tKe scope of tKe Kypoxia proElem anG 
to XnGerstanG if Kypoxia is expanGinJ or EeinJ 
reGXceG as a resXlt of manaJement actions.  
AGeTXate TXantification of Kypoxia is neeGeG for 
inGiYiGXal coastal ecosystems tKat experience 
recXrrent anG seYere Kypoxia �e.J.� tKe nortKern 
*Xlf of 0exico� anG for tKe 1ation¶s coastal Zaters 
as a ZKole.

CaXses of Kypoxia are relatiYely Zell XnGerstooG 
in some systems �e.J.� CKesapeaNe %ay� *Xlf of 
0exico� /onJ ,slanG SoXnG�� EXt tKere are many 
otKer U.S. systems tKat KaYe only relatiYely 
recently Eeen iGentifieG as experiencinJ Kypoxia.  
7Ke Jeneral pKenomena of transient Kypoxia GXe 
to Giel�cyclinJ of GissolYeG oxyJen leYels can KaYe 
Gramatic conseTXences� sXcK as fisK Nills� EecaXse 
of its freTXency anG location of occXrrence.  7Kis 
pKenomenon is proEaEly more ZiGespreaG anG 
proElematic tKan cXrrently GocXmenteG.  3rocess 
stXGies are neeGeG to elXciGate system Gynamics 
anG clarify caXses.  )or example� improYeG 
XnGerstanGinJ of KoZ nXtrient anG seGiment 
Gynamics contriEXte to Kypoxia Zill leaG to 
Eetter preGictiYe moGels.  )XrtKer� it is cXrrently 
KypotKesi]eG tKat some systems KaYe experienceG 
reJime sKifts �e.J.� *Xlf of 0exico� CKesapeaNe 
%ay� GXe to nXtrient oYerloaGinJ ZKicK Kas tKe 
effect of increasinJ tKe amoXnt of Kypoxia for 
a JiYen loaG of nXtrients.  'etermininJ factors 
XnGerlyinJ sXcK cKanJes is important for refininJ 
moGels anG manaJement actions.  Hypoxia moGels 
proYiGe tKe aEility to test KypotKeses aEoXt tKe 

caXses �i.e.� nXtrient leYels� fresKZater ÀoZ� 
stratification� seGiment Gynamics� etc.�. )XrtKer 
moGel GeYelopment anG transfer to operational Xse 
Ey coastal manaJers sKoXlG Ee pXrsXeG.  

0onitorinJ of Kypoxia in U.S. coastal Zaters 
is cXrrently imEalanceG� ZitK some systems 
monitoreG Yery Zell �e.J.� CKesapeaNe %ay� anG 
otKers monitoreG mXcK less freTXently.  ,n some 
cases� a siJnificant effort Kas Eeen expenGeG� EXt 
sXEstantial Japs in NnoZleGJe remain EecaXse tKe 
affecteG area is Yery larJe anG costly to sample 
aGeTXately �e.J.� *Xlf of 0exico Kypoxic ]one�.  
0onitorinJ strateJies KaYe often Eeen inaGeTXate to 
cKaracteri]e tKe inciGence of Kypoxia EecaXse time 
or space scales for samplinJ are too EroaG.  )XrtKer� 
in some Zaters� Kypoxia occXrs perioGically anG 
primarily �or exclXsiYely� at niJKt anG cannot Ee 
captXreG ZitK reJXlar Eoat sXrYeys GXrinJ tKe Gay.  

4.2.1. Hypoxia Surveys
Hypoxia is often GifficXlt to TXantify since 

tKere is XsXally consiGeraEle temporal anG spatial 
YariaEility.  0Xltiple sXrYeys ZitKin a season are 
XsXally reTXireG to assess Joals or stanGarG in 
a scientifically YaliG manner anG are critical for 
measXrinJ proJress anG sXpportinJ lonJ�term 
aGaptiYe manaJement strateJies.  )or example� 
tKe extent of Kypoxia in tKe CKesapeaNe %ay 
mainstem is monitoreG Ey 0arylanG� 9irJinia� anG 
(3A at least montKly tKroXJKoXt tKe sXmmer. 7Kis 
samplinJ GesiJn alloZs for an accXrate assessment 
of tKe extent of tKe proElem anG Kas KelpeG 
manaJers set GissolYeG oxyJen criteria for tKe %ay 
anG tracN proJress toZarG meetinJ tKose criteria.  
,n tKe nortKern *Xlf of 0exico� KoZeYer� one miG�
sXmmer sKelf�ZiGe sXrYey is conGXcteG  Ey tKe 
/oXisiana UniYersities 0arine ConsortiXm as part 
of 12AA¶s 1*20(; researcK proJram.  *iYen 
tKe consiGeraEle YariaEility of Kypoxia GXrinJ 
tKe sXmmer in tKis reJion� one crXise Goes not 
proYiGe tKe coYeraJe neeGeG to monitor proJress 
toZarG tKe Kypoxia reGXction Joal.  5eJXlarly 
scKeGXleG sKelf�ZiGe monitorinJ of tKe nortKern 
*Xlf of 0exico GXrinJ tKe Zarmer montKs of April 
tKroXJK SeptemEer ZoXlG proYiGe tKe riJoroXs 
TXantification of Kypoxia tKat is reTXireG to assess 
tKe Joal on an annXal Easis.  7Kis neeG Kas Eeen 
GocXmenteG in response to a sXmmit tKat Zas KelG 
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to aGGress tKe cXrrent Geficiencies in monitorinJ tKe 
Kypoxic ]one in tKe nortKern *Xlf of 0exico  �*Xlf 
of 0exico Hypoxia 0onitorinJ ,mplementation 
3lan SteerinJ Committee �����.

AltKoXJK tKe CKesapeaNe %ay anG some otKer 
systems �e.J.� /onJ ,slanG SoXnG� KaYe Eeen 
relatiYely Zell�sampleG� tKere is no national 
proJram or strateJy to systematically assess tKe 
extent� GXration� freTXency� or intensity of Kypoxia 
in U.S. coastal Zaters.  A sXrYey proJram or 
coorGinateG monitorinJ netZorN GesiJneG ZitK an 
appreciation of tKe temporal Gynamics anG liNely 
spatial GistriEXtion of Kypoxia ZoXlG proYiGe a 
more complete representation of tKe extent of 
Kypoxia nationZiGe.  

4.2.2. Instrumented Observing Systems
SKip�EaseG sXrYeys cannot reasonaEly aGGress 

tKe extent of Kypoxia in all U.S. coastal Zaters GXe 
to cost anG� particXlarly� EecaXse of tKe temporal 

Gynamics of Kypoxia in some coastal systems.  7Kis 
cKallenJe can liNely Ee met Ey neZ tecKnoloJies 
for measXrinJ GissolYeG oxyJen� particXlarly 
optical sensors� tKat can Ee GeployeG in tKe fielG 
to proYiGe continXoXs measXrements.  Sensors 
are increasinJly staEle in tKeir caliErations anG 
resistance to EiofoXlinJ.  7Keir Gata can Ee relayeG 
to inYestiJators in near real�time Yia Zireless 
Gata netZorNs anG otKer telemetry tecKnoloJies.  
,nstrXmenteG oEserYinJ systems reTXire an initial 
infrastrXctXre inYestment� EXt tKen may offer cost�
saYinJs relatiYe to traGitional sXrYeys.  0oreoYer� 
only continXoXsly GeployeG instrXments offer 
a practical means of cKaracteri]inJ temporal 
Gynamics of Kypoxia oYer a ranJe of time scales� 
inclXGinJ Giel�cyclinJ Kypoxia.  )inally� in sitX 
oEserYinJ in tKe *Xlf of 0exico presents special 
consiGeration.  7Ke freTXency of KXrricanes maNes 
maintaininJ instrXmenteG oEserYinJ systems 
expensiYe GXe to tKe KiJK cost of insXrance anG 
replacement costs ZKen GeYices are lost in maMor 
storms� sXcK expense is not feasiEle for most 
acaGemic researcKers.  2nly a )eGeral partnersKip 
ZitK state anG reJional entities is liNely to sXcceeG 
in estaElisKinJ anG maintaininJ a compreKensiYe 
national monitorinJ capaEility for Kypoxia. 

4.2.3. Other Advanced Technologies
AXtonomoXs XnGerZater YeKicles� sXcK as 

JliGers anG poZereG XnGerZater YeKicles� can carry 
sensor payloaGs anG proYiGe YalXaEle information 
on tKe spatial GistriEXtion of Kypoxia anG relateG 
Zater TXality YariaEles.  /iNe mooreG instrXmenteG 
oEserYinJ systems� tKey may Jenerate cost saYinJs 
Ey aXtomatinJ samplinJ anG reGXcinJ tKe neeG for 
costly sKip anG Eoat operations.  Hypoxia cannot 
Ee monitoreG Girectly Yia satellite remote sensinJ� 
EXt Jreater Xse of remote sensinJ coXlG proYiGe 
important Gata on factors tKat caXse or control 
Kypoxia� inclXGinJ cKloropKyll�a� Zater clarity� 
sXspenGeG soliGs� anG potentially otKer YariaEles.  
,nteJration of aGeTXate real�time Gata streams into 
operational noZcast�forecast simXlation moGelinJ 
systems �e.J.� 12AA 3257S moGels in 0oEile 
%ay� 1arraJansett %ay� anG elseZKere� Kas tKe 
potential to proYiGe EotK spatially anG temporally 

An important tool for oceanographic research and water quality 
sampling - the CTD rosette. 
Photo: EPA Gulf Ecology Division
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resolYeG cKaracteri]ations of Kypoxia in coastal 
Zaters ZitK reasonaEle anG TXantifiaEle accXracy.

4.2.4. Improved Modeling of Hypoxia
%ecaXse Kypoxia resXlts from interactions 

EetZeen pKysical anG EioloJical processes in time 
anG space� simXlation moGels²especially coXpleG 
pKysical�EioloJical Zater TXality moGels²are 
especially XsefXl.  Scientists increasinJly rely on 
moGels to test assXmptions aEoXt tKe caXses of 
Kypoxia.  ,n tKe past seYeral GecaGes� tKe tecKnical 
GifficXlty� cost to implement� anG compXtational 
reTXirements for rXnninJ tKese moGels anG 
eYalXatinJ tKeir oXtpXt KaYe limiteG tKeir Xse to 
a feZ relatiYely Zell�fXnGeG moGelinJ proJrams� 
XsXally ZorNinJ in tKe KiJKest profile areas �e.J.� 
CKesapeaNe %ay�.  5ecently� tKis sitXation Kas 
EeJXn to cKanJe Gramatically.  'esNtop compXters 
toGay are Yastly more poZerfXl tKan tKey Zere 
a feZ years aJo.  3oZerfXl parallel compXtinJ 
clXsters can also Ee assemEleG at reasonaEle 
cost.  AltKoXJK tKe moGels remain complex� it is 
noZ possiEle for more inYestiJators to consiGer 
implementinJ anG XsinJ tKem.  1eZ anG efficient 
open�soXrce moGelinJ coGes sXcK as 520S 
�SKcKepetNin anG 0cWilliams ����� anG tKe )inite 
9olXme CommXnity 2cean 0oGel �)9C20� 
�CKen et al. ����� offer poZerfXl anG aGYanceG 
capaEilities sXcK as Gata assimilation� ZKile also 
enaElinJ relatiYely simple tests of concepts �e.J.� 
HetlanG anG 'i0arco �����.  7Ke Gata neeGeG to 
sXpport tKe moGels can increasinJly Ee oEtaineG� 
sometimes in real�time or near real�time Yia 
internet Gata portals.  ,t noZ seems possiEle 
tKat eYen reasonaEly complex moGels coXlG Ee 
GeYelopeG anG XseG to sXpport Zater TXality 
manaJement anG otKer pXElic neeGs in many 
coastal systems� or potentially tKe entire U.S. coast.

AnotKer conseTXence of tKe loZer cost of 
implementinJ simXlations moGels is tKat it is noZ 
possiEle anG eYen GesiraEle for seYeral inGepenGent 
or ³competinJ´ moGelinJ efforts to aGGress similar 
issXes for tKe same JeoJrapKic location.  7Kis 
GeYelopment is a positiYe one EecaXse scientific 
GeEate anG consensXs�EXilGinJ²ZKicK promote 
scientific aGYancement²cannot occXr effectiYely 
if tKere is only a sinJle moGelinJ proJram.  As an 

example� scientists ZorNinJ to aGGress Kypoxia 
in tKe nortKern *Xlf of 0exico clearly inGicateG 
tKeir preference for XsinJ a Yariety of Gifferent 
moGels relyinJ on Gifferent approacKes anG 
assXmptions �0ississippi 5iYer�*Xlf of 0exico 
WatersKeG 1Xtrient 7asN )orce �����.  7Ke )eGeral 
JoYernment sKoXlG continXe to sXpport moGelinJ 
efforts Ey sXpportinJ open�soXrce moGel coGe 
GeYelopment� proJrams tKat maintain larJe�scale 
moGelinJ efforts� anG proJrams tKat proYiGe Gata 
proGXcts tKat facilitate GeYelopment of local�scale 
Zater TXality moGels.

4.3. Improved 
Characteri]ation of Impacts 
of Hypoxia

Concern ZitK Kypoxia stems from tKe associateG 
loss of KXman anG aTXatic life Xses in affecteG 
coastal systems.  7o set reasonaEle oEMectiYes 
for manaJement of Kypoxia� anG to MXstify anG 
sXstain efforts to acKieYe tKose oEMectiYes� it is 
important to TXantify tKe impacts� EotK in terms of 
aTXatic life Xse anG ecosystem serYices proYiGeG to 
KXmans.  )XrtKer� it is important to TXantify losses 
tKat KaYe or are presently occXrrinJ� tKose tKat 
Zill resXlt from a fXrtKer increase in Kypoxia� anG 
tKose ecosystem serYices tKat coXlG Ee restoreG Ey 
reGXcinJ Kypoxia. 

A NnoZn continXXm of Kypoxia effects Kas 
Eeen empirically relateG to GissolYeG oxyJen 
concentrations �e.J.� 'ia] anG 5osenEerJ ����� 
.iGZell et al. ������ proYiGinJ JXiGance on liNely 
effects of Kypoxia� eYen in tKe aEsence of Girect 
stXGies of effects in a particXlar coastal system.  
HoZeYer� Girect anG systematic assessments of 
ecoloJical effects of Kypoxia in coastal ecosystems� 
ZKicK are important for accXrately eYalXatinJ 
impacts� are relatiYely rare.  'ramatic anG YisiEle 
fisK Nills associateG ZitK Kypoxia can Jarner 
siJnificant pXElic attention� EXt more serioXs effects 
are often mXcK less oEYioXs� sXcK as reGXceG 
proGXction.  ,n systems sXEMect to increases in 
Kypoxia oYer time� tKe pXElic anG eYen scientists 
can fail to recoJni]e EotK ZKat Kas Eeen lost anG 
ZKat coXlG Ee reJaineG Ey restorinJ Zater TXality.
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4.3.1. Impacts Surveys
3riority researcK neeGs relateG to impacts 

of Kypoxia in coastal Zaters focXs on�  
�� cKaracteri]inJ cXrrent anG past EioloJical 
conGition in ecosystems affecteG Ey Kypoxia 
�� cKaracteri]inJ cKronic� sXE�letKal effects on 
inGiYiGXals� �� TXantifyinJ effects at tKe popXlation 
anG commXnity leYel� anG �� cKaracteri]inJ 
interactions EetZeen Kypoxia anG otKer stressors. 

CKaracteri]inJ EioloJical conGition of coastal 
ecosystems� sXcK as Yia faXnal assessments� is 
one of tKe most Girect Zays to eYalXate ecoloJical 
impacts GXe to Kypoxia.  ,mproYeG faXnal 
monitorinJ presents an opportXnity to increase oXr 
XnGerstanGinJ.  ,n tKe nortKern *Xlf of 0exico� 
12AA S(A0A3 conGXcts traZl sXrYeys to assess 
fisK aEXnGance� EXt Goes not examine EentKic 
commXnity conGition.  ,n some less�stXGieG 
systems ZKere Kypoxia Kas Eeen GocXmenteG 
�e.J.� 3ensacola %ay� )loriGa�� Yery little Gata are 
aYailaEle to cKaracteri]e EioloJical conGition� anG 
no sXEstantial attempt Kas Eeen maGe to relate 
conGition to tKe extent of Kypoxia.  7Kese Gata 
limitations contrast ZitK more extensiYe stXGies 
in tKe CKesapeaNe %ay system� ZKere GecaGes of 
EentKic anG fisK sXrYeys GescriEe tKe effects of 
Kypoxia.

4.3.2. Assessing Biological Responses 
and Modeling

0oGels are inYalXaEle tools for TXantifyinJ 
tKe effects of Kypoxia� sometimes proYiGinJ 
insiJKts into Eiotic effects of Kypoxia tKat 
ZoXlG Ee impossiEle to resolYe from empirical 
oEserYations alone.  StXGies tKat proYiGe a GetaileG 
XnGerstanGinJ of tKe effects of loZ oxyJen on 
Eiota present an opportXnity to Eetter sXpport 
tKese moGels anG increase ZKat can Ee learneG 
from tKem.  )or example� motile species can 
sometimes aYoiG exposXre to Kypoxia Ey moYinJ 
aZay.  Species may also moGify feeGinJ anG 
otKer EeKaYiors� impactinJ JroZtK� reproGXction� 
anG often preGator aYoiGance.  )XrtKer researcK 
GescriEinJ tKese EeKaYiors ZoXlG sXpport Eetter 
moGels to preGict effects of Kypoxia on inGiYiGXals� 
popXlations� anG commXnities.  4Xantification of 
sKifts in enerJy ÀoZs ZitKin entire fooG ZeEs as 

a resXlt of eXtropKication anG Kypoxia �e.J.� %airG 
et al. ����� ZoXlG proYiGe inteJrateG perspectiYes 
on tKe effect of Kypoxia on marine life in coastal 
systems.  UnfortXnately� Kypoxia is rarely tKe 
only stressor in coastal systems.  7Kerefore� Eetter 
Gata anG moGels are neeGeG to examine Kypoxia 
interactions ZitK aGGitional stressors sXcK as 
fisKeries exploitation� KaEitat loss� anG inYasiYe 
species.  )inally� GeYelopment of Eio�economic 
moGels coXlG Kelp assess effects of Kypoxia 
on economically important fisKeries anG otKer 
ecosystem serYices� tKereEy KelpinJ proYiGe an 
improYeG XnGerstanGinJ of tKe possiEle economic 
Eenefits from nXtrient manaJement.

4.3.3. Assessing Economic Impacts

)or accXrate economic analyses� Gata are 
neeGeG tKat accoXnt for tKe many soXrces of 
YariaEility inÀXencinJ popXlation Gynamics anG 
lanGinJs.  ,n aGGition� more NnoZleGJe on Kypoxia 
occXrrence anG GistriEXtion as Zell as Gata on 
effects on YarioXs ecosystem components are 
neeGeG.  Similar limitations are encoXntereG ZKen 
tryinJ to estimate economic losses from HA%s 
�AnGerson et al. �����.  /onJ�term monitorinJ 
proJrams tKat measXre GissolYeG oxyJen at proper 
spatial anG temporal scales coXpleG ZitK ecosystem 
moGels GescriEeG in tKe preYioXs section are critical 
for resolYinJ tKe ecoloJical impacts tKat tKen 
set tKe staJe for assessinJ tKe economic impacts 
attriEXtaEle to Kypoxia. 

4.4. Quantifying Nutrient 
Flux to Coastal Waters

)resKZater inÀoZ anG nXtrient inpXts to coastal 
Zaters are tKe primary caXses of eXtropKication anG 
Kypoxia in coastal Zaters.  7Kese factors remain 
important areas of Xncertainty for coastal science 
anG manaJement.  3oor TXantification of tKese 
factors maNes it mXcK KarGer to relate Kypoxia 
anG tKe associateG Zater TXality effects in coastal 
Zaters to tKe specific antKropoJenic caXses in tKeir 
GrainaJe Easins.  7racNinJ nXtrients GeliYereG to 
coastal Zaters EacN to soXrce areas anG KXman 
actiYities on tKe lanGscape is essential for GesiJninJ 
effectiYe manaJement strateJies to reGXce nXtrient 
losses ZitKin tKe GrainaJe Easins anG to reGXce 
nXtrient GeliYery to coastal systems.  AGGitionally� 
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it is important to TXantify tKe enYironmental 
processes tKat inÀXence transport anG fate of 
nXtrients ZitKin Easins as tKey affect Xltimate 
GeliYery to coastal ecosystems.

4.4.1. Monitoring Nutrient Sources and 
Fluxes to Coastal Ecosystems  

0onitorinJ streamÀoZ anG nXtrient ÀXxes 
tKeoretically is straiJKt�forZarG.  /oaG estimates 
can Ee maGe XsinJ Zell�estaElisKeG reJression�
EaseG moGels �CoKn et al. ����� 5XnNel et al. 
����� or relateG metKoGs �AXlenEacK anG Hooper 
����� tKat rely on streamÀoZ monitorinJ Gata anG 
reJXlar measXres of Zater cKemistry.  HoZeYer� tKe 
nXmEer of JaXJeG riYers is small� anG contriEXtinJ 
GrainaJe Easins can extenG oYer EroaG areas TXite 
Gistant from tKe coast.  As a resXlt� siJnificant 
monitorinJ is reTXireG to proYiGe sXfficient Gata 
to maNe aGeTXate estimates of tKe GeliYery of 
streamÀoZ anG nXtrients to tKe coast anG tKe soXrce 
areas anG KXman actiYities ZitKin tKe Easin tKat 
affect tKem.

AltKoXJK simple in tKeory� tKere remains 
room to improYe tKe statistical metKoGs of 
loaG estimation GirecteG larJely at reGXcinJ tKe 
freTXency anG costs associateG ZitK Zater TXality 
monitorinJ.  1Xtrient loaG estimates ZitK aGeTXate 
temporal resolXtion to GeYelop caXse�anG�effect 
linNaJes to tKe onset� extent� anG GXration of 
Kypoxia anG to sXpport empirical anG simXlation 
moGels of coastal systems cXrrently are not 
aYailaEle in tKe UniteG States.  7Kis is larJely a 
resXlt of insXfficient freTXency of Zater TXality 
monitorinJ anG inaGeTXate streamÀoZ JaXJinJ.  
AcceptaEly accXrate estimates of loaGs are neeGeG 
at montKly or KiJKer freTXencies �e.J.� ZeeNly�.  
HoZeYer� increaseG temporal resolXtion comes 
at tKe expense of increaseG limits of Xncertainty 
Xnless tKere is a commensXrate increase in tKe 
freTXency of samplinJ.  

ContinXoXs real�time nXtrient monitorinJ 
stations offer a potential solXtion.  7Kese KaYe Eeen 
pioneereG in a feZ locations sXcK as tKe moXtKs of 
tKe 0ississippi anG AtcKafalaya 5iYers.  HoZeYer� 
tKe tecKnoloJy neeGs fXrtKer GeYelopment to Ee 
more practical anG reliaEle anG to proYiGe Gata on a 
sXfficient sXite of Zater TXality constitXents.   

0onitorinJ riYerine GeliYery of nXtrients 
EeyonG tiGal Zaters to coastal systems Kas Eeen 
complicateG Ey GifficXlties in stream JaXJinJ anG 
representatiYe samplinJ in tiGal reacKes.  1eZ 
tecKniTXes employinJ acoXstic Goppler cXrrent 
profilers KaYe maGe tKese measXrements possiEle 
anG reGXceG tKe Xncertainty associateG ZitK 
nXtrient remoYal or aGGitions in tiGal riYer reacKes 
�%ox ���.  

0easXrements of point soXrce loaGinJs of 
nXtrients are also neeGeG.  )or most coastal 
Zaters� tKese are not sXfficiently accessiEle.  
7Ke CKesapeaNe %ay 3roJram¶s 1Xtrient 3oint 
SoXrce 'ataEase proYiGes a JooG example of 
ZKat sKoXlG Ee implementeG mXcK more EroaGly.  
A consistent� systematic� anG compreKensiYe 
nationZiGe approacK for estimatinJ nXtrient 
loaGs to coastal Zaters from all XplanG soXrces 
�ÀXYial� GiffXse� point soXrce� atmospKeric� ZoXlG 
Ee a Yery YalXaEle tool to sXpport science anG 
manaJement relateG to Kypoxia in U.S. coastal 

Dr. Peter Eldridge extracts sediment cores to investigate 
sediment biogeochemical processes in the Gulf of Mexico 
hypoxic zone. 
Photo: EPA Gulf Ecology Division



Scientific Assessment of  Hypoxia in U.S. Coastal Waters ��

Future Research and Coordination

Zaters.  (stimates for atmospKeric Geposition� EotK 
Gry anG Zet� to coastal systems is a soXrce of Jreat 
Xncertainty in tKe XnGerstanGinJ of nitroJen anG 
carEon cyclinJ in ZatersKeGs.

4.4.2. Modeling Source Areas, Source 
Mechanisms, and Trends in Nutrient 
Loads 

0oGelinJ is a YalXaEle tool for interpretinJ 
Gata across a EroaG ranJe of scales anG employinJ 
a ranJe of approacKes from pXrely Geterministic 
simXlation moGelinJ to statistically EaseG empirical 
approacKes. 

7Ke interpretation of trenGs in streamÀoZ 
anG nXtrient loaGs proYiGes important feeGEacN 
to aGaptiYe manaJement.  Separation of natXral 
Yariations from tKose inGXceG Ey KXman actiYities� 
sXcK as cKanJes in lanG Xse practices anG 
manaJement actions to reGXce nXtrient loses� can 
Ee extremely cKallenJinJ.  1eZ statistical moGels 
are neeGeG to implement sXcK time series analyses. 

7Kere are insXfficient resoXrces to monitor 
streamÀoZ anG nXtrient loaGs at all inlanG 
ZatersKeGs.  As a resXlt� monitorinJ is Gone in 
ZatersKeGs representatiYe of otKers ZitK similar 
climate� lanG Xse� otKer measXres of nXtrient inpXts� 
ZetlanGs� anG manaJement actions.  ,n tXrn� tKe 
moGels Kelp iGentify tKe representatiYe ZatersKeGs.  
7Ke moGels tKen extenG tKe monitorinJ Gata across 
tKe entire Easin to sKoZ tKe Gifferent contriEXtions 
JeoJrapKically anG to iGentify tKe relatiYe 
contriEXtions from Gifferent antKropoJenic soXrces.  
SXcK spatial information sKoXlG Ee consiGereG 
ZKen manaJement actions are implementeG so 
tKat resoXrces are inYesteG ZKere tKey Zill KaYe 
tKe Jreatest Eenefit.  AltKoXJK tKe S3A552W 
moGel Kas Eeen applieG at a national scale �SmitK 
et al. ������ as Zell as reJional �e.J.� 3reston anG 
%raNeEill ����� 0oore et al. ����� anG smaller 
scales� one limitation of S3A552W is tKat it Kas 
Eeen applieG to estimate aYeraJe annXal loaGinJ.  
2tKer approacKes are neeGeG ZKere seasonal or 
interannXal Gifferences mXst Ee resolYeG.  ,solateG 
implementation of moGels� sXcK as HyGroloJical 
SimXlation 3roJram�)ortran� can meet tKis neeG� 
EXt it Kas not Eeen GeYelopeG for most of tKe 
1ation¶s estXaries.  

Ancillary Gata on KXman actiYities across 
tKe lanGscape tKat affect nXtrient inpXts are 
critical to tKe GeYelopment of moGels tKat 
extenG monitorinJ Gata across larJe contriEXtinJ 
GrainaJe Easins.  7Kese ancillary Gata inclXGe 
information on cKemical Xse� lanG Xse� anG 
information on tKe types anG GistriEXtion of 
manaJement actions intenGeG to mitiJate nXtrient 
losses to streams.  7Ke Gata inclXGe type of crop 
or animal aJricXltXre� tKe extent� pattern� anG 
intensity of aJricXltXral GrainaJe� tKe extent of 
riYerine ecosystems tKat affect instream nXtrient 
concentrations� anG improYeG estimates of Girect 
nXtrient inpXts �atmospKeric Geposition anG point 
soXrce GiscKarJes�.  )XrtKermore� to maNe accXrate 
proMections of fXtXre trenGs� researcK is neeGeG 
to improYe XnGerstanGinJ of tKe conseTXences of 
lonJ�term GriYers� sXcK as climate cKanJe� cKanJes 
in croppinJ systems� extent of tile GrainaJe� anG 
EiofXels proGXction.

*roXnGZater also can proYiGe a siJnificant 
contriEXtion of Zater anG nXtrients to coastal 
ZaterEoGies.  ,t is GifficXlt to TXantify tKese 
ÀoZs anG loaGs.  AltKoXJK JroXnG�Zater ÀoZ 
system moGels can improYe estimates of tKese 
contriEXtions� tKey are GifficXlt anG expensiYe 
to GeYelop.  Cost�effectiYe moGels are neeGeG to 
assess tKe relatiYe role of JroXnG Zater in coastal 
ecosystems anG to TXantify its contriEXtion ZKere 
siJnificant.

4.4.3. Nutrient Processes in Watersheds  
4Xantification of tKe EioJeocKemical processes 

tKat affect nXtrient transport on tKe lanGscape anG 
ZitKin streams Zill also sXpport GeYelopment 
of soXnG lanG anG Zater TXality manaJement 
practices.  7Kese processes affect KoZ nXtrients 
are transporteG from lanGs ZitK YarioXs lanG Xse 
practices �crop aJricXltXre� animal aJricXltXre� 
XrEan� sXEXrEan� to streams anG inclXGe 
YarioXs components of tKe KyGroloJic cycle 
�rXnoff� JroXnGZater seepaJe� tile GrainaJe� anG 
atmospKeric transport�.  %ioJeocKemical processes 
Getermine nXtrient transport anG persistence 
GoZnstream to receiYinJ Zaters� inclXGinJ nXtrient 
transformation anG remoYal.  (cosystem types tKat 
are most effectiYe at reGXcinJ instream nXtrient 
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loaGs anG tKe cKaracteristics tKat maNe tKem most 
efficient mXst Ee iGentifieG.  7Kese inclXGe riYerine� 
estXarine� coastal� ZetlanG� anG Gelta ecosystems. 

5esearcK is neeGeG on small ZatersKeGs to 
inteJrate XnGerstanGinJ of tKe soXrce of nXtrients� 
tKe role of JroXnGZater� sXrface Zaters� riparian 
]ones anG ZetlanGs in tKe transport of nXtrients 
to tKe stream� anG tKe GoZnstream persistence 
of nXtrients.  A Eetter XnGerstanGinJ is neeGeG of 
tKe temporal anG seasonal Yariation in nXtrient 
ÀXxes anG tKe time laJs associateG ZitK cKanJes in 
GriYers �increaseG inpXts or mitiJation measXres� 
anG resXltinJ cKanJes in nXtrient loaGs.  7Ke role 
of YarioXs enYironmental meGia �seGiment anG 
orJanic matter� in GefininJ nXtrient EXGJets is 
poorly XnGerstooG.  ,mproYeG approacKes are 
neeGeG to cKaracteri]e Zater anG nXtrient Ealances 
for lanG areas to ZKicK mitiJation measXres may 
Ee applieG to ensXre tKat resoXrces are inYesteG 
in tKe KiJKest priority areas anG to areas ZKere 
manaJement actions Zill KaYe tKe Jreatest effect on 
nXtrient loaGs to receiYinJ coastal Zaters. 

0ost researcK on nXtrient cyclinJ in ZatersKeGs 
is GriYen larJely Ey concerns for science�EaseG 
manaJement actions tKat improYe local Zater 
TXality conGitions.  7ypically� tKis researcK is not 
GriYen Ey concerns for Zater TXality effects on 
coastal ecosystems� ZKicK can Ee TXite Gistant²
EotK JeoJrapKically anG cXltXrally.  An important 
Joal of researcK on nXtrient processes tKat is 
pertinent to Kypoxia sKoXlG Ee to consiGer aspects 
tKat are important to GoZnstream receiYinJ Zaters. 

4.5. Approaches for 
Reducing Nutrient Inputs to 
Coastal Waters

7Kis researcK is GirecteG at GeYelopinJ improYeG 
manaJement tools for mitiJatinJ excessiYe nXtrient 
ÀXxes to coastal ecosystems.  ,t Kas tZo maMor 
components� �� reGXcinJ nXtrient inpXts ± researcK 
to iGentify %03s for reGXcinJ nXtrient inpXts to 
streams� inclXGinJ losses from aJricXltXral lanGs� 
point soXrce inpXts� XrEan�sXEXrEan rXnoff� anG 
atmospKeric Geposition� anG �� enKancinJ nXtrient 
remoYal ± researcK to iGentify tKe instream nXtrient 
reGXctions taNinJ place in ZetlanG areas� inclXGinJ 
reconstrXcteG ZetlanGs� riYer reacKes amenaEle to 
nXtrient remoYal processes� constrXcteG riYerine 
ZetlanGs� anG coastal GiYersions.  3rocess researcK 
on nXtrient cyclinJ anG transport is fXnGamental to 
EotK of tKese components.  UnGerstanGinJ ZKere 
nXtrients are enterinJ tKe ZatersKeG anG KoZ mXcK 
eacK reJion is contriEXtinJ Zill leaG to more cost�
effectiYe tarJetinJ of nXtrient reGXction strateJies. 

4.5.1. Evaluation of Nutrient Reduction 
Strategies

(YalXations of nXtrient reGXction strateJies 
sKoXlG continXe in a GeliEerate anG measXraEle 
Zay to promote tKe most efficient anG cost�
effectiYe manaJement alternatiYes.  C(A3 �see 
Section �.�.�.�� is alreaGy proYinJ to Ee a JooG 
tool for tKis pXrpose anG may Zarrant expansion 
to more reJions of tKe UniteG States.  C(A3 anG 
otKer scientific assessments sKoXlG Ee continXeG 
to eYalXate tKe effectiYeness of cXrrent nXtrient 
reGXction manaJement tecKniTXes� ZKile 
GeYelopinJ Zays to maximi]e tKeir effectiYeness 

Box 13. USGS Deployment of New 
Instruments to Measure Water Flow 
and Sediment Flux

USGS is now deploying acoustic doppler current 
profilers	on	a	variety	of	platforms	to	monitor	a	range	of	
hydrologic measurements and applications, including 
computing	continuous	records	of	streamflow	for	tidally	
or	backwater	affected	streams,	measuring	velocity	fields	
with high spatial and temporal resolution, and estimating 
suspended-sediment concentrations.
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Future Research and Coordination

anG improYe implementation anG maintenance� 
inclXGinJ marNet�EaseG enYironmental steZarGsKip 
proJrams.  2tKer assessments ZKicK sKoXlG 
improYe nXtrient reGXction manaJement inclXGe� 
�� socioeconomic anG Eioeconomic assessments of 
alternatiYe nXtrient manaJement scenarios tKroXJK 
tKe GeYelopment of inteJrateG economic anG 
ZatersKeG moGels� �� more tKoroXJK eYalXation 
of tKe efficacy of GXal nXtrient �nitroJen anG 
pKospKoroXs� control practices� anG �� eYalXation 
of tKe most effectiYe Zays to marNet nXtrient 
reGXction strateJies to farmers.  )XrtKer� tKe 
importance of seasonality anG nXtrient form sKoXlG 
Ee consiGereG in nXtrient reGXction strateJies. 
)inally� as tKe XnGerstanGinJ of climate cKanJe 
impacts Eecomes more refineG� tKis neZ NnoZleGJe 
neeGs to Ee applieG to cXrrent nXtrient reGXction 
strateJies.

4.5.2. Biofuels Research
5esearcK on EiofXel life cycles is neeGeG to 

assess tKe enYironmental effects� economics� 
anG resoXrce aYailaEility of EiofXel feeGstocNs.  
5esearcK Kas alreaGy sKoZn feZer enYironmental 
impacts if cellXlosic feeGstocNs are XseG insteaG of 
corn. 5eJion�specific EiofXel proGXction systems 
sKoXlG Ee encoXraJeG to maximi]e proGXction 
ZKile minimi]inJ enYironmental impacts. ³5eJion�
specific´ implies a more locali]eG approacK to 
tKe type of feeGstocN XseG for EiofXel Gistillation 
�e.J.� consiGerinJ ZKat JroZs Eest ZKere�� tKereEy 
reGXcinJ Gistance EetZeen farms anG EiofXel plants 
anG closinJ tKe loop on EyproGXcts reXse �e.J.� 
feeGinJ corn masK to liYe stocN�.

4.5.3. Local Water Quality Concerns
,n inlanG states� tKere are inKerent GifficXlties in 

GeYelopinJ an appreciation for tKe implications tKat 
nXtrient inpXts to riYers Xltimately KaYe on coastal 
ecosystems.  7Kerefore� it is important to consiGer 
EotK local anG reJional Zater TXality concerns 
in nXtrient stXGies anG manaJement strateJies.  
StXGies sKoXlG consiGer tKe implications of excess 
nXtrients in local streams anG estimate tKe costs in 
terms of EotK lost ecosystem serYices anG tKe local 
anG reJional Eenefits associateG ZitK improYinJ 
local Zater TXality conGitions.  (xcess nXtrients in 
streams� riYers� anG laNes can resXlt in a pletKora 

of proElems� inclXGinJ XnsiJKtly alJal Elooms� fisK 
Nills� nitrate or ammonia toxicity� anG contaminateG 
GrinNinJ Zater.  7Ke safety stanGarG �maximXm 
contaminant leYel� for nitrate in GrinNinJ Zater 
estaElisKeG Ey tKe (3A is �� mJ�/ �WarG et al. 
�����.  1itrate leYels at or aEoYe tKis leYel KaYe 
Eeen NnoZn to caXse a potentially fatal ElooG 
GisorGer in infants XnGer six montKs of aJe calleG 
metKemoJloEinemia or ³ElXe�EaEy´ synGrome.  
7Kerefore� ZKen selectinJ nXtrient manaJement 
strateJies� it is imperatiYe to looN for µZin�Zin¶ 
sitXations tKat improYe EotK local anG coastal Zater 
anG KaEitat TXality. 

4.5.4. Nutrient Management Technology 
Development

*iYen tKe GeYelopment of neZ tecKnoloJies� 
sXcK as tKe Xse of remote sensinJ for neZ 
applications �ZKicK inclXGe assessment of crop 
nXtrient neeGs�� it is important to continXe to 
GeYelop nXtrient manaJement tecKnoloJies �e.J.� 
coYer croppinJ� sitinJ of %03s� stormZater 
controls� to reGXce nitroJen anG pKospKorXs 
inpXts to tKe coasts arisinJ from EotK aJricXltXre 
anG XrEan�sXEXrEan soXrces.  AcKieYinJ KiJKer 
seTXestration of applieG nXtrients Ey crops anG 
reGXcinJ losses from soils ZitKoXt compromisinJ 
aJricXltXral yielG sKoXlG Ee one of tKe central 
Joals of tKis researcK.  ,n Jeneral� tKe science 
anG manaJement practices relateG to control of 
nonpoint nXtrient soXrces is far EeKinG tKat for 
point soXrces� sXcK as ZasteZater treatment plants. 

4.5.5. Improve Natural Nutrient Removal 
Processes

(YalXation anG exploration of metKoGs to 
enKance natXral processes tKat remoYe nXtrients 
from streams anG riYers sKoXlG Ee a KiJK priority.  
1atXrally YeJetateG ZatersKeGs� anG particXlarly 
tKose tKat contain ZetlanGs� are KiJKly effectiYe 
at nXtrient retention anG are important in EotK 
improYinJ anG sXstaininJ Zater TXality.  5esearcK 
is neeGeG on KoZ to iGentify tKe most promisinJ 
lanG areas anG metKoGs to restore tKe ecosystem 
serYices proYiGeG Ey YeJetateG ZatersKeGs anG 
ZetlanGs.  Also� aGaptation researcK is neeGeG to 
increase tKe resiliency of forests� ranJelanGs� anG 
aTXatic areas in an effort to mitiJate tKe aGYerse 
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impacts of climate cKanJe.  As tKe XnGerstanGinJ of 
ecosystem processes improYes� metKoGs to eYalXate 
ecosystem serYices anG to GeYelop incentiYes for 
tKe pXElic Zill Ee neeGeG. 

4.6. Existing and Future 
Coordination 

,n tKe immeGiate fXtXre� tKere is a stronJ 
neeG for improYeG Gata access across aJencies.  
Access to Gata is critical for moGel GeYelopment.  
CoorGinateG� consoliGateG� anG improYeG access 
to Gata� releYant to particXlar ZatersKeGs anG 
to Kypoxia in tKe coastal ]one anG for Xse Ey 
ZatersKeG anG coastal ]one manaJers� sKoXlG 
Ee aYailaEle across aJencies anG to tKe pXElic.  
12AA proYiGes Gata access tKroXJK tKe 1ational 
2ceanoJrapKic 'ata Center �Kttp���ZZZ.noGc.
noaa.JoY�� ZKicK reTXires all 12AA�fXnGeG 
researcKers to Geposit Gata ZitKin tZo years 
of proMect completion.  (3A¶s S72raJe anG 
5(7rieYal �S725(7� Gata system proYiGes tKe 
same fXnction for (3A�fXnGeG researcK �Kttp���
ZZZ.epa.JoY�storet�aEoXt.Ktml�.  US*S Gata are 
storeG in tKe US*S 1ational Water ,nformation 
System� ZKicK Kas a ZeEsite for pXElic access 
to tKe Gata �Kttp���ZaterGata.XsJs.JoY�nZis�.  
(3A anG US*S KaYe maGe siJnificant proJress 
toZarG proYiGinJ scientists anG policy maNers 
an easier Zay to inteJrate access to tKeir larJe 
Zater TXality GataEases.  A common sXite of 
ZeE serYices alloZ for tKe aXtomateG sKarinJ of 
Zater monitorinJ Gata Yia a common format anG 
terms �Kttp���TZZeEserYices.XsJs.JoY��.  US'A¶s 
A5S Kas recently GeYelopeG S7(WA5'S 
�Kttp���arsaJsoftZare.ars.XsGa.JoY�steZarGs�� as 
a repository for Gata collecteG as part of A5S¶ 
ZatersKeG researcK netZorN actiYities toZarGs tKe 
C(A3 croplanGs initiatiYe.  All of tKe aJencies 
neeG to improYe access anG XsaEility anG proYiGe 
an interface amonJ tKeir YarioXs GataEases.

*roZinJ cooperation amonJ )eGeral aJencies 
anG amonJ )eGeral� state� local� anG triEal aJencies 
Kas enKanceG Kypoxia monitorinJ anG researcK 
capaEilities.  0ost coastal reJions ZitK Kypoxia 
proElems in tKe UniteG States noZ KaYe Zell 
coorGinateG� mXlti�aJency� mXlti�state manaJement 
plans ZitK informeG� actiYe science anG tecKnoloJy 

aGYisory committees� many of ZKicK eYolYeG 
from tKe 1ational (stXary 3roJram initiatiYe.  
Some of tKese reJional partnersKips KaYe existeG 
for GecaGes ZKile otKers are MXst forminJ.  )or 
instance� tKe CKesapeaNe %ay 3roJram �Kttp���
ZZZ.cKesapeaNeEay.net��� ZKicK Zas foXnGeG in 
����� enJaJes a ranJe of staNeKolGers anG Kas Eeen 
responsiEle for orJani]inJ real� tanJiEle actions 
to improYe Zater TXality in tKe %ay.  2n tKe otKer 
KanG� tKe 3XJet SoXnG 3artnersKip� ZKicK Zas 
MXst formeG in ����� is a relatiYely neZ effort to 
aGGress tKe ZorseninJ Zater TXality resXltinJ from 
GeYelopment of tKe 3XJet SoXnG ZatersKeG.  

A recently releaseG report �'ecemEer ����� 
from tKe 1ational 5esearcK CoXncil of tKe 
1ational AcaGemies recommenGs tKe creation 
of a 0ississippi 5iYer %asin 1Xtrient Control 
,mplementation ,nitiatiYe �1C,,� to Ee estaElisKeG 
Mointly ZitKin tKe US'A anG (3A �Kttp���ZZZ.
nap.eGX�cataloJ.pKp"recorGBiG ������.  7Ke 
1C,, ZoXlG focXs on many of tKe researcK 
recommenGations oXtlineG in Section �.� �e.J.� 
pilot stXGies on nXtrient reGXction� analysis of cost�
effectiYe nXtrient reGXction strateJies� etc.�� EXt 
more importantly it ZoXlG soliGify coorGination 
EetZeen tKe tZo )eGeral aJencies primarily 
responsiEle for improYinJ Zater TXality in 
fresKZater U.S. systems.

Ultimately� tKoXJK� tKere is no national policy to 
confront tKe issXes of eXtropKication anG Kypoxia� 
anG no sinJle )eGeral aJency is in cKarJe of 
coorGinatinJ a )eGeral response.  As eYiGenceG 
in tKis report� coorGinateG efforts are reTXireG 
across at least foXr maMor aJencies �(3A� 12AA� 
US*S� US'A� as Zell as otKers� in orGer to 
aGGress EotK tKe impacts of Kypoxia anG its root 
caXses.  CXrrently� tKe ,W*��H proYiGes some 
measXre of commXnication anG coorGination aEoXt 
Kypoxia across aJencies.  ,n aGGition� interaJency 
commXnication Kappens tKroXJK GeliEerations in 
otKer ,W*s ZKicK aGGress relateG issXes� sXcK as 
tKe sXstainaEle GeYelopment of EiofXels.  

http://www.nodc.noaa.gov/
http://www.nodc.noaa.gov/
http://www.epa.gov/storet/about.html
http://www.epa.gov/storet/about.html
http://waterdata.usgs.gov/nwis
http://qwwebservices.usgs.gov
http://arsagsoftware.ars.usda.gov/stewards
http://www.chesapeakebay.net/
http://www.chesapeakebay.net/
http://www.nap.edu/catalog.php?record_id=12544
http://www.nap.edu/catalog.php?record_id=12544


Scientific Assessment of  Hypoxia in U.S. Coastal Waters ��

Executive SummaryReferences

AhuMa	LR.,	Hatfield	-L.	200�.	Integrating	Soil	and	Crop	Research	with	System	Models	in	the	Midwest	USA�	Purpose	
and	Overview	of	the	Special	Issue	in	Geoderma	140�3��	29��309.

Alexander	RB,	Smith	RA,	Schwar]	GE.	2000.	Effect	of	stream	channel	si]e	on	the	delivery	of	nitrogen	to	the	Gulf	of	
Mexico�	Nature	403�	�58��61.

Alexander	RB,	Elliott	AH,	Shankar	U,	McBride	GB.	2002.	Estimating	the	sources	and	transport	of	nutrients	in	the	
Waikato	River	basin,	New	=ealand�	Water	Resources	Research	38�	1268�1290.	

Alexander	RB,	Smith	RA,	Schwar]	GE,	Boyer	EW,	Nolan	-9,	Brakebill	-W.	2008.	Differences	in	phosphorus	and	
nitrogen	delivery	to	the	Gulf	of	Mexico	from	the	Mississippi	River	Basin,	Environ.	Sci.	Technol.	42�3��	822�830.

Aller	RC.	1994.	Bioturbation	and	reminerali]ation	of	sedimentary	organic	matter�	Effects	of	redox	oscillations.	
Chemical	Geology	114�	331±345.

Altieri	AH,	Witman	-D.	2006.	Local	extinction	of	a	foundation	species	in	a	hypoxic	estuary�	integrating	individuals	to	
ecosystem.	Ecology	8��	�1���30.	

Altieri	AH.	2008.	Dead	]ones	enhance	key	fisheries	species	by	providing	predation	refuge.	Ecology	89�10��	2808�
2818.

Amatya	DM.,	Haley	EB,	Levine	NS,	Callahan	T-,	Radecki�Pawlik	A,	-ha	M..	2008.	Calibration	and	validation	of	the	
SWAT	Model	for	a	forested	watershed	in	Coastal	South	Carolina.	ASABE	Paper	no.	083912,	St.	-oseph,	Nich.�	
ASABE. 

Anand	S,	Mankin	.R,	Mc9ay	.A,	-anssen	.A,	Barnes	PL,	Pier]ynski	GM.	200�.	Calibration	and	validation	of	ADAPT	
and	SWAT	for	field�scale	runoff	prediction�	-ournal	of	the	American	Water	Resources	Association	43�4��	899�910.

Anderson	DM,	Hoagland	P,	.aoru	<,	White	AW.	2000.	Estimated	Annual	Economic	Impacts	from	Harmful	Algal	
Blooms	�HABs�	in	the	United	States.	WHOI	Tech	Rept.	No.	2000�11.	Woods	Hole	Oceanographic	Institution,	
Department of Biology and Marine Policy Center,.Woods Hole, MA. 

Anderson	RS,	Brubacher	LL,	Calvo	LR,	Unger	MA,	Burreson	EM.	1998.	Effects	of	tributyltin	and	hypoxia	on	the	
progression of Perkinsus marinus infections and host defense mechanisms in oyster, Crassostrea virginica 
�Gmelin�.	-ournal	of	Fish	Diseases	21�	3�1�380.	

Arnold	-G,	Srinivasan	R.	Muttiah	RS,	Williams	-R.	1998.	Large	area	hydrologic	modeling	and	assessment²Part	I,	
Model	development�	-ournal	of	the	American	Water	Resources	Association	34�1��	�3±89.

Arnold	-G,	Srinivasan	R,	Muttiah	RS,	Allen	PM.	1999.	Continental	scale	simulation	of	the	hydrologic	balance�	-ournal	
of	the	American	Water	Resources	Association	35�5��	103�±1051.

Aulenbach	BT,	Hooper	RP.	2006.	The	composite	method	�	An	improved	method	for	stream�water	solute	load	
estimation.	Hydrol.	Proc.	20�	3029�304�.

Baden	SP,	Loo	LO,	Pihl	L,	Rosenberg	R.	1990.	Effects	of	eutrophication	on	benthic	communities	including	fish	�	
Swedish	west	coast.	Ambio	19�	113�122.

Baird	D,	Ulanowic]	RE.	1989.	The	seasonal	dynamics	of	the	Chesapeake	Bay	ecosystem.	Ecological	Monographs	
59�4��	329�364.

Baird	D,	Christian	RR,	Peterson	C,	-ohnson	GA.	2004.	ConseTuences	of	hypoxia	on	estuarine	ecosystem	function�		
energy	diversion	from	consumers	to	microbes.	Ecological	Applications	14�3��	805�822.

Boesch	DF,	Rabalais	NN.	1991.	Effects	of	hypoxia	on	continental	shelf	benthos�	comparisons	between	the	New	<ork	
Bight and the Northern Gulf of Mexico. In “Modern and ancient continental shelf anoxia” (R. V. Tyson and T. H. 
Pearson,	Eds.�,	9ol.	58,	pp.	2��34.	Geological	Society	Special	Publication.

Boesch	DF,	Coles	9-,	.immel	DG,	Miller	WD.	200�.	Coastal	dead	]ones	and	global	climate	change�	ramifications	of	
climate	change	for	the	Chesapeake	Bay,	pp.	54��0,	In�	Regional	Impacts	of	Climate	Change�	Four	Case	Studies	in	

References



Scientific Assessment of Hypoxia in U.S. Coastal Waters��

References

the United States.  Pew Center for Global Climate Change, Arlington, VA.  

Breitburg	DL.	1992.	Episodic	hypoxia	in	Chesapeake	Bay�	interacting	effects	of	recruitment,	behavior,	and	physical	
disturbance.	Ecol.	Monogr.	62�	525�46.

Breitburg	DL.	1994.	Behavioral	response	of	fish	larvae	to	low	dissolved	oxygen	concentrations	in	a	stratified	water	
column.	Marine	Biology	120�	615±625.

Breitburg	DL.	2002.	Effects	of	hypoxia,	and	the	balance	between	hypoxia	and	enrichment,	on	coastal	fishes	and	
fisheries.	Estuaries	25�	�6���81.

Breitburg	DL,	Pihl	L,	.olesar	SE.	2001.	Effects	of	low	dissolved	oxygen	on	the	behavior,	ecology	and	harvest	of	
fishes�	A	comparison	of	the	Chesapeake	and	Baltic	systems,	p.	241±26�.	In	N.	N.	Rabalais	and	R.	E.	Turner	
�eds.�,	Coastal	Hypoxia�	ConseTuences	for	Living	Resources	and	Ecosystems.	Coastal	and	Estuarine	Studies	58.	
American Geophysical Union, Washington, DC.

Breitburg	DL,	Hondorp	DW,	Davias	LW,	Dia]	R-.	2008.	Hypoxia,	nitrogen	and	fisheries�	Integrating	effects	across	
local	and	global	landscapes.	Annual	Reviews	in	Marine	Science	20�4��	329�349.	

Breitburg	DL,	Craig	-.,	Fulford	RS,	Rose	.A,	Boynton	WR,	Brady	D,	Ciotti	B-,	Dia]	R-,	Friedland	.D,	Hagy	-D	III,	
Hart	DR,	Hines	AH,	Houde	ED,	.olesar	SE,	Nixon	SW,	Rice	-A,	Secor	DH,	Targett	TE.	2009.	Nutrient	enrichment	
and	fisheries	exploitation�	interactive	effects	on	estuarine	living	resources	and	their	management.	Hydrobiologia�	
629�	31±4�.

Bricker	S,	Clement	C,	Frew	S,	Harmon	M,	Pirhalla	D.	1996.	NOAA¶s	Estuarine	Eutrophication	Survey.	9olume	1�	
South	Atlantic	Region.	Office	of	Ocean	Resources	Conservation	Assessment.	Silver	Spring,	MD.	50	pp.

Bricker	S,	Clement	C,	Frew	S,	Harmon	M,	Harris	M,	Pirhalla	D.	199�a.	NOAA¶s	Estuarine	Eutrophication	Survey.	
9olume	2�	Mid�Atlantic	Region.	Office	of	Ocean	Resources	Conservation	Assessment.	Silver	Spring,	MD.	51	pp.

Bricker	S,	Clement	C,	Frew	S,	Harmon	M,	Harris	M,	Pirhalla	D.	199�b.	NOAA¶s	Estuarine	Eutrophication	Survey.	
9olume	3�	North	Atlantic	Region.	Office	of	Ocean	Resources	Conservation	Assessment.	Silver	Spring,	MD.	46	pp.

Bricker	S,	Clement	C,	Frew	S,	Harris	M,	Pirhalla	D.	1998a.		NOAA¶s	Estuarine	Eutrophication	Survey.	9olume	5�	
Pacific	Coast	Region.	Office	of	Ocean	Resources	Conservation	Assessment.	Silver	Spring,	MD.	�5	pp.

Bricker	S,	Clement	C,	Frew	S,	Harmon	M,	Harris	M,	Pirhalla	D.	1998b.	NOAA¶s	Estuarine	Eutrophication	Survey.	
9olume	4�	Gulf	of	Mexico	Region.	Office	of	Ocean	Resources	Conservation	Assessment.	Silver	Spring,	MD.	�8	pp.

Bricker	S,	Clement	C,	Pirhalla	D,	Orlando	S,	Farrow	D.	1999.	National	Estuarine	Eutrophication	Assessment.	Effects	
of	Nutrient	Enrichment	in	the	Nation¶s	Estuaries.	NOAA,	National	Ocean	Service,	Special	ProMects	Office	and	
National Centers for Coastal Ocean Science, Silver Spring, MD. http://specialprojects.nos.noaa.gov/projects/cads/
nees/Eutro_Report.pdf 

Bricker	SB,	Lipton	D,	Mason	A,	Dionne	M,	.eeley	D,	.rahforst	C,	Latimer	-,	Pennock	-.	2006.		Improving	methods	
and indicators for evaluating coastal water eutrophication: A pilot study in the Gulf of Maine. NOAA technical report 
20.	http���ccma.nos.noaa.gov�news�feature�GulfofMaine.html

Bricker	S,	Longstaff	B,	Dennison	W,	-ones	A,	Boicourt	.,	Wicks	C,	Woerner	-.	200�.	Effects	of	Nutrient	Enrichment	
in the Nation’s Estuaries: A Decade of Change, National Estuarine Eutrophication Assessment Update. NOAA 
Coastal	Ocean	Program	Decision	Analysis	Series	No.	26.	National	Centers	for	Coastal	Ocean	Science,	Silver	
Spring,	MD.	322	pp.	http���ccma.nos.noaa.gov�news�feature�Eutroupdate.html	

Brosnan	TM,	O¶Shea	ML.	1996.	Long�term	improvements	in	water	Tuality	due	to	sewage	abatement	in	the	lower	
Hudson	River.	Estuaries	19�	890�900.

Brown	CA,	Nelson	WG,	Boese	BL,	DeWitt	TH,	Eldridge	PM,	.aldy	-E,	Lee	H	II,	Power	-H,	<oung	DR.		200�.		An	
Approach	to	Developing	Nutrient	Criteria	for	Pacific	Northwest	Estuaries�	A	Case	Study	of	<aTuina	Estuary,	
Oregon. U.S.

Burgents,	-.E.,	..G.	Burnett,	L.E.	Burnett.	2005.	Effects	of	hypoxia	and	hypercapnic	hypoxia	on	the	locali]ation	and	
the	elimination	of	9ibrio	campbellii	in	Litopenaeus	vannamei,	the	Pacific	white	shrimp.	Biol.	Bull.	208�	159�168.

Caddy	-.	1993.	Toward	a	comparative	evaluation	of	human	impacts	on	fishery	ecosystems	of	enclosed	and	semi�
enclosed	seas.	Rev.	Fishery	Sci.	1�	5��96.

http://specialprojects.nos.noaa.gov/projects/cads/nees/Eutro_Report.pdf
http://specialprojects.nos.noaa.gov/projects/cads/nees/Eutro_Report.pdf
http://ccma.nos.noaa.gov/news/feature/Eutroupdate.html


Scientific Assessment of  Hypoxia in U.S. Coastal Waters ��

Executive SummaryReferences

CBC	�Chesapeake	Bay	Commission�.	200�.	Biofuels	And	the	Bay.	Getting	It	Right	To	Benefi	t	Farms,	Forests	And	
The Chesapeake. http://www.chesbay.state.va.us/Publications/BiofuelsAndTheBay1.pdf

CENR	�Committee	on	Environment	and	Natural	Resources�.	2000.	Integrated	Assessment	of	Hypoxia	in	the	Northern	
Gulf of Mexico. National Science and Technology Council Committee on Environment and Natural Resources, 
Washington, DC.

CENR	�Committee	on	Environment	and	Natural	Resources�.	2003.	An	Assessment	of	Coastal	Hypoxia	and	
Eutrophication in U.S. Waters. National Science and Technology Council Committee on Environment and Natural 
Resources, Washington, DC.

Cerco	CF,	Noel	MR.	2005.	Incremental	improvements	in	Chesapeake	Bay	Environmental	Model	Package.	-	
Environmental	Engineering	131�	�45��54.

Cerco	CF,	Noel	MR.	2004.	The	2002	Chesapeake	Bay	Eutrophication	Model.	U.S.	Environmental	Protection	Agency,	
Region	3	Chesapeake	Bay	Program	Office,	U.S.	Army	Corps	of	Engineers.	EPA	903�R�04�004.	

Chan	F,	Barth	-A,	Lubchenco	-,	.irincich	A,	Weeks	H,	PetersonWT,	Menge	BA.	2008.	Emergence	of	anoxia	in	the	
California	current	large	marine	ecosystem.	Science	319�	920.

Chen	C,	Beardsley	RC,	Cowles	G.	2006.		An	unstructured�grid	finite�volume	coastal	ocean	model	�F9COM�	System.		
Oceanography	19�1��	�8�89.

Chesapeake	Bay	Commission	and	Commonwealth	of	Pennsylvania.	2008.	Next�Generation	Biofuels�	Taking	the	
Policy	Lead	for	the	Nation.	http���www.chesbay.state.va.us�Publications�nexgen�20biofuels1.pdf

Christensen JH, B. Hewitson, A. Busuioc, A. Chen, X. Gao, I. Held, R. Jones, R.K. Kolli, W.T. Kwon, R. Laprise, V. 
Magaxa	Rueda,	L.	Mearns,	C.G.	Menpnde],	-.	Rlislnen,	A.	Rinke,	A.	Sarr,	P.	Whetton.	200�.	Regional	Climate	
ProMections.	In	Climate	Change	200��	The	Physical	Science	Basis.	Contribution	of	Working	Group	I	to	the	Fourth	
Assessment Report of the Intergovernmental Panel on Climate Change. S. Solomon, D. Qin, M. Manning, Z. 
Chen, M. Marquis, K. B. Averyt, M.Tignor, and H. L. Miller (eds.), Cambridge University Press, Cambridge, United 
Kingdom and New York, NY.

Cohn	TA,	Caulder	DL,	Gilroy	E-,	=ynMuk	LD,	Summers	RM.	1992.	The	validity	of	a	simple	statistical	model	for	
estimating	fluvial	constituent	loads²An	empirical	study	involving	nutrient	loads	entering	Chesapeake	Bay�	Water	
Resources	Research	28�9��	2353±2363.

Cooper	SR,	Brush	GS.	1991.	Long�term	history	of	Chesapeake	Bay	anoxia.	Science	254�	992�	996.	

Cowan	-LW,	Boynton	WR.	1996.	Sediment�water	oxygen	and	nutrient	exchanges	along	the	longitudinal	axis	of	
Chesapeake	Bay�	Seasonal	patterns,	controlling	factors	and	ecological	significance.	Estuaries	19�	562�580.

Craig	-.,	Crowder	LB.	2005.	Hypoxia�induced	habitat	shifts	and	energetic	conseTuences	in	Atlantic	croaker	and	
brown	shrimp	on	the	Gulf	of	Mexico	shelf.	Mar.	Ecol.	Prog.	Ser.	294�	�9�94.

Craig	-.,	Crowder	LB,	Henwood	TA.	2005.	Spatial	distribution	of	brown	shrimp	�Farfantepenaeus	a]tecus�	on	the	
northwestern	Gulf	of	Mexico	shelf�	effects	of	abundance	and	hypoxia.	Canadian	-ournal	of	ATuatic	Science	62�	
1295�1308.

D¶Avan]o	C,	.remer	-N.	1994.	Diel	oxygen	dynamics	and	anoxic	events	in	an	eutrophic	estuary	of	WaTuoit	Bay,	
Massachusetts.	Estuaries	1��1B��	131�139.

Davis	AA,	.leiss	B,	O¶Hara	CG,	Derby	-S.	2002.	The	development	of	a	decision	support	system	for	prioriti]ing	
forested	wetland	restoration	areas	in	the	lower	<a]oo	River	Basin,	Mississippi.	Pg.	4��56	In.	MarMorie	M.	Holland,	
Melvin L. Warren, John A. Stanturf (eds.).  Proceedings of a conference on sustainability of wetlands and water 
resources�	how	well	can	riverine	wetlands	continue	to	support	society	into	the	21st	century"	Gen.	Tech.	Rep.	SRS�
50.	US	Department	of	Agriculture,	Forest	Service,	Southern	Research	Station,	Asheville,	NC.	191	pp.	

Dia]	R-,	Breitburg	DL.	2009.	The	hypoxic	environment.	In�	Richards	-G,	Farrell	AP,	Brauner	C-	�eds.�,	Fish	
Physiology,	Hypoxia.	9ol.	2�.	Academic	Press,	Burlington,	9T. pp.1�23.

Dia]	R-,	Schaffner	LC.	1990.	The	functional	role	of	estuarine	benthos.		pp.	25�56.	In�	M.	Haire	and	E.C.	.rome	
�eds.�.		Perspectives	on	the	Chesapeake	Bay,	1990.	Advances	in	estuarine	sciences.	Chesapeake	Research	
Consortium,	Gloucester	Pt.,	9A.	Rpt.	No.	CBP�TRS41�90.

http://www.chesbay.state.va.us/Publications/nexgen%20biofuels1.pdf


Scientific Assessment of Hypoxia in U.S. Coastal Waters��

References

Dia]	R-,	Rosenberg	R.	1995.		Marine	benthic	hypoxia�	A	review	of	its	ecological	effects	and	the	behavioural	
responses	of	benthic	macrofauna.		Oceanogr.	Mar.	Biol.	Annu.	Rev.	33�	245�03.	

Dia]	R-,	Rosenberg	R.	2008.		Spreading	Dead	=ones	and	ConseTuences	for	Marine	Ecosystems.		Science	321�	
926�929.

Doering	OC,	Dia]±Hermelo	F,	Howard	C,	Heimlich	R,	Hit]husen	F,	.a]mierc]ak	R,	Lee	-,		Libby	L,	Milon	W,	Prato	
T,	Ribaudo	M.	1999.	Evaluation	of	the	Economic	Costs	and	Benefits	of	Methods	for	Reducing	Nutrient	Loads	to	
the Gulf of Mexico: Topic 6 Report for the Integrated Assessment on Hypoxia in the Gulf of Mexico. NOAA Coastal 
Ocean	Program	Decision	Analysis	Series	No.	20.	NOAA	Coastal	Ocean	Program,	Silver	Spring,	MD.	115	pp.

Donner	SD,	.ucharik	C-.	2008.	Corn�based	ethanol	production	compromises	goal	of	reducing	nitrogen	export	by	the	
Mississippi	River.		Proceedings	of	the	National	Academies	of	Science.105�11��	4513�4518.

Downing	-A,	Rabalais	NN,	Dia]	R-,	=immerman	R-,	Baker	-L,	Prato	R.	1999.	Gulf	of	Mexico	hypoxia�	Land�sea	
interactions.	Council	for	Agricultural	Science	and	Technology,	Report	No.	134,	44	pp.

Du	B,	Saleh	A,	-aynes	DB,	Arnold	-G.	2006.	Evaluation	of	SWAT	in	simulating	nitrate	nitrogen	and	atra]ine	fates	in	
a watershed with tiles and potholes: Transactions of the American Society of Agricultural and Biological Engineers 
48�4��	949±959.

Duriancik	LF,	Bucks	D,		Dobrowolski	-P,	Drewes	T,	Eckles	SD,	-olley	L,	.ellog	RL,	Lund	D,	Makuch	-R,	O¶Neill	MP,	
Rewa	CA,	Walbridge	MR,	Parry	R,	Welt]	MA.	2008.		The	first	five	years	of	the	Conservation	Effects	Assessment	
ProMect.	-ournal	of	Soil	and	Water	Conservation	63�6��	185A	±	19�A.	

Eby	LA,	Crowder	LB,	McClellan	CM,	Peterson	CH,	Powers	M-.	2005.	Habitat	degradation	from	intermittent	hypoxia�	
impacts	on	demersal	fishes.	Mar.	Ecol.	Prog.	Ser.	291�	249�261.

Elliott	AH,	Alexander	RB,	Schwar]	GE,	Shankar	U,	Sukias	-PS,	McBride	GB.	2005.	Estimation	of	nutrient	sources	
and transport for New Zealand using the hybrid physical-statistical model SPARROW: Journal of Hydrology (New 
=ealand�	44�	1�2�.	

Figley	W,	Pyle	B,	Halgren	B.	19�9.	Socioeconomic	impacts.	In�	Oxygen	depletion	and	associated	benthic	moralities	in	
New	<ork	Bight,	19�6.	R.L.	Swanson	and	C.-.	Sindermann	�eds.�.	NOAA	Professional	Paper	11,	pp.	315�322.

Galloway	-N,	Townsend	AR,	Erisman	-W,	Bekunda	M,	Cai	=,	Freney	-R,	Martinelli	LA,	Seit]inger	SP,	Sutton	MA.	
2008.	Transformation	of	the	nitrogen	cycle�	recent	trends,	Tuestions,	and	potential	solutions.	Science	320�	889�
892.

Gamenick	I,	-ahn	A,	9opel	.,	Giere	O.	1996.	Hypoxia	and	sulphide	as	structuringfactors	in	amacro]oobenthic	
community on the Baltic Sea shore: Colonisation studiesand tolerance experiments. Mar Ecol Prog Ser 144: 
�3±85.

Gardiner	ES,	Lockhart	BR.	200�.	Bottomland	oak	afforestation	in	the	Lower	Mississippi.	International	Oak	-ournal	18�	
56-64. 

Gardiner	ES,	Oliver	-M.	2005.	Restoration	of	bottomland	hardwood	forests	in	Lower	Mississippi	Alluvial	9alley,	U.S.A.	
In	Stanturf,	-.	A.	and	P.	Madsen	�eds�	Restoration	of	boreal	and	temperate	forests,	USA	Boca	Raton,	FL�	CRC	
Press,	pp.	235�251.	

Garlo	E9,	Milstein	CB,	-ahn	AE.	19�9.	Impact	of	hypoxic	conditions	in	the	vicinity	of	Little	Egg	Inlet,	New	-ersey	in	
summer	19�6.	Estuar.	Coast.	Mar.	Sci.	8�	421�432.

Glenn	SM,	Crowley	MF,	Haidvogel	DB,	Song	<T.	1996.	Underwater	observatory	captures	coastal	upwelling	off	New	
-ersey,	Earth	Space,	9,	pp.	9±11.

Glenn S, Arnone R, Bergmann T, Bissett WP, Crowley M, Cullen J, Gryzmski J, Haidvogel D, Kohut J, Moline M, 
Oliver	M,	Orrico	C,	Sherrell	R,	Song	T,	Weidemann	A,	Chant	R,	Schofield	O.	2004.	Biogeochemical	impact	of	
summertime	coastal	upwelling	on	the	New	-ersey	shelf.	-.	Geophy.	Res.	109�C12S02.

Global Climate Change Impacts in the United States, Thomas R. Karl, Jerry M. Melillo, and Thomas C. Peterson,
�eds.�.	Cambridge	University	Press,	2009.

Grantham	BA,	Chan	F,	Nielsen	.-,	Fox	DS,	Barth	-A,	Huyer	A,	Lubchenco	-,	Menge	BA.	2004.	Upwelling�driven	
nearshore	hypoxia	signals	ecosystem	and	oceanographic	changes	in	the	northeast	Pacific.	Nature	429�	�49��54.



Scientific Assessment of  Hypoxia in U.S. Coastal Waters ��

Executive SummaryReferences

Green	CH,	Tomer	MD,	DiLu]io	M,	Arnold	-G.	2006.	Hydrologic	evaluation	of	the	soil	and	water	assessment	tool	for	a	
large tile-drained watershed in Iowa: Transactions of the American Society of Agricultural and Biological Engineers 
49�2��	413±422.

Greene	RM,	Lehrter	-C,	Hagy	-D	III.	2009.	Multiple	regression	models	for	hindcasting	and	forecasting	midsummer	
hypoxia	in	the	Gulf	of	Mexico.	Ecological	Applications�	19�5��	1161�11�5.	

Gri]]etti	B,	Bouraoui	F,	De	Marsily	G.	2005.	Modelling	nitrogen	pressure	in	river	basins�	A	comparison	between	a	
statistical approach and the physically-based SWAT model, Physics and Chemistry of the Earth, Assessment of 
Anthropogenic	Impacts	on	Water	4uality	30�8�10��	pp.	508�51�.

Gulf	of	Mexico	Hypoxia	Monitoring	Implementation	Plan	Steering	Committee.	2009.	Gulf	of	Mexico	Hypoxia	
Monitoring Implementation Plan.  An outcome from the Summit on Long-Term Monitoring of the Gulf of Mexico: 
Developing	the	Implementation	Plan	for	an	Operational	Observation	System.	3�	pp

Haas	LW.	19��.	Effect	of	spring�neap	tidal	cycle	on	vertical	salinity	structure	of	-ames,	<ork	and	Rappahannock	
Rivers,	9irginia,	USA.	Estuarine	and	Coastal	Marine	Science	5�	485�496

Hagy	-D,	Boynton	WR,	.eefe	CW,	Wood	.9.	2004.	Hypoxia	in	Chesapeake	Bay,	1950�2001�		Long�term	change	in	
relation	to	nutrient	loading	and	river	flow.		Estuaries	2��4��	634�658.

Hagy	-	D	III,	Lehrter	-C,	Murrell	MC.	2006.	Effects	of	Hurricane	Ivan	on	water	Tuality	in	Pensacola	Bay,	FL	USA.		
Estuaries	and	Coasts	29�6A��	919�925.

Hagy	-D	III,	Murrell	MC.	200�.	Susceptibility	of	a	Gulf	of	Mexico	estuary	to	hypoxia�	An	analysis	using	box	models.		
Estuarine,	Coastal	and	Shelf	Science	�4�	239�253.

Hagy	-D	III,	.urt]	-C,	Greene	RM.	2008.	An	approach	for	developing	numeric	nutrient	criteria	for	a	Gulf	coast	
estuary.	US	Environmental	Protection	Agency,	Office	of	Research	and	Development,	National	Health	and	
Environmental	Effects	Research	Laboratory,	Research	Triangle	Park,	NC.	EPA�600�R�08�004.	48	pp.

Hansen	IS,	.eul	N,	Sorensen	-T,	Erichsen	A,	Andersen	-H.		200�.	Oxygen	maps	for	the	Baltic	Sea.	BALANCE	
Interim	Report	No.	1�

Harding	LW	-r.,	Perry	ES.	199�.	Long�term	increase	of	phytoplankton	biomass	in	Chesapeake	Bay,	1950±1994.	
Marine	Ecology	Progress	Series	5��	39±52.	

Hawley N, Johengen TH, Rao YR, Ruberg SA, Beletsky D, Ludsin SA, Eadie BJ, Schwab DJ, Croley TE, Brandt SB. 
2006.	Lake	Erie	Hypoxia	Prompts	Canada�U.S.	Study.	EOS	Transactions	8��32��	313�324.

Helly	--,	Levin	LA.	2004.	Global	distribution	of	naturally	occurring	marine	hypoxia	on	continental	margins.	Deep�Sea	
Res.	�Part	I�	51�	1159�1168.

Hetland	RD,	DiMarco	SF.	2008.	How	does	the	character	of	oxygen	demand	control	the	structure	of	hypoxia	on	the	
Texas�Louisiana	continental	shelf"	-ournal	of	Marine	Systems	�0�	49�62.

Holman	-D,	Burnett	.G,		Burnett	LE.	2004.	Effects	of	hypercapnic	hypoxia	on	the	clearance	of	9ibrio	campbellii	in	the	
Atlantic	blue	crab,	Callinectes	sapidus	Rathbun.	Biol.	Bull.	206�	188±196.

Hong	B,	Swaney	DP.	200�.	Regional	Nutrient	Management	�ReNuMa�	Model,	9ersion	1.0.		User¶s	Manual.	http���
www.eeb.cornell.edu/biogeo/nanc/ReNuMa/ReNuMa.zip

Howarth RW, Billen G, Swaney D, Townsend A, Jaworski N, Lajtha K, Downing JA, Elmgren R, Caraco N, Jordan T, 
Berendse	F,	Freney	-,	.udeyarov	9,	Murdoch	P,	=hu	=L.	1996.	Regional	nitrogen	budgets	and	riverine	N	and	P	
fluxes	for	the	drainages	to	the	North	Atlantic	Ocean�	natural	and	human	influences.	Biogeochemistry	35�	�5�139.

Hu	;,	McIssac	GF,	David	MB,	Louwers	CAL.	200�.	Modeling	riverine	nitrate	export	from	an	east�central	Illinois	
watershed	using	SWAT�	-ournal	of	Environmental	4uality	36�	996±1005.

-aynes	DB,	-ames	DE.	200�.		Extent	of	Farm	Drainage	in	the	US.	USDA	Agricultural	Research	Service	publication.	
http���www.ars.usda.gov�SP2UserFiles�Place�36251500�TheExtentofFarmDrainageintheUnitedStates.pdf

-ha	M,	Arnold	-G,	Gassman	PW,	Giorgi	F,	Gu	RR.	2006.	Climate	change	sensitivity	assessment	on	Upper	Mississippi	
River	Basin	streamflows	using	SWAT�	-ournal	of	American	Water	Resources	Association	42�4��	99�±1016.

-ustic�	D,	Rabalais	NN,	Turner	RE.	1996.	Effects	of	climate	change	on	hypoxia	in	coastal	waters�	a	doubled	CO2	

http://www.eeb.cornell.edu/biogeo/nanc/ReNuMa/ReNuMa.zip
http://www.eeb.cornell.edu/biogeo/nanc/ReNuMa/ReNuMa.zip
http://www.ars.usda.gov/SP2UserFiles/Place/36251500/TheExtentofFarmDrainageintheUnitedStates.pdf


Scientific Assessment of Hypoxia in U.S. Coastal Waters��

References

scenario	for	the	northern	Golf	of	Mexico.	Limnol.	Oceanogr.	41�	992�1003.

-ustic�	D,	Rabalais	NN,	Turner	RE.	2002.	Modeling	the	impacts	of	decadal	changes	in	riverine	fluxes	on	coastal	
eutrophication	near	the	Mississippi	River	Delta.	Ecological	Modeling	152�	33�46.	

-ustic�	D,	Bierman	9-	-r,	Scavia	D,	Hetland	RD.	200�.	Forecasting	gulf¶s	hypoxia�	the	next	50	years"	Estuar.	Coasts	
30�	�91�801.

.ansas	Department	of	Health	and	Environment.	2004.	Surface	water	nutrient	reduction	plan�	http���www.kdhe.state.
ks.us�water�download�ksBnutrientBreductionBplanB12B29Bfinal.pdf		�accessed	March	1,	2005�.	

.aplan	RS,	Norton	DP.	2008.	Mastering	the	management	system.	Harvard	Business	Review,	-anuary	2008	63���.

.arlson	.,	Rosenberg	R,	Bonsdorff	E.	2002.	Temporal	and	spatial	large�scale	effects	of	eutrophication	and	oxygen	
deficiency	on	benthic	fauna	in	Scandinavian	and	Baltic	waters	�	A	review.	Oceanogr.	Mar.	Biol.	Ann.	Rev.	40�	42��
489.

.emp	WM,	Boynton	WR,	Adolf	-E,	Boesch	DF,	Boicourt	WC,	Brush	G,	Cornwell	-C,		Fisher	TR,	Glibert	PM,	Hagy	
-D,	Harding	LW,	Houde	ED,	.immel	DG,	Miller	WD,		Newell	RIE,	Roman	MR,	Smith	EM,	Stevenson	-C.	2005.	
Eutrophication	of	Chesapeake	Bay�	historical	trends	and	ecological	interactions.	Mar.	Ecol.	Prog.	Ser.	303�	1�29.

Kennish MJ, Bricker SB, Dennison WC, Glibert PM, Livingston RJ, Moore KA, Noble RT, Paerl HW, Ramstack 
-M,	Seit]inger	S,	Tomasko	DA,	9aliela	I.	200�.	Barnegat	Bay±Little	Egg	Harbor	estuary�	case	study	of	a	highly	
eutrophic	coastal	bay	system.	Ecological	Applications	1��S3±S16.

.idwell	D,	Lewitus	A,	-ewett	E,	Brandt	S,	Mason	D.	2009.	Ecological	Impacts	of	Hypoxia	on	Living	Resources.	
-ournal	of	Experimental	Marine	Biology	and	Ecology	381�	S1�S3.

.oepfler	E,	Lake	S,	Smith	EM,	Bennett	-,	Libes	S.	200�.	Examination	of	Inner	Shelf	Water	4uality	in	Long	Bay,	South	
Carolina,	using	Dataflow.	Estuarine	Research	Federation	Meeting	Abstract.	Providence	Rhode	Island,	November	
200�.

.oroncai	R,	Linker	L,	Sweeney	-,	Batuik	R.	2003.	Setting	and	allocating	the	Chesapeake	Bay	basin	nutrient	and	
sediment loads: the collaborative process, technical tools, and innovative approaches. US Environmental 
Protection Agency, Annapolis, MD.

.ramer	DL.	198�.	Dissolved	oxygen	and	fish	behaviour.	Environ.	Bio.	Fishes	18�	81�92.

Landsberg	-H,	Flewelling	L-,	Naar	-.	2009.	Karenia brevis red tides, brevetoxins in the food web, and impacts on 
natural	resources�	Decadal	advancements.	Harmful	Algae	8�4��	598�60�.	

Langland	M-,	Raffensperger	-P,	Moyer	DL,	Landwehr	-M,	Schwar]	GE.	2006.	Changes	in	Streamflow	and	Water	
4uality	in	Selected	Nontidal	Basins	in	the	Chesapeake	Bay	Watershed,	1985�2004.	Scientific	Investigations	
Report	2006±51�8�	U.S.	Department	of	the	Interior,	U.S.	Geological	Survey.	�4	pp.	

Le	Moullac	G,	Soye]	C,	Salnier	D,	AnsTuer	D,	Avarre	-C,	Levy	P.	1998.	Effect	of	hypoxic	stress	on	the	immune	
response	and	the	resistance	to	vibriosis	of	the	shrimp	Penaeus	stylirostris.	Fish	Shellfish	Immunol.	8�	621±629.

Lee	<-,	Lwi]a	.MM.	2008.	Characteristics	of	bottom	dissolved	oxygen	in	Long	Island	Sound,	New	<ork.	Estuar.	
Coast.	Shelf	Sci.	�6�	18��200.

Leonard	CL,	McClintock	-B.	1999.	The	population	dynamics	of	the	brittlestar	Ophioderma	brevispinum	in	near�	and	
farshore	seagrass	habitats	of	Port	Saint	-oseph	Bay,	Florida.	Gulf	of	Mexico	Science	1��	8��94.

Lewis	BL,	Gla]er	BT,	Montbriand	P-,	Luther	III	GW,		Nu]]io	DB,	Deering	T,	Ma	S,	Theberge	S.	200�.	Short�term	and	
interannual variability of redox-sensitive chemical parameters in hypoxic/anoxic bottom waters of the Chesapeake 
Bay.		Marine	Chemistry	105	�3�4��	296�308.

Lewitus	A-,	.idwell	DM,	-ewett	EB,	Brandt	S,	Mason	DM	�eds.�.	2009.	Ecological	Impacts	of	Hypoxia	on	Living	
Resources.	-ournal	of	Experimental	Marine	Biology	and	Ecology.	9ol	381,	Supplement	1,	pp.	S1�S216.

Li	D,	=hang	-,	Huang	D,	Wu	<,	Liang	-.	2002.	Oxygen	depletion	off	the	ChangMiang	�<angt]e	River�	Estuary.	Science	
in	China	45�	113�±1146.	

Lipton	D,	Hicks	R.	2003.	The	cost	of	stress�	low	dissolved	oxygen	and	econimic	benefits	of	recreational	striped	bass	
(Morone saxatilis�	fishing	in	the	Patuxent	River.	Estuaries	26�	310�315.

http://www.kdhe.state.ks.us/water/download/ks_nutrient_reduction_plan_12_29_final.pdf
http://www.kdhe.state.ks.us/water/download/ks_nutrient_reduction_plan_12_29_final.pdf


Scientific Assessment of  Hypoxia in U.S. Coastal Waters ��

Executive SummaryReferences

Ludsin	S,	9anderploeg	H,	Pothoven	S,	Mason	D,	Hook	T,	Brandt	S,	Hawley	N,	Ruhberg	S,	<erubundi	R.	2009.	
Hypoxia effets on habitat and prey availability for randbow smelt in central Lake Erie. Journal of Experimental 
Marine Biology and Ecology.

Luettich	RA,	-r.,	Carr	SD,	Reynolds�Fleming	-9,	Fulcher	CW,	McNinch	-E.	2002.	Semi�diurnal	seiching	in	a	shallow,	
microtidal	lagoonal	estuary.	Continental	Shelf	Research	22�	1669�1681.

Luther	GW,	Ma	SF,	Trouwborst	R,	Gla]er	B,	Blickley	M,	Scarborough	RW,	Mensinger	MG.	2004.	The	roles	of	anoxia,	
H2S,	and	storm	events	in	fish	kills	of	dead�end	canals	of	Delaware	inland	bays.	Estuaries	2��	551�560.

Maresch	W,	Walbridge	MR,	.ugler	D.	2008.	Enhancing	conservation	on	agricultural	landscapes�	A	new	direction	for	
the	Conservation	Effects	Assessment	ProMect.	63	�6��	198A	±	203A.	

Marcus	NH,	Richmond	C,	Sedlacek	C,	Miller	GA,	Oppert	C.	2004.	Impact	of	hypoxia	on	the	survival,	egg	production	
and	population	dynamics	of	Acartia	tonsa	Dana.	-ournal	of	Experimental	Marine	Biology	and	Ecology	301�2��	111�
128.

Mason	WT,	-r.	1998.	Macrobenthic	monitoring	in	the	Lower	St.	-ohns	River,	Florida.	Environ.	Monit.	Assess.	50�	101�
130.

May	E.	19�3.	Extensive	oxygen	depletion	in	Mobile	Bay,	Alabama.	Limnol.	Oceanogr.	18�	353�366.

McMahon	G,	Alexander	RB,	4ian	S.	2003.	Support	of	TMDL	programs	using	spatially	referenced	regression	models�	
ASCE	-ournal	of	Water	Resources	Planning	and	Management,	v.	129,	pp.	315�329.

Mee	LD.	1992.	The	Black	Sea	in	crisis�	a	need	for	concerted	international	action.	Ambio	21�	2�8�286.

Mee	L.	2006.	Reviving	dead	]ones.	Scientific	American	295�	�8�85.

Melrose	DC,	Oviatt	CA,	Berman	MS.	200�.	Hypoxic	events	in	Narragansett	Bay,	Rhode	Island,	during	the	summer	of	
2001.	Estuar.	Coasts	30�	4��53.

Miller	-R,	Russell	GL.	1992.	The	impact	of	global	warming	on	river	runoff.	-.	Geophy.	Res.	9��	2�5��2�64.

Mississippi	River�Gulf	of	Mexico	Watershed	Nutrient	Task	Force.	2001.	Action	plan	for	reducing,	mitigating,	and	
controlling hypoxia in the northern Gulf of Mexico: Washington, DC. 

Mississippi	River�Gulf	of	Mexico	Watershed	Nutrient	Task	Force.	2004.		Science	Strategy	to	Support	Management	
Decisions Related to Hypoxia in the Northern Gulf of Mexico and Excess nutrients in the Mississippi River Basin.

Mississippi	River�Gulf	of	Mexico	Watershed	Nutrient	Task	Force.	2008.	Gulf	Hypoxia	Action	Plan	2008	for	Reducing,	
Mitigating and Controlling Hypoxia in the Northern Gulf of Mexico and Improving Water Quality in the Mississippi 
River Basin. Washington DC.

Montagna	PA,	Ritter	C.	2006.	Direct	and	indirect	effects	of	hypoxia	on	benthos	in	Corpus	Christi	Bay,	Texas,	USA.	-.	
Exper.	Mar.	Biol.	Ecol.	330�	119�131.

Moore	RB,	-ohnston	CM,	Robinson	.W,	Deacon	-R.	2004.	Estimation	of	total	nitrogen	and	phosphorus	in	New	
England	streams	using	spatially	referenced	regression	models�	U.S.	Geological	Survey	Scientific	Investigations	
Report	2004�5012,	50	p.	http���water.usgs.gov�pubs�sir�2004�5012�

Najjar RG, Walker HA, Anderson PJ, Barron EJ, Bord RJ, Gibson JR, Kennedy VS, Knight CG, Megonigal JP, 
O¶Connor	RE,	Polsky	CD,	Psuty	NP,	Richards	BA,	Sorenson	L-,	Steele	EM,	Swanson	RS.	2000.	The	potential	
impacts	of	climate	change	on	the	mid�Atlantic	coastal	region.	Climate	Res.	14�	219�233.

NASS	�National	Agriculture	Statistics	Service�.	200�.	Acreage	-une	200�.	U.	S.	Department	of	Agriculture,	Agriculture	
Statistics Board, Washington DC.

NASS	�National	Agriculture	Statistics	Service�.	2008.	Acreage	-une	2008.	U.	S.	Department	of	Agriculture,	Agriculture	
Statistics Board, Washington DC.

Neitsch	SL,	Arnold	-G,	.iniry	-R,	Srinivasan	R,	Williams	-R.	2004.	Soil	and	water	assessment	tool	input�output	
file	documentation,	version	2005�	Temple,	T;,	U.S.	Department	of	Agriculture,	Agricultural	Research	Service,	
Grassland, Soil and Water Research Laboratory, available online at: ftp://ftp.brc.tamus.edu.pub/outgoing/
sammons�swat2005	�accessed	11�28�06�.

http://water.usgs.gov/pubs/sir/2004/5012/


Scientific Assessment of Hypoxia in U.S. Coastal Waters��

References

NEIWPCC	�New	England	Interstate	Water	Pollution	Control	Commission�.	2004.	New	England	SPARROW	water	
Tuality	model�	Interstate	Water	Report,	v.	1,	no.	3,	p.	6��.	http���www.neiwpcc.org�PDFBDocs�iwrBs04.pdf

Niklitschek	E,	Secor	DH.	2005.	Modeling	spatial	and	temporal	variation	of	suitable	nursery	habitats	for	Atlantic	
sturgeon	in	the	Chesapeake	Bay.	Est.	Coast.	Shelf	Science	64,	135�148.

Nixon	SW.	1995.	Coastal	marine	eutrophication�	A	definition,	social	causes,	and	futurre	concerns.	Ophelia	41�	199�
219.

Nixon	SW,	Buckley	B,	Granger	S,	Harris	LA,	Oc]kowski	A-,	Fulweiler	RW,	Cole	LW.	2008.	Nutrient	�N	and	P�	inputs	
to Narragansett Bay: Past, present, and future. In Ecosystem Based Management: A Case Study of Narragansett 
Bay.	Springer	Series	in	Environmental	Management,	eds.	A.	Desbonnet,	and	B.	A.	Costa�Pierce,	101±1�6.	New	
York: Springer.

NOAA.	2004.	Lake	Erie	Research	Planning	Workshop	Report.	National	Oceanic	and	Atmospheric	Administration,	
Great	Lakes	Environmental	Research	Laboratory.	Ann	Arbor,	MI.		28	pp.

NRC	�National	Research	Council�.	2000.	Clean	Coastal	Waters�	Understanding	and	Reducing	the	Effects	of	Nutrient	
Pollution. National Academy Press  Washington, DC.

NRC	�National	Research	Council�.	200�.	Water	Implications	of	Biofuels	Production	in	the	United	States.	National	
Academy	Press		Washington,	DC.	86	pp.	

NRC	�National	Research	Council�.	2008.	Nutrient	Control	Actions	for	Improving	Water	4uality	in	the	Mississippi	River	
Basin and Northern Gulf of Mexico. The National Academies Press, Washington DC. 66 pp.  

O¶Connor	T,	Whitall	D.	200�.	Linking	hypoxia	to	shrimp	catch	in	the	northern	Gulf	of	Mexico.	Marine	Pollution	Bulletin	
54�4��	460�463.

Park	.,	.im	C.,	Schroeder	WW.		200�.		Temporal	variability	in	summertime	bottom	hypoxia	in	shallow	areas	of	
Mobile	Bay,	Alabama.		Estuaries	and	Coasts	30�1��	54�65.	

Patrick	R.	1988.	Changes	in	the	chemical	and	biological	characteristics	of	the	Upper	Delaware	River	estuary	in	
response	to	environmental	laws.	In�	MaMumdar	E,	Miller	W,	Sage	LE	�eds.�,	pp.	332�359.	Pennsylvania	Academy	of	
Science, Philadelphia, PA.

Potter	SR,	Andrews	S,	Atwood	-D,	.ellogg	RL,	Lemunyon	-,	Norfleet	L,	Oman	D.	2006.	Model	simulation	of	soil	
loss, nutrient loss, and change in organic carbon associated with crop production. USDA Natural Resource 
Conservation Service: http://www.nrcs.usda.gov/technical/nri/ceap/croplandreport/

Pouyat	R9,	Pataki	DE,	Belt	.T,	Groffman	PM,	Hom	-,	Band	LE.	200�.	Effects	of	land�use	change	on	biogeochemical	
cycles.		In�	Canadell	-G,	Pataki	DE,	Pitelka	LF	�eds.�	Terrestrial	ecosystems	in	a	changing	world.	Berlin.	Springer�
9erlag.	pp.	45�58.

Preston	SD,	Brakebill	-W.	1999.	Application	of	spatially	referenced	regression	modeling	for	the	evaluation	of	total	
nitrogen loading in the Chesapeake Bay watershed: Baltimore, MD, U.S. Geological Survey Water Resources 
Investigations	Report	99�4054,	11	pp.,	http���md.water.usgs.gov�publications�wrir�99�4054�.	

Rabalais	NN,	Harper	DE,	Turner	RE.	2001.	Responses	of	nekton	and	demersal	and	benthic	fauna	to	decreasing	
oxygen	concentrations.	pp.	115�128.	In�	Rabalais	N.N.,	Turner	R.E.	�eds.�	Coastal	Hypoxia	ConseTuences	for	
Living Resources and Ecosystems. American Geophysical Union, Washington, D.C.

Rabalais	NN,	Turner	RE.	2001.	³Coastal	hypoxia.	ConseTuences	for	living	resources	and	ecosystems´.	Coastal	and	
Estuarine	Studies,	No.	58,	American	Geophysical	Union,	Washington	DC.	463	pp.

Rabalais	NN,	Turner	RE,	Sen	Gupta	B.,	Boesch	DF,	Chapman	P,	Murrell	MC.		200�.		Hypoxia	in	the	northern	Gulf	of	
Mexico�	Does	the	science	support	the	plan	to	reduce,	mitigate	and	control	hypoxia"		Estuaries	and	Coasts.	30�5��	
�53���2.

Rabalais	NN,	Turner	RE,	Dta]	R-,	D.	-ustiü.	2009.	Global	Change	and	Eutrophication	of	Coastal	Waters.	ICES	
-ournal	of	Marine	Science,	66�	000±00

Reynolds�Fleming	-9,	Luettich	RA	-r.	2004.		Wind�driven	lateral	variability	in	a	partially	mixed	estuary.		Estuarine,	
Coastal	and	Shelf	Science.	60�	395�40�.	

Ribaudo	MO,	Heimlich	R,	Claassen	R,	Peters	M.	2001.	Least�cost	management	of	nonpoint	source	pollution�	

http://www.neiwpcc.org/PDF_Docs/iwr_s04.pdf
http://www.nrcs.usda.gov/technical/nri/ceap/croplandreport/
http://md.water.usgs.gov/publications/wrir-99-4054


Scientific Assessment of  Hypoxia in U.S. Coastal Waters ��

Executive SummaryReferences

source reduction versus interception strategies for controlling nitrogen loss in the Mississippi Basin, Ecological 
Economics.	3��	183±19�.

Ribaudo	MO,	Heimlich	R,	Peters	M.	2005.	Nitrogen	sources	and	Gulf	hypoxia�	potential	for	environmental	credit	
trading,	Ecological	Economics.	52�2��	159�168.

Ritter	C,	Montagna	PA.	1999.	Seasonal	hypoxia	and	models	of	benthic	response	in	a	Texas	bay.	Estuaries	22�	��20.

Runkel	RL,	Crawford	CG,	Cohn	TA.	2004.	Load	estimator	�LOADEST�	�	A	FORTRAN	program	for	estimating	
constituent	loads	in	streams	and	rivers.	U.S.	Geological	Survey	TechniTues	and	Methods,	book	4,	chap.	A5,	69	pp.	
http���pubs.usgs.gov�tm�2005�tm4A5�

Sanger	DM,	Arendt	MD,	Chen	<,	Wenner	EL,	Holland	AF,	Edwards	D,	Caffrey	-.	2002.	A	Synthesis	of	Water	4uality	
Data�	National	Estuarine	Research	Reserve	System�wide	Monitoring	Program	�1995�2000�.	National	Estuarine	
Research	Reserve	Technical	Report	Series	2002�	3,	South	Carolina	Department	of	Natural	Resources,	Marine	
Resources	Division	Contribution	No.	500,	Charleston,	SC.

Sagasti	A,	Schaffner	LC,	Duffy	-E.	2001.	Effects	of	periodic	hypoxia	on	mortality,	feeding	and	predation	in	an	
estuarine	epifaunal	community.	-.	Exp.	Mar.	Biol.	Ecol.	258�	25�	283.

Santhi	C,	Arnold	-G,	Williams	-R,	Dugas	WA,	Srinivasan	R,	Hauck	LM.	2001.	9alidation	of	the	SWAT	model	on	a	
large	river	basin	with	point	and	nonpoint	sources�	-ournal	of	the	American	Water	Resources	Association	3��5��	
1169±1188.

Scavia	D,	Rabalais	NN,	Turner	RE,	-ustic	D,	Wiseman,	W-,	-r.	2003.	Predicting	the	response	of	Gulf	of	Mexico	
hypoxia	to	variations	in	Mississippi	River	nitrogen	load.	Limnology	and	Oceanography	48�	951±956.

Scavia	D,	-ustic	D,	Bierman	9-.	2004.	Reducing	hypoxia	in	the	Gulf	of	Mexico�	advice	from	three	models.	Estuaries	
2��	419±425.

Schulte	LA,	Liebman	M,	AsbMornsen	H,	Crow	TR.	2006.	Agroecosystem	restoration	through	strategic	integration	of	
perennials.	-ournal	of	Soil	and	Water	Conservation	61�	165A�169A.

Seit]	RD,	Dauer	DM,	Llansy	R-,	Long	WC.	2009	Broad�scale	effects	of	hypoxia	on	benthic	community	structure	in	
Chesapeake Bay, USA. . Journal of Experimental Marine Biology and Ecology.

Shen	-,	Wang	T,	Herman	-,	Mason	P,	Arnold	GL.	2008.	Hypoxia	in	a	coastal	embayment	of	the	Chesapeake	Bay�		A	
model	diagnostic	study	of	oxygen	dynamics.		Estuaries	and	Coasts	31�	652�663.

	Shchepetkin	AF,	McWilliams	-C.	2005.	The	regional	oceanic	modeling	system	�ROMS��	a	split�explicit,	free�surface,	
topographically�following�coordinate	oceanic	model.	Ocean	Modelling	9,	34�±404.

Shen	-,	Wang	T,	Herman	-,	Mason	P,	Arnold	GL.	2008.	Hypoxia	in	a	Coastal	Embayment	of	the	Chesapeake	Bay�	A	
Model	Diagnostic	Study	of	Oxygen	Dynamics,	Estuaries	and	Coasts.	31�4��	652�663.

Sindermann	C,	Swanson	R.	1980.	Chapter	1.	Historical	and	Regional	Perspective.	In�	Oxygen	depletion	and	
associated	benthic	mortalities	in	New	<ork	Bight,	19�6.	R.L.	Swanson	and	C.-.	Sindermann	�eds.�	Rockville.	U.S.	
Department of Commerce National Oceanic and Atmospheric Administration. pp.1-16.

Smith	RA,	Alexander	RB,	Wolman	MG.	198�.	Water�Tuality	trends	in	the	nation¶s	rivers.	Science	235�	160��1615.

Smith	RA,	Schwar]	GE,	Alexander	RB.	199�.	Regional	interpretation	of	water�Tuality	monitoring	data�	Water	
Resources	Research	33�	2�81�2�98.

Stow	CA,	4ian	SS,	Craig	-..	2005.	Declining	threshold	for	hypoxia	in	the	Gulf	of	Mexico.	Environmental	Science	and	
Technology	39�	�16��23.

Strosneider	WH,	Hitchcock	DR,		Burke	M.,	Lewitus	A-.	200�.		Predicting	hydrology	in	wetlands	designed	for	coastal	
stormwater	management.	American	Society	of	Agricultural	and	Biological	Engineers.	Paper	Number�	0��084.	An	
ASABE	Meeting	Presentation.	pp.	1�1�.

Tanner	CA,	Burnett	LE,	Burnett	.G.	2006.	The	effects	of	hypoxia	and	pH	on	phenoloxidase	activity	in	the	Atlantic	blue	
crab,	Callinectes	sapidus.	Comp.	Biochem.	Physiol.	144�	218�33.

Taylor	-C,	Miller	-M.	2001.	Physiological	performance	of	Muvenile	southern	flounder,	Paralichthys lethostigma (Jordan 
and	Gilber,	1884�,	in	chronic	and	episodic	hypoxia.	-ournal	of	Experimental	Marine	Biology	and	Ecology	258�	195�

http://pubs.usgs.gov/tm/2005/tm4A5/


Scientific Assessment of Hypoxia in U.S. Coastal Waters��

References

214.	

Taylor	-C,	Rand	PS,	-enkins	-.	200�.	Swimming	behavior	of	Muvenile	anchovies	�Anchoa spp.) in an episodically 
hypoxic	estuary�	implications	for	individual	energetics	and	trophic	dynamics.	Mar.	Biol.	152�	939±5�

Tenore	.R.	19�2.	Macrobenthos	of	the	Pamlico	River	estuary,	North	Carolina.	Ecol.	Monogr.	42�	51�69.

Thronson	A,	4uigg	A.	2008.	Fifty�five	years	of	fish	kills	in	coastal	Texas.	Estuar.	Coasts	31�	802±813.

Thurston	R9.	2002.	Fish	physiology,	toxicology,	and	water	Tuality	proceedings	of	the	sixth	international	symposium.	
La Paz, B.C.S. Mexico: Ecosystems Research Division.

Tilman	D,	Fargione	-,	Wolff	B,	D¶Antonio	C,	Dobson	A,	Howarth	R,	Schindler	D,	Schlesinger	WH,	Simberloff	D,	
Swackhamer	D.	2001.	Forecasting	Agriculturally	Driven	Global	Environmental	Change.	Science	292�	281�284.

Thomas	P	Md,	Rahman	S,	.han	IA,	.ummer	-A.	200�.	Widespread	endocrine	disruption	and	reproductive	
impairment	in	an	estuarine	fish	population	exposed	to	seasonal	hypoxia.	Proceedings	of	the	Royal	Society	B	
2�4�1626��	2693±2�02

Turner	RE,	Rabalais	NN,	Fry	B,	Atilla	N,	Milan	CS,	Lee	-M,	Normandeau	C,	Oswald	TA,	Swenson	EM,	Tomasko	DA.	
2006a.	Paleo�indicators	and	water	Tuality	change	in	the	Charlotte	Harbor	estuary	�Florida�.	Limnol.	Oceanogr.	51�	
518±533.

Turner	RE,	Rabalais	NN,	-ustic�	D.	2006b.	Predicting	summer	hypoxia	in	the	northern	Gulf	of	Mexico�	Riverine	N,	P,	
and	Si	loading.	Marine	Pollution	Bulletin	52�	139�148

Turner	RE,	Rabalais	NN,	-ustic	D.	2008.	Gulf	of	Mexico	Hypoxia	�	Alternate	States	and	a	Legacy.	Environ	Sci	Tech.	
42�	2323	±	232�.

Tyler	RM,	Targett	TE.	200�.	-uvenile	weakfish	Cynoscion	regalis	distribution	in	relation	to	diel�cycling	dissolved	
oxygen	in	an	estuarine	tributary.	Mar.	Ecol.	Prog.	Ser.	333�	25��269.

Tyler	RM,	Brady	DC,	Targett	TE.	2008.	Temporal	and	spatial	dynamics	of	diel�cycling	hypoxia	in	estuarine	tributaries.		
Estuaries	and	Coasts	32�	123�145.

U.S.	Commission	on	Ocean	Policy.	2004.	An	Ocean	Blueprint	for	the	21st	Century.	Final	Report.	Washington,	DC,	
2004.	ISBN�0±9�59462±0±;

U.S.	EPA.	2002.		National	Water	4uality	Inventory	2000	Report.		Office	of	Science	and	Technology�Office	of	Water,	
Washington, DC.

U.S.	EPA.	2003.	Biological	Evaluation	for	the	Issuance	of	Ambient	Water	4uality	Criteria	for	Dissolved	Oxygen,	Water	
Clarity and Chlorophyll a for the Chesapeake Bay and Its Tidal Tributaries. Region III, Chesapeake Bay Program, 
Annapolis, Maryland. 61 pp.

U.S.	EPA.	2005.	National	Coastal	Condition	Report	II.	Office	of	Research	and	Development�Office	of	Water,	
Washington,	DC.	U.S.	EPA	2002

U.S.	EPA.	2008.	National	Coastal	Condition	Report	III.	Office	of	Research	and	Development�Office	of	Water,	
Washington, DC.

U.S.	EPA	200�.	Hypoxia	in	the	Northern	Gulf	of	Mexico�	An	Update	by	the	EPA	Science	Advisory	Board.	EPA�SAB�
08�004.	EPA	Science	Advisory	Board,	Washington	DC.	

U.S.	EPA.	2008.	National	coastal	condition	report	III.	EPA�842�R�08�002.	Office	of	Research	and	Development�Office	
of	Water,	Washington,	DC.	300	pp.

9ache	.B,	Eilers	-M,	Santelman	M9.	2002.	Water	Tuality	modeling	of	alternative	agricultural	scenarios	in	the	U.S.	
corn	belt�	-ournal	of	the	American	Water	Resources	Association	38�2��	��3±�8�.

9aliela	I,	Cole	ML.	2002		Comparative	evidence	that	salt	marshes	and	mangroves	may	protect	seagrass	meadows	
from	land�derived	nitrogen	loads.		Ecosystems	5�	92�102.

9aTuer�Sunyer	R,	Duarte	C.	2008.	Thresholds	of	hypoxia	for	marine	diversity.	PNAS	105	�40��	15452±1545�.

9erity	PG,	Alber	M,	Bricker	SB.	2006.	Development	of	hypoxia	in	well�mixed	subtropical	estuaries	in	the	southeastern	
USA.	Estuar.	Coasts	29�	665�6�3.



Scientific Assessment of  Hypoxia in U.S. Coastal Waters ��

Executive SummaryReferences

9itousek	PM.,	Aber	-,	Howarth	RW,	Likens	GE,	Matson	PA,	Schindler	DW,	Schlesinger	WH,	Tilman	GD.	199�.	
Human Alteration of the Global Nitrogen Cycle: Causes and Consequences.  Issues in Ecology, 1: 1-16. 

Ward	MH,	de.ok	TM,		Levallois	P.	2005.	Workgroup	report�	drinking�water	nitrate	and	health�recent	findings	and	
research	needs.	Environmental	Health	Perspectives	113�	160��1614.

Whitledge	TE.	1985.	Nationwide	review	of	oxygen	depletion	and	eutrophication	in	estuarine	and	coastal	waters.	
Executive	Summary.	Report	to	U.S.	Dept.	of	Commerce,	NOAA,	National	Ocean	Service.	Rockville,	MD.		28	p.

Whitmore	CM,	Warren	CE,	Doudoroff	P.	1960.	Avoidance	reactions	of	salmonid	and	centrarchid	fishes	to	low	oxygen	
concentrations.	Trans.	Am.	Fisher.	Soc.	89�	1�±26.

Wu	RSS,	=hou	BS,	Randall	D-,	Woo	N<S,	Lam	P.S.	2003.	ATuatic	hypoxia	is	an	endocrine	disruptor	and	impairs	
fish	reproduction.	Environ.	Sci.	Tech.	3��	113��1141.

=hang	H,	Ludsin	SA,	Roman	MR,	Boicourt	WC,	=hang	;,	.immel	DG,	Adamack	AT,	Mason	DM,	Brandt	SB.	2009.	
Hypoxia�driven	changes	in	the	behavior	and	spatial	distribution	of	pelagic	fish	and	]ooplankton	in	the	northern	Gulf	
of	Mexico.	-ournal	of	Experimental	Marine	Biology	and	Ecology	381�	S	80	�	91.



Scientific Assessment of Hypoxia in U.S. Coastal Waters��

AppendicesAppendices

Appendices



Scientific Assessment of  Hypoxia in U.S. Coastal Waters ��

Executive SummaryAppendices

Appendix I: Federal Agency Hypoxia or 
Hypoxia-related Research
I.A. Department of Agriculture 
I.A.1. Agricultural Research Service

7Ke Agricultural Research Service (ARS) is an in�KoXse scientific researcK aJency of tKe U.S. 
'epartment of AJricXltXre.  A5S conGXcts researcK to GeYelop anG transfer solXtions to aJricXltXral 
proElems of KiJK national priority anG Gisseminates information to�  �� ensXre KiJK�TXality� safe fooG� 
anG otKer aJricXltXral proGXcts� �� assess tKe nXtritional neeGs of Americans� �� sXstain a competitiYe 
aJricXltXral economy� �� enKance tKe natXral resoXrce Ease anG tKe enYironment� anG �� proYiGe economic 
opportXnities for rXral citi]ens� commXnities� anG society as a ZKole.

7Ke Water AYailaEility anG WatersKeG 0anaJement 1ational 3roJram is part of 1atXral 5esoXrces 
anG SXstainaEle AJricXltXral Systems� one of foXr EroaG areas for A5S researcK.  7Ke national proJram 
strXctXre alloZs A5S to linN US'A scientists in laEoratories aroXnG tKe coXntry to aGGress researcK 
proElems of local� reJional� national� anG international interest� sXcK as Kypoxia. Kttp���ZZZ.ars.XsGa.JoY�
researcK�proJrams�proJrams.Ktm"13BC2'( ���

7Ke ConserYation (ffects Assessment 3roMect �C(A3� proYiGes tKe farminJ commXnity� tKe 
conserYation commXnity� tKe Jeneral pXElic� tKe 2ffice of 0anaJement anG %XGJet� leJislators� anG 
otKers inYolYeG ZitK enYironmental policy issXes� ZitK an accoXnt of tKe enYironmental effects or 
Eenefits oEtaineG from US'A conserYation proJram expenGitXres.  C(A3 is Mointly manaJeG Ey A5S� tKe 
CooperatiYe State 5esearcK� (GXcation� anG (xtension SerYice �CS5((S�� )arm SerYice AJency �)SA�� 
anG 1atXral 5esoXrces ConserYation SerYice �15CS�. Kttp���ZZZ.nrcs.XsGa.JoY�7(CH1,CA/�15,�ceap�

S7(WA5'S �SXstaininJ tKe (artKs WatersKeGs AJricXltXral 5esearcK 'ata System� Zas createG 
to KoXse Gata collecteG as part of C(A3 assessment for croplanGs.  7Kis Gata system orJani]es anG 
GocXments soil� Zater� climate� lanG�manaJement� anG socioeconomic Gata from mXltiple aJricXltXral 
ZatersKeGs across tKe UniteG States� alloZinJ Xsers to searcK� GoZnloaG� YisXali]e� anG explore Gata for 
researcK anG conserYation manaJement pXrposes.  7Ke 1ational AJricXltXral /iErary� %eltsYille� 0'� Kas 
GeYelopeG a series of six C(A3�relateG EiElioJrapKic GataEases tKat are aYailaEle to tKe pXElic tKroXJK 
tKeir ZeEsite� Kttp���ZZZ.nal.XsGa.JoY�ZTic�.  7Kis Gynamic relational GataEase offers more tKan ����� 
citations of cXrrent researcK finGinJs from aroXnG tKe JloEe to Kelp scientists anG tKe pXElic XnGerstanG 
tKe enYironmental effects anG Eenefits of conserYation practices implementeG tKroXJK YarioXs US'A 
conserYation proJrams. Kttp���arsaJsoftZare.ars.XsGa.JoY�steZarGs�. 

I.A.2. Cooperative State Research, Education, and Extension 
Service

CSREES proYiGes )eGeral assistance in tKe form of Jrants for researcK� eGXcation� anG extension 
actiYities relateG to aJricXltXre.  7Ke CS5((S Water 3roJram focXses on creatinJ anG GisseminatinJ 
NnoZleGJe tKat ensXres a safe anG reliaEle soXrce of Zater to meet tKe neeGs for fooG� fiEer� anG enerJy 
proGXction� KXman Xse anG economic JroZtK� anG maintenance anG protection of natXral enYironmental 
systems anG ecosystem serYices.  CS5((S¶ XniTXe nicKe is conGXctinJ researcK� eGXcation� anG extension 
proJrams to protect anG improYe Zater resoXrces in aJricXltXral� rXral� anG XrEani]inJ ZatersKeGs 
�inclXGinJ forest lanGs� ranJelanGs� anG croplanGs�.

http://www.ars.usda.gov/research/programs/programs.htm?NP_CODE=211
http://www.ars.usda.gov/research/programs/programs.htm?NP_CODE=211
http://www.nrcs.usda.gov/TECHNICAL/NRI/ceap/
http://www.nal.usda.gov/wqic/
http://arsagsoftware.ars.usda.gov/stewards
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CS5((S Kas Eeen a partner ZitK A5S� 15CS� anG )SA in tKe C(A3.  7Kirteen ZatersKeG proMects 
Zere Mointly fXnGeG Ey CS5((S anG 15CS to eYalXate tKe effectiYeness of conserYation practices on 
Zater TXality at tKe ZatersKeG scale.  7Kese �� ZatersKeG proMects serYe as examples of collaEoratiYe 
ZorN EetZeen lanG Jrant XniYersities anG 15CS.  7Ke proMects are XniTXe in tKat tKey comEine eYalXation 
of tKe EiopKysical effects of conserYation practices anG tKe socioeconomic context of tKe ZatersKeG 
location.  7Ke ZatersKeG proMects also comEine researcK anG extension�oXtreacK actiYities ± inYolYinJ 
aJricXltXral proGXcers in proMect oXtcomes.  7KroXJK C(A3� tKe lanG Jrant XniYersity system Kas 
GeYelopeG sXEstantial capacity to increase tKe XnGerstanGinJ of effects of conserYation practices anG tKe 
effectiYeness of conserYation proJrams. 

CS5((S anG 15CS collaEorateG to fXnG tZo proMects to syntKesi]e resXlts from tKe �� ZatersKeG�
scale proMects.  7Kese tZo proMects Zill EXilG a NnoZleGJe Ease to eYalXate impacts of conserYation 
practices oYer EroaG reJions� improYe manaJement of aJricXltXral lanGscapes� anG inform policy 
Gecisions at tKe local� state� anG national scale.  7Ke tZo proMects Giffer in tKeir approacK ± tKe first Xses 
a synoptic oYerYieZ of tKe �� ZatersKeG stXGies anG tKe seconG Xses a moGelinJ frameZorN to spatially 
GistriEXte resXlts from tKe �� ZatersKeG to EroaGer JeoJrapKic reJions.

CS5((S also proYiGes fXnGinJ for a national netZorN of reJional proMects tKat focXs on performance�
EaseG proJrams to aGGress Zater resoXrce issXes.  7Ke ten reJional proMects are JeoJrapKically aliJneG 
ZitK U.S. (3A reJions �see ZZZ.XsaZaterTXality.orJ�.  7Kese reJional proMects are Girectly inYolYeG ZitK 
aGGressinJ Kypoxia tKroXJK researcK� eGXcation� anG extension proJrams on animal manXre manaJement� 
nXtrient manaJement� anG social anG economic policy sciences.  7Key maNe researcK� eGXcation� anG 
extension resoXrces of tKe XniYersity system more accessiEle to )eGeral� State� anG local Zater resoXrces 
improYement efforts.  7KroXJK tKese proMects� neZ or expanGeG opportXnities GeYelop for aJricXltXral 
proGXcers anG aJricXltXrally impacteG commXnities to aGopt YolXntary approacKes for tKe improYement 
of Zater resoXrces.  7Key promote GeliYery of mXlti�state proJramminJ to aGGress reJional anG�or 
mXltireJional Zater TXality concerns.

I.A.3. Farm Service Agency
7Ke primary FSA actiYity relateG to Kypoxia is tKe ConserYation 5eserYe 3roJram �C53�.  C53 is a 

YolXntary proJram aYailaEle to aJricXltXral proGXcers to Kelp tKem safeJXarG enYironmentally sensitiYe 
lanG. 3roGXcers enrolleG in C53 plant lonJ�term� resoXrce�conserYinJ coYers to improYe tKe TXality of 
Zater� control soil erosion� anG enKance ZilGlife KaEitat. ,n retXrn� )SA proYiGes participants ZitK rental 
payments anG cost�sKare assistance. Contract GXration is EetZeen �� anG �� years.

C53 protects millions of acres of American topsoil from erosion anG is GesiJneG to safeJXarG tKe 
1ation¶s natXral resoXrces. %y reGXcinJ Zater rXnoff anG seGimentation� C53 protects JroXnGZater anG 
Kelps improYe tKe conGition of fresKZater anG marine resoXrces. AcreaJe enrolleG in tKe C53 is planteG 
ZitK resoXrce�conserYinJ YeJetatiYe coYers� maNinJ tKe proJram a maMor contriEXtor to increaseG ZilGlife 
popXlations in many parts of tKe coXntry. Kttp���ZZZ.fsa.XsGa.JoY�)SA�ZeEapp"area Kome	sXEMect cop
r	topic crp

I.A.4. U.S. Forest Service
The USDA Forest Service �Kttp���ZZZ.fs.feG.Xs�researcK�� Kas a mission to sXstain tKe KealtK� 

GiYersity� anG proGXctiYity of tKe 1ation¶s forests anG JrasslanGs to meet tKe neeGs of present anG fXtXre 
Jenerations.  7Ke researcK anG GeYelopment arm of tKe )orest SerYice ZorNs at tKe forefront of science to 
improYe tKe KealtK anG Xse of oXr 1ation¶s forests anG JrasslanGs.  7oGay� more tKan ��� )orest SerYice 
researcKers ZorN across tKe �� states� U.S. territories� anG commonZealtKs in a ranJe of EioloJical� 

http://www.usawaterquality.org
http://www.fsa.usda.gov/FSA/webapp?area=home&subject=copr&topic=crp
http://www.fsa.usda.gov/FSA/webapp?area=home&subject=copr&topic=crp
http://www.fs.fed.us/research/
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pKysical� anG social science fielGs to promote sXstainaEle manaJement of tKe 1ation¶s GiYerse forests 
anG ranJelanGs anG tKe ecosystem serYices tKey proYiGe.  7Ke ZorN Kas a steaGy focXs on informinJ 
policy anG lanG manaJement Gecisions� inclXGinJ tKose on GeJraGeG riYer ecosystems.  7Ke researcKers 
ZorN inGepenGently anG ZitK a ranJe of partners� inclXGinJ otKer aJencies� acaGemia� nonprofit JroXps� 
anG inGXstry.  7Ke information anG tecKnoloJy proGXceG tKroXJK Easic anG applieG science proJrams is 
aYailaEle to tKe pXElic for its Eenefit anG Xse.

WitK oYer tZo�tKirGs of tKe 1ation¶s fresKZater oriJinatinJ on foresteG lanGs� tKe role of tKe )orest 
SerYice to manaJe anG restore ZatersKeGs is inGispensaEle.  7Ke )orest SerYice ZorNs to improYe 
manaJement practices anG tecKniTXes� GeYelop Eest manaJement practices tKat are cost�effectiYe� 
anG leaG efforts in tKe aGYancement of marNets anG payments for ecosystem serYices.  ,n aGGition� tKe 
)orest SerYice is ZorNinJ to GeYelop metKoGs for assessinJ cKanJes in ZatersKeG conGition as a resXlt 
of cKanJinJ GemoJrapKics anG GeYelopment pressXres.  7Ke )orest SerYice Kas GeYelopeG a national 
strateJy for consistent cKaracteri]ation of ZatersKeG conGition.  7Ke cKaracteri]ation Zill Ee XseG to 
prioriti]e� iGentify anG implement inteJrateG ZatersKeG�scale improYement proMects on 1ational )orests.  
3Kase � Zill Getermine tKe initial �Easeline� ZatersKeG conGition on 1ational )orest System lanGs XsinJ 
consistent� EroaGly aYailaEle Gata.  3Kase � is a six�step process for classifyinJ ZatersKeGs at a finer scale 
anG prioriti]inJ tKem for treatment� iGentifyinJ inteJrateG proMects tKat ZoXlG moYe tKem into improYeG 
conGition classes.  3Kase � inYolYes YaliGatinJ anG monitorinJ ZatersKeG conGition.  

I.A.5. Economic Research Service
The Economic Research Service �(5S� is tKe main soXrce of economic information anG researcK 

from US'A.  ,t ErinJs tKe perspectiYe of economic analysis to critical issXes confrontinJ farmers� 
aJriEXsiness� consXmers� anG policy maNers.  ,n Jeneral� (5S¶s Gata proJram collects information tKat can 
Ee XseG in an assessment of policy options in tKe 0ississippi %asin.  ,n conMXnction ZitK US'A 1ational 
AJricXltXral Statistics SerYice� (5S collects Gata tKroXJK tKe AJricXltXral 5esoXrce 0anaJement SXrYey 
on proGXction practices� conserYation practices anG inpXt Xse for maMor crops in maMor crop proGXcinJ 
states.  (5S Xses tKese anG otKer Gata to roXtinely report on tKe statXs anG trenGs of Zater resoXrce 
inGicators sXcK as tillaJe practices� conserYation practices� cKemical inpXt Xse� anG conserYation proJram 
expenGitXres for Zater TXality anG Zater conserYation. Kttp���ZZZ.ers.XsGa.JoY�

I.B. Department of Commerce
I.B.1. National Oceanic and Atmospheric Administration
I.B.1.a. National Ocean Service 

National Centers for Coastal Ocean Science, Center for Sponsored Coastal Ocean Research

Gulf of Mexico Ecosystems and Hypoxia Assessment Program (NGOMEX).  7o aGGress tKe issXe of 
Kypoxia in tKe nortKern *Xlf of 0exico� 12AA¶s Center for SponsoreG Coastal 2cean 5esearcK sXpports 
mXlti�year� competitiYe� interGisciplinary researcK proMects to GeYelop a fXnGamental XnGerstanGinJ of tKe 
nortKern *Xlf of 0exico ecosystem ZitK a focXs on tKe caXses anG effects of tKe Kypoxic ]one anG tKe 
preGiction of its fXtXre extent anG impacts.  7Ke researcK proJram� ZKicK EeJan in ���� as a resXlt of tKe 
HA%H5CA ���� leJislation� focXses on GeYelopinJ a preGictiYe capaEility for tKe /oXisiana continental 
sKelf ecosystem ZitKin an aGaptiYe manaJement frameZorN Ey connectinJ monitorinJ� Gata analysis� 
moGel preGictions� anG manaJement actions ZitK continXoXs feeGEacN for improYement.  CXrrent stXGies 

http://www.ers.usda.gov/
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are GocXmentinJ tKe Gynamics of tKe Kypoxic ]one oYer tKe /oXisiana continental sKelf anG KelpinJ to 
Eetter Gefine tKe EioloJical� cKemical� anG pKysical processes tKat inÀXence Kypoxic ]one GeYelopment 
anG Getermine its extent� anG impacts on fisKeries. Kttp���ZZZ.cop.noaa.JoY�stressors�pollXtion�cXrrent�
Jomex�factsKeet.Ktml

Coastal Hypoxia Research Program (CHRP).  7Ke pXrpose of tKe CH53 proJram� ZKicK aZarGeG 
its first researcK Jrants in ����� is to expanG 12AA¶s researcK capaEility to aGGress Kypoxia in otKer 
reJions experiencinJ Kypoxia EeyonG tKe nortKern *Xlf of 0exico.  7Kis proJram is proYiGinJ researcK 
resXlts anG moGelinJ tools to Kelp coastal resoXrce manaJers assess alternatiYe manaJement strateJies 
anG maNe informeG Gecisions for preYentinJ or mitiJatinJ tKe impacts of Kypoxia on coastal ecosystems.  
'etermininJ tKe caXses of Kypoxia� GeYelopinJ tKe capaEility to preGict its occXrrence in response to 
YaryinJ leYels of antKropoJenic stress� anG eYalXatinJ tKe sXEseTXent ecoloJical� economic� anG social 
impacts are necessary to assess potential manaJement alternatiYes.

.ey areas of CH53 researcK inclXGe� �� tKe GeYelopment of a preGictiYe capaEility for tKe spatial anG 
temporal extent of Kypoxia JiYen cXrrent anG potential antKropoJenic anG natXral forcinJ scenarios anG 
potential manaJement alternatiYes� �� tKe Getermination of tKe cXrrent ecoloJical anG economic impacts 
of Kypoxia in a reJion� �� tKe GeYelopment of ecoloJical forecasts anG economic YalXations of tKe impacts 
of cKanJes in a Kypoxic reJion¶s spatial or temporal extent� anG  �� tKe GeYelopment of moGels tKat preGict 
tKe sXsceptiEility of coastal systems to tKe formation of Kypoxic Zaters� tKereEy alloZinJ manaJers to 
Eetter focXs monitorinJ anG assessment proJrams ZKicK sKoXlG resXlt in more efficient anG sXccessfXl 
protection anG restoration efforts. Kttp���ZZZ.cop.noaa.JoY�stressors�pollXtion�cXrrent�Jomex�factsKeet.
Ktml

National Centers for Coastal Ocean Science, Center for Coastal Monitoring and Assessment 

12AA¶s Center for Coastal 0onitorinJ anG Assessment recently completeG an amEitioXs XpGate to 
tKe 1ational (stXarine (XtropKication Assessment �Kttp���ccma.nos.noaa.JoY�pXElications�eXtroXpGate�� 
ZKicK assesses nXtrient conGitions anG Girect�inGirect impacts in U.S. estXaries.  7Ke report tKoroXJKly 
analy]eG aYailaEle Gata anG assiJneG conGition ranNinJs to estXaries.  *eoJrapKic accoXnts of Kypoxia 
are inclXGeG in tKe report.  CKanJes in eXtropKication statXs since tKe last assessment JiYe a sense of tKe 
JroZinJ inciGences of Kypoxia in coastal Zaters.

Office of Ocean and Coastal Resource Management

National Estuarine Research Reserve System (NERRS).  7Ke principal mission of tKe 1(55S 
System�WiGe 0onitorinJ 3roJram �SW03� is to GeYelop TXantitatiYe measXrements of sKort�term 
YariaEility anG lonJ�term cKanJes in tKe Zater TXality� Eiotic GiYersity� anG lanG�Xse�lanG �coYer 
cKaracteristics of estXaries anG estXarine ecosystems for tKe pXrposes of contriEXtinJ to effectiYe coastal 
]one manaJement.  /onJ�term monitorinJ anG iteratiYe KaEitat assessments conGXcteG ZitKin tKe netZorN 
of �� 1(55S sites are intenGeG to improYe tKe fXnGamental XnGerstanGinJ of tKe temporal anG spatial 
Gynamics of estXarine processes� anG to proYiGe Easeline information to eYalXate sXEseTXent cKanJes 
in tKe ecoloJical statXs of estXarine ecosystems in response to natXral pertXrEations anG antKropoJenic 
GistXrEance.  )eGeral coorGination of tKe 1(55S SW03 alloZs for tKe recoJnition of siJnificant 
ecoloJical trenGs �improYement or GeJraGation� in estXaries at national� reJional� anG local leYels.  
0oreoYer� continXeG operation of tKe lonJ�term monitorinJ effort ZitKin tKe netZorN of representatiYe 
1(55S sites Zill proYiGe YalXaEle Gata to inform assessments anG�or moGels on tKe cXmXlatiYe effects 
of enYironmental stressors in estXarine ecosystems locateG tKroXJKoXt tKe U.S. coastal ]one.  0onitorinJ 
at eacK SW03 site inclXGes continXoXs measXrements of GissolYeG oxyJen leYels anG montKly nXtrient 

http://www.cop.noaa.gov/stressors/pollution/current/gomex-factsheet.html
http://www.cop.noaa.gov/stressors/pollution/current/gomex-factsheet.html
http://www.cop.noaa.gov/stressors/pollution/current/gomex-factsheet.html
http://www.cop.noaa.gov/stressors/pollution/current/gomex-factsheet.html
http://ccma.nos.noaa.gov/publications/eutroupdate/
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samplinJ.  %etZeen ���� anG ����� 1(55S orJani]eG tKe SW03 Gata into seYeral reJional reports� 
inclXGinJ for tKe 1ortKeast� 0iG�Atlantic anG tKe 3acific coast.

I.B.1.b. Oceanic and Atmospheric Research 
Great Lakes Environmental Research Laboratory 

12AA¶s *reat /aNes (nYironmental 5esearcK /aEoratory� in collaEoration ZitK researcKers from tKe 
UniteG States anG CanaGa� is XnGertaNinJ one of tKe larJest� most compreKensiYe /aNe (rie researcK fielG 
proJrams eYer.  7Ke ,nternational )ielG <ears on /aNe (rie �,)</(� proJram� ZKicK starteG in ���� anG 
is proMecteG to continXe tKroXJK ����� aims to improYe XnGerstanGinJ of larJe�scale �time anG space� 
GriYinJ forces of ecosystem Gynamics.  7Ke proMect Kas a special researcK focXs on Kypoxia anG KarmfXl 
alJal Elooms anG tKeir impacts in /aNe (rie.

National Sea Grant College Program

7Ke 1ational Sea *rant ColleJe 3roJram is a competitiYe aZarGeG researcK proJram ZKicK leYeraJes 
state participation ZitK )eGeral fXnGs.  ,t Kas focXseG some researcK fXnGinJ on Kypoxia researcK� 
specifically in tKe SoXtKeast coastal states.

I.B.1.c. National Marine Fisheries Service
12AA 1ational 0arine )isKeries SerYice �10)S� conGXcts fisK sXrYeys�mappinJ of tKe entire *Xlf 

coast� ZitK Eottom GissolYeG oxyJen as one of tKe measXreG parameters� in late -Xne�early -Xly anG tKen 
aJain in early SeptemEer as part of its roXtine SoXtKeast Area 0onitorinJ anG Assessment 3roJram¶s 
�S(A0A3¶s� JroXnGfisK sXrYeys.  7Ke GissolYeG oxyJen Gata are proYiGeG to tKe pXElic Yia tKe *Xlf 
of 0exico Hypoxia WatcK ZeEsite �Kttp���ecoZatcK.ncGGc.noaa.JoY�Kypoxia�� ZKicK is manaJeG Ey 
12AA¶s 1ational (nYironmental Satellite� 'ata� anG ,nformation SerYice.  12AA 10)S scientists 
KaYe also stXGieG tKe impact of Kypoxia on *Xlf coast fisKeries.  10)S Kas also aGGeG GissolYeG oxyJen 
monitorinJ to its salmoniG sXrYeys alonJ tKe 3acific 1ortKZest to monitor Kypoxia on tKe continental 
sKelf.

I.C. Department of Defense
I.C.1. U.S. Army Corps of Engineers

System-Wide Water Resources Program (SWWRP). 7Ke U.S. Army Corps of (nJineers �USAC(� 
is GeYelopinJ ZatersKeG� reJional� anG system�ZiGe assessment tools tKat are applicaEle to nXtrient anG 
seGiment assessments anG Gecision sXpport.  As part of tKe SWW53� one�� tZo� anG tKree�Gimensional 
KyGroloJic� KyGroGynamic� anG Zater TXality moGels KaYe Eeen GeYelopeG anG GemonstrateG in YarioXs 
ZatersKeG� riYerine� reserYoir� anG estXarine applications.  (xample applications inclXGe assessment 
of nXtrient anG seGiment loaGinJ in tKe Xpper (aX *alle� Wisconsin� ZatersKeG anG KyGroGynamic 
assessments in tKe Upper AXJlai]e� 2Kio� ZatersKeG.  %asic researcK in nitroJen Gynamics Kas Eeen 
Gone in conMXnction ZitK pool ÀXctXations in tKe Upper 0ississippi 5iYer.  5esponse in reserYoir Zater 
TXality to loaGinJs Kas Eeen stXGieG in nXmeroXs USAC( reserYoirs.  5esponse to nXtrient anG seGiment 
loaGs in estXaries Kas Eeen assesseG in tKe CKesapeaNe %ay.  'ata manaJement anG YisXali]ation tools 
XsinJ Corps*loEe �GeYelopeG ZitK *ooJle (artK tecKnoloJies� KaYe Eeen fielGeG for GisplayinJ mXlti�
Gimensional moGelinJ resXlts in a Jeospatial anG temporal context for Gecision sXpport.

http://ecowatch.ncddc.noaa.gov/hypoxia
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Chesapeake Bay Environmental Model Package (CBEMP).  7Ke C%(03 is tKe proGXct of a tZenty�
year partnersKip amonJ tKe USAC( %altimore 'istrict� tKe USAC( (nJineer 5esearcK anG 'eYelopment 
Center� anG tKe (3A CKesapeaNe %ay 3roJram.  7Ke C%(03 is a coXpleG system of moGels aimeG anG 
manaJinJ anG reGXcinJ eXtropKication in tKe %ay.  ,n particXlar� tKe moGel is aimeG at restorinJ liYinJ 
resoXrces� reGXcinJ anoxia� anG improYinJ Zater clarity.  7Ke present pKase of tKe stXGy continXes 
tKe partnersKip anG is focXseG on tKe simXlation of sXspenGeG soliGs anG liYinJ resoXrces interactions.  
7Ke cXrrent focXs is to assess KoZ manaJement of sXspenGeG soliGs in tKe ZatersKeG may improYe 
CKesapeaNe %ay Zater TXality anG remoYe Zater TXality impairments� sXcK as loZ GissolYeG oxyJen� 
alJal Elooms� anG poor Zater clarity.  USAC( Kas completeG an initial caliEration ZitK rXns of YarioXs 
manaJement scenarios anG is reYisinJ tKe moGel EaseG on tKe resXlts of tKe initial scenarios.

I.D. U.S. Environmental Protection Agency
I.D.1. Regional Offices
Great Lakes National Program Office

7Ke (3A *reat /aNes 1ational 3roJram 2ffice �*/132� ErinJs toJetKer )eGeral� state� triEal� local� 
anG inGXstry partners in an inteJrateG� ecosystem approacK to protect� maintain� anG restore tKe cKemical� 
EioloJical� anG pKysical inteJrity of tKe *reat /aNes.  ,n respect to Kypoxia� tKe proJram monitors /aNe 
ecosystem inGicators� sXcK as GissolYeG oxyJen� anG manaJes anG proYiGes pXElic access to *reat /aNes 
Gata �Kttp���ZZZ.epa.JoY�Jlnpo�monitor.Ktml�.  (acK year� */132 Xses its fXnGinJ to assist *reat /aNes 
partners in tKese areas tKroXJK Jrants� interaJency aJreements� anG contracts �Kttp���ZZZ.epa.JoY�Jlnpo�
fXnG�Jlf.Ktml�.  ,n ����� tKe */132 KelG a fXnGinJ competition focXseG specifically on Kypoxia in 
Zestern /aNe (rie.

Gulf of Mexico Program Office 

7Ke *Xlf of 0exico 3roJram Zas formeG in ���� Ey tKe (3A as a nonreJXlatory� inclXsiYe partnersKip 
to proYiGe a EroaG JeoJrapKic focXs on tKe maMor enYironmental issXes in tKe *Xlf.  7Ke mission of tKe 
3roJram is ³to facilitate collaEoratiYe actions to protect� maintain� anG restore tKe KealtK anG proGXctiYity 
of tKe *Xlf of 0exico in Zays consistent ZitK tKe economic Zell�EeinJ of tKe 5eJion.´  7Ke partnersKip 
inclXGes representatiYes from state anG local JoYernments anG citi]ens in eacK of tKe fiYe *Xlf States� 
tKe priYate sector �EXsiness anG inGXstry�� )eGeral aJencies responsiEle for researcK� monitorinJ� 
enYironmental protection� anG natXral resoXrce manaJement� anG tKe acaGemic commXnity.  7Kis 
partnersKip Kas Eeen Yery effectiYe in proYiGinJ a mecKanism for aGGressinJ complex proElems tKat cross 
)eGeral� state� anG international MXrisGictional lines� a Eetter coorGination amonJ )eGeral� state� anG local 
proJrams tKat Kas increaseG tKe effectiYeness anG efficiency of tKe lonJ�term commitment to manaJe anG 
protect *Xlf resoXrces� a reJional perspectiYe to access anG proYiGe tKe information anG aGGress researcK 
neeGs reTXireG for effectiYe manaJement Gecisions� anG a forXm for affecteG JroXps XsinJ tKe *Xlf� pXElic 
anG priYate eGXcational institXtions� anG tKe Jeneral pXElic to participate in tKe solXtion process.

 7KroXJK its partnersKips� tKe 3roJram is ZorNinJ ZitK tKe scientific commXnity� policymaNers at 
tKe )eGeral� state� anG local leYels� anG tKe pXElic to Kelp preserYe anG protect tKe *Xlf.  ,t Kas maGe 
siJnificant proJress in iGentifyinJ tKe enYironmental issXes in tKe *Xlf ecosystem anG in orJani]inJ a 
proJram to aGGress tKose issXes.  7Ke 3roJram proYiGes a tool to leYeraJe tKe resoXrces of �� Gifferent 
)eGeral aJencies� a Yariety of enYironmentally minGeG aJencies from tKe states of AlaEama� )loriGa� 
/oXisiana� 0ississippi� anG 7exas� anG nXmeroXs pXElic anG priYate orJani]ations.  SpanninJ tKe EroaG 

http://www.epa.gov/glnpo/monitor.html
http://www.epa.gov/glnpo/fund/glf.html
http://www.epa.gov/glnpo/fund/glf.html
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ranJe of enYironmental concerns from tKe local to tKe reJional anG national presents a siJnificant 
cKallenJe to tKe aJencies anG orJani]ations tKat KaYe partnereG XnGer tKe Eanner of tKe *Xlf of 0exico 
3roJram� anG tKe 3roJram Kas met tKat cKallenJe.

Chesapeake Bay Program Office

7Ke CKesapeaNe %ay 3roJram 2ffice represents tKe )eGeral JoYernment in tKe implementation of 
strateJies to meet tKe restoration Joals of tKe CKesapeaNe %ay 3roJram.  7Ke CKesapeaNe %ay 3roJram 
is a XniTXe reJional partnersKip leaGinJ anG GirectinJ restoration of tKe CKesapeaNe %ay.  ,ts mission is to 
leaG anG empoZer otKers to protect anG restore tKe CKesapeaNe %ay ecosystem for fXtXre Jenerations.

I.D.2. Office of Water 
Office of Wetlands, Oceans, and Watersheds

7Ke office of WetlanGs� 2ceans� anG WatersKeGs �2W2W� proYiGes leaGersKip� policy Girections� 
anG financial sXpport to ten reJional offices as Zell as states� triEes� anG territories.  2W2W aGministers 
a nXmEer of proJrams tKat are GirecteG at reGXcinJ nXtrient pollXtion anG its resXltant impairments in 
ZatersKeG anG coastal Zaters.  2W2W facilitates states anG triEes in tKe listinJ of impaireG Zaters� 
ZKicK inclXGes tKose tKat KaYe Eeen GeJraGeG Ey excess nXtrients anG are XnaEle to meet tKe Zater 
TXality stanGarGs set Ey states� territories� or aXtKori]eG triEes.  )rom tKis list� 2W2W proYiGes assistance 
for tKe GeYelopment of total maximXm Gaily loaGs �70'/s�� eacK of ZKicK is a calcXlation of tKe 
maximXm amoXnt of pollXtion tKat Zaters can receiYe anG still meet Zater TXality stanGarGs.  UsinJ 
70'/s� 2W2W is inYestiJatinJ tKe Xse of Zater TXality traGinJ proJrams as a possiEle Zay to control 
nXtrient pollXtion.  AGGitional releYant 2W2W proJrams inclXGe tKe nonpoint soXrce proJram� tarJeteG 
ZatersKeG Jrants� tKe 1ational Water 4Xality ,nYentory� anG 1ational ATXatic 5esoXrce SXrYeys.  
2W2W also sXpports anG proYiGes leaGersKip to tKe 0ississippi WatersKeG�*Xlf of 0exico 1Xtrient 7asN 
)orce CoorGinatinJ Committee anG participates anG proYiGes leaGersKip to tKe *Xlf of 0exico Alliance 
Water 4Xality anG 1Xtrient 5eGXction teams. ,n aGGition� 2W2W manaJes tKe 2cean SXrYey 9essel 
%olG� ZKicK sXpports coastal ocean assessment� monitorinJ anG process�orienteG researcK in U.S. Zaters� 
inclXGinJ nXmeroXs systems impacteG Ey nXtrients anG Kypoxia.

(3A¶s 1ational (stXary 3roJram �1(3� Zas estaElisKeG Ey ConJress in ���� to improYe tKe TXality 
of estXaries of national importance. )or information on tKe 1(3� see 1ational anG ,nteraJency (fforts� 
Section ,.).�.

Office of Science and Technology

7Ke 2ffice of Science anG 7ecKnoloJy �2S7� proGXces reJXlations� JXiGelines� metKoGs� stanGarGs� 
science�EaseG criteria� anG stXGies tKat are critical components of national proJrams tKat protect aTXatic 
enYironments from tKe impacts of nXtrient pollXtion.  2S7 proYiGes EotK tecKnical anG financial 
assistance to states to Kelp tKem aGopt nXmeric nXtrient Zater TXality stanGarGs.  2S7 proYiGes Girect 
assistance to states Ey proYiGinJ implementation JXiGance� aGGressinJ tecKnical anG policy issXes tKat 
states raise� anG proYiGinJ tecKnical information to sXpport states rXlemaNinJ for stanGarGs.  2S7 assists 
in EXilGinJ tKe scientific capacity for states tKroXJK sXpport for samplinJ anG monitorinJ� traininJ� Gata 
anG statistical analysis� anG moGelinJ assistance for GeYelopinJ scientifically GefensiEle nXtrient criteria.  
2S7 also commXnicates tKe importance of manaJinJ nXtrient pollXtion Ey inteJratinJ nXtrient messaJes 
in commXnications anG oXtreacK proGXcts relateG to Zater TXality stanGarGs.
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I.D.3. Office of Research and Development
7Ke mission of tKe 2ffice of 5esearcK anG 'eYelopment is to conGXct cXttinJ�eGJe researcK anG 

foster tKe soXnG Xse of science anG tecKnoloJy to fXlfill (3A¶s statXtory anG reJXlatory reTXirements.  ,ts 
researcK laEoratories are strXctXreG alonJ tKe risN paraGiJm Ey focXsinJ researcK on exposXre� effects� risN 
assessment anG risN manaJement. 

The National Exposure Research Laboratory

7Ke 1ational (xposXre 5esearcK /aEoratory �1(5/� conGXcts researcK anG GeYelopment tKat leaGs to 
improYeG metKoGs� measXrements� anG moGels to assess anG preGict exposXres of KXmans anG ecosystems 
to KarmfXl pollXtants anG otKer conGitions in air� Zater� soil� anG fooG.  1(5/ is conGXctinJ atmospKeric 
Geposition researcK anG moGelinJ of nitroJen� sXlfXr� anG mercXry as stressor inpXts to Zater TXality anG 
ecosystem moGels to proYiGe forecasts of cKanJes in Geposition GXe to manaJement actions stemminJ 
from Clean Air Act reJXlations

The National Health and Environment Effects Research Laboratory 

7Ke 1ational HealtK anG (nYironment (ffects 5esearcK /aEoratory �1H((5/� conGXcts researcK to 
Getermine tKe impacts of enYironmental stressors on KXman anG ecosystem KealtK as Zell as tKe GeJree 
to ZKicK tKose stressors caXse Karm.  1H((5/ conGXcts researcK tKat improYes tKe science sXpportinJ 
nXtrient criteria GeYelopment in estXaries anG coastal Zaters.  Case stXGies in 3ensacola %ay� )loriGa� anG 
<aTXina %ay� 2reJon� KaYe proYiGeG approacKes tKat may Ee XseG to GeYelop nXtrient criteria anG protect 
aTXatic life.  AGGitionally� 1H((5/ researcK on *Xlf Kypoxia is GeYelopinJ statistical� semi�empirical 
anG coXpleG nXmerical moGel applications� Gata proGXcts� anG otKer tools to TXantify tKe EioJeocKemical 
processes anG ecosystem responses to nXtrient loaGs� TXantify soXrces of Xncertainty in nXtrient 
loaG±Kypoxia response relationsKips� anG forecast tKe effects of nXtrient manaJement actions anG loaG 
reGXction tarJets on tKe extent of Kypoxia.  ,n sitX oEserYations anG analyses from coastal anG continental 
sKelf crXises proYiGe tKe empirical Eases for tKe nXmerical simXlation moGels of eXtropKication anG 
Kypoxia on tKe continental sKelf.  7KroXJK an interaJency aJreement ZitK tKe 1aYal 5esearcK /aEoratory 
�15/�� a coXpleG Zater TXality�seGiment GiaJenesis moGel is EeinJ inteJrateG into tKe 15/ coastal ocean 
KyGroGynamic moGel.  7Ke inteJrateG nXmerical simXlation moGel Zill proYiGe improYeG mecKanistic 
XnGerstanGinJ of tKe processes reJXlatinJ *Xlf Kypoxia. 

The National Center for Environment Assessment

7Ke 1ational Center for (nYironment Assessment GeYelops neZ metKoGs for risN assessment anG 
applies tKose metKoGs to tKe cXttinJ�eGJe issXes tKat tKe U.S. (3A faces. 

The National Risk Management Research Laboratory

7Ke 1ational 5isN 0anaJement 5esearcK /aEoratory �1505/� conGXcts researcK anG tecKnical 
assistance to proYiGe tKe scientific Easis to sXpport tKe GeYelopment of strateJies anG tecKnoloJies 
to protect anG restore JroXnG Zater� sXrface Zater� anG ecosystems impacteG Ey man�maGe anG 
natXral processes.  1505/ conGXcts nXtrient fate anG transport moGelinJ� incorporatinJ sXrface 
Zater�JroXnGZater interactions� in tKe 0ississippi 5iYer %asin.  ,t also conGXcts researcK to improYe 
manXre manaJement practices anG reGXce impacts of manXre rXnoff on Zater TXality.  ,n aGGition� tKe 
/aEoratory¶s researcK on Eest manaJement practices focXses on eYalXatinJ KoZ restoration tecKniTXes 
may enKance nXtrient retention anG attenXation in ZatersKeGs tKat are small enoXJK for manaJement 
practices to KaYe a siJnificant impact.
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The National Center for Environmental Research

7Ke 1ational Center for (nYironmental 5esearcK �1C(5� sXpports KiJK�TXality researcK tKat 
Zill proYiGe tKe scientific Eases for national enYironmental Gecisions.  1C(5 sXpports cXttinJ�eGJe� 
extramXral researcK tKroXJK competitions for Jrants� felloZsKips� anG innoYatiYe small EXsiness researcK 
contracts.  1C(5¶s Science to AcKieYe 5esXlts �S7A5� 3roJram fXnGs researcK Jrants anG JraGXate 
felloZsKips relateG to YarioXs aspects of Kypoxia� inclXGinJ nXtrient soXrce� fate� anG transport.  2Yerall� 
S7A5 aZarGs aEoXt ��� researcK Jrants anG ��� JraGXate felloZsKips eacK year.  1C(5 also maNes 
aZarGs XnGer Moint 5eTXest for Applications ZitK partnerinJ aJencies.  7Kese Jrants anG felloZsKips KaYe 
Eeen aZarGeG to XniYersities anG nonprofit researcK institXtions in all �� states� *Xam� 3Xerto 5ico� anG 
tKe 'istrict of ColXmEia.

Environmental Monitoring and Assessment Program

7Ke (nYironmental 0onitorinJ anG Assessment 3roJram �(0A3� is a researcK proJram to GeYelop tKe 
tools necessary to monitor anG assess tKe statXs anG trenGs of national ecoloJical resoXrces.  (0A3¶s Joal 
is to GeYelop tKe scientific XnGerstanGinJ for translatinJ enYironmental monitorinJ Gata from mXltiple 
spatial anG temporal scales into assessments of cXrrent ecoloJical conGition anG forecasts of fXtXre risNs 
to natXral resoXrces.  7Ke (0A3 proJram also proYiGes extramXral fXnGinJ tKroXJK tKe S7A5 proJram. 
7KroXJK tKeir *reat 5iYers 3roMect� (0A3 is proYiGinJ an assessment of tKe ecoloJical conGitions in tKe 
0ississippi 5iYer %asin XsinJ a proEaEility�EaseG samplinJ GesiJn. 7Kis assessment Zill alloZ for state�
leYel assessment of tKose riYers ZitKin or aGMacent to a state¶s EorGers. 

National Environmental Scientific Computing Center and the Environmental Modeling and 
Visualization Laboratory 

7Ke 1ational (nYironmental Scientific CompXtinJ Center anG tKe (nYironmental 0oGelinJ anG 
9isXali]ation /aEoratory �(09/� is an (3A�manaJeG� contractor�operateG facility GesiJneG to sXpport 
(3A¶s scientific moGelinJ anG larJe�scale Gata manaJement researcK proJrams tKroXJK tKe application 
of KiJK performance compXtinJ anG YisXali]ation tools.  7Ke mission of (09/ falls in tZo cateJories� 
�� to proYiGe tKe KiJK performance compXtinJ resoXrces necessary to sXpport enYironmental researcK of 
JloEal proportions anG improYeG science for tKe GeYelopment of reJXlations anG �� to assist researcKers 
in translatinJ Gata into NnoZleGJe Ey XsinJ YisXal imaJes to facilitate insiJKt into tKat Gata.  CXrrently� 
(09/ is sXpportinJ 1H((5/ researcK on *Xlf Kypoxia Ey assistinJ in tKe GeYelopment of an inteJrateG 
KyGroGynamic� Zater TXality� anG seGiment GiaJenesis simXlation moGel for Kypoxia in tKe *Xlf of 
0exico.   

I.E. Department of Interior
I.E.1. U.S. Geological Survey
Integrated Studies of Coastal Ecosystems

US*S conGXcts lonJ�term assessments of tKe enYironmental anG ecoloJical conGitions in aTXatic 
ecosystems across tKe 1ation in selecteG Eays� estXaries� anG otKer coastal enYironments.  7Ke researcK 
aGGresses a EroaG ranJe of science issXes relateG to enYironmental KealtK anG ecosystem manaJement� 
inclXGinJ nXtrient Gynamics� alJal Elooms� anG tKe role of terrestrial contriEXtions of contaminants.  7Ke 
researcK in tKese ecosystems is coorGinateG closely ZitK otKer )eGeral anG local JoYernmental aJencies. 
,nformation aEoXt sXcK proJrams are aYailaEle at� 
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San )rancisco %ay� Kttp���sfEay.Zr.XsJs.JoY�access�ZTGata� 
CKesapeaNe %ay� Kttp���cKesapeaNe.XsJs.JoY� 
*Xlf of 0exico� Kttp���toxics.XsJs.JoY�Kypoxia� 
7ampa %ay� Kttp���JXlfsci.XsJs.JoY�tampaEay� 
*alYeston %ay� Kttp���JXlfsci.XsJs.JoY�JalYeston� 
%oston HarEor� Kttp���ZooGsKole.er.XsJs.JoY�proMect�paJes�EostonKarEor� 
3XJet SoXnG� Kttp���pXJet.XsJs.JoY� 

National Streamflow Information Program 

7Ke 1ational StreamÀoZ ,nformation 3roJram �Kttp���Zater.XsJs.JoY�nsip� proYiGes streamÀoZ 
information at more tKan ����� stream JaXJes nationZiGe� fXnGeG Ey tKe US*S anG oYer ��� local� state� 
anG otKer )eGeral aJencies� many of ZKicK represent GoZnstream measXrinJ sites for riYers GiscKarJinJ 
to tKe coast.  7Kese Gata are essential to XnGerstanGinJ tKe role of anG trenGs in fresKZater contriEXtions to 
coastal ecosystems anG to TXantifyinJ tKe associateG loaGinJs of nXtrients anG otKer cKemicals. 

Water Quality Monitoring

7Ke US*S 1ational Stream 4Xality AccoXntinJ 1etZorN measXres tKe annXal transport of nXtrients� 
GissolYeG soliGs� selecteG pesticiGes� anG sXspenGeG�seGiment from selecteG larJe riYers to coastal 
Zaters of tKe UniteG States anG from maMor inlanG sXE�Easins for priority larJe riYers� ZKere tKe soXrce 
oriJins of cKemical loaGs are neeGeG to JXiGe manaJement actions. 7Ke netZorN inclXGes monitorinJ at 
approximately �� maMor coastal riYers tKat contriEXte oYer �� percent of tKe total GiscKarJe of streamÀoZ� 
nitroJen� pKospKorXs� anG sXspenGeG seGiment to coastal Zaters of tKe UniteG States. 

1ineteen aGGitional stations ZitKin tKe 0ississippi 5iYer %asin are monitoreG to Gefine tKe soXrce 
oriJins of streamÀoZ anG nXtrients Xltimately GeliYereG to tKe *Xlf of 0exico to JXiGe manaJement 
actions to mitiJate Kypoxia in tKe nortKern *Xlf of 0exico. 2tKer maMor riYer systems ZKere cKemical 
loaGs are monitoreG at inlanG stream sites to JXiGe manaJement actions inclXGe tKe CKesapeaNe %ay anG 
San )rancisco %ay ZatersKeGs.  US*S Zater TXality monitorinJ of ÀoZ anG cKemical GeliYery to coastal 
Zaters is XseG to maNe estimates of national coastal GeliYery� sXcK as tKose GeYelopeG Ey tKe Hein] Center 
�Kttp���ZZZ.Kein]ctr.orJ�ecosystems�����report�national�mYmtBn.sKtml�. 

7Ke 1ational Water 4Xality Assessment �1AW4A� �Kttp���Zater.XsJs.JoY�naZTa�� 3roJram conGXcts 
assessments of tKe TXality of tKe 1ation¶s Zaters to proYiGe an XnGerstanGinJ of Zater TXality conGitions 
anG KoZ tKose conGitions may Yary locally� reJionally� anG nationally� ZKetKer conGitions are JettinJ 
Eetter or Zorse oYer time� anG KoZ natXral featXres anG KXman actiYities affect tKose conGitions. 1AW4A 
3roJram scientists collect anG interpret Gata aEoXt sXrface� anG JroXnGZater cKemistry� KyGroloJy� lanG 
Xse� stream KaEitat� anG aTXatic life in parts or all of nearly all �� states XsinJ a nationally consistent stXGy 
GesiJn anG Xniform metKoGs of samplinJ analysis. Water TXality monitorinJ for national statXs anG trenGs 
proYiGe important Gata on tKe occXrrence anG GistriEXtion of nXtrients anG otKer Zater TXality constitXents 
in representatiYe Easins tKroXJKoXt tKe 1ation. 7Kese Gata are XseG to GeYelop tKe S3A552W anG otKer 
Zater TXality moGels tKat proYiGe siJnificant NnoZleGJe of tKe soXrce areas of nXtrients anG tKe KXman 
actiYities tKat affect nXtrient loaGs. 

Groundwater Resources Program 

)resKZater GeliYereG tKroXJK JroXnGZater GiscKarJe to coastal Zaters is essential to ecosystem 
fXnction anG coastal circXlation� anG can KaYe a siJnificant inÀXence on tKe KealtK of tKese ecosystems. 

http://sfbay.wr.usgs.gov/access/wqdata/
http://chesapeake.usgs.gov/
http://toxics.usgs.gov/hypoxia/
http://gulfsci.usgs.gov/tampabay/
http://water.usgs.gov/nsip/
http://www.heinzctr.org/ecosystems/2002report/national/mvmt_n.shtml
http://water.usgs.gov/nawqa/
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7Ke US*S *roXnGZater 5esoXrces 3roJram �Kttp���Zater.XsJs.JoY�oJZ�JZrp� conGXcts stXGies alonJ tKe 
Atlantic coast relateG to JroXnG�Zater GiscKarJe anG its role in coastal salinity Ealance anG tKe role of tKe 
associateG nXtrient contriEXtions in coastal Kypoxia. AGGitional stXGies in tKese areas are conGXcteG on a 
cooperatiYe Easis ZitK local JoYernment aJencies. 

Nutrient Dynamics and Biochemical Cycling in Wetland and Riverine Ecosystems

US*S conGXcts researcK to improYe tKe XnGerstanGinJ of tKe EioJeocKemical cyclinJ of nXtrients in 
riYerine anG ZetlanG ecosystems.  (cosystem manaJement of ecosystems is emerJinJ as an effectiYe 
means of protectinJ natXral resoXrces anG reGXcinJ nXtrient inpXts to receiYinJ Zaters.  (ffectiYe 
ecosystem manaJement reTXires NnoZleGJe of tKe EioJeocKemical cyclinJ of nXtrients �reTXirinJ analysis 
of internal anG external soXrces anG sinNs of nXtrients� anG XnGerstanGinJ of tKe processes tKat control 
tKese soXrces anG sinNs.  ,n nXmeroXs aTXatic ecosystems� many of tKese processes are poorly XnGerstooG 
as are tKeir potential interactions ZitK otKer ecosystem properties� sXcK as plant proGXction.  7Kis researcK 
is EeinJ conGXcteG primarily Ey tKe US*S 1ational 5esearcK 3roJram �Kttp���Zater.XsJs.JoY�nrp�� tKe 
1AW4A 3roJram� tKe 1ational WetlanGs 5esearcK Center �Kttp���ZZZ.nZrc.XsJs.JoY�� anG tKe Upper 
0iGZest (nYironmental Science Center �Kttp���ZZZ.Xmesc.XsJs.JoY�.

I.F. National and Regional Interagency Efforts
I.F.1. Integrated Ocean Observing Systems

7Ke U.S. ,nteJrateG 2cean 2EserYinJ System �,22S� �Kttp���ZZZ.ocean.Xs� is a coorGinateG national 
netZorN of oEserYations anG Gata transmission� Gata manaJement� anG commXnications intenGeG to 
roXtinely anG continXoXsly acTXire anG Gisseminate TXality controlleG Gata anG information on cXrrent anG 
fXtXre states of tKe oceans anG *reat /aNes from tKe JloEal scale of ocean Easins to local scales of coastal 
ecosystems. 7Ke ,22S is part of tKe U.S. ,nteJrateG (artK 2EserYinJ System� tKe U.S. contriEXtion to tKe 
*loEal 2cean 2EserYinJ System �Kttp���ZZZ.ioc�Joos.orJ�� anG a contriEXtion to tKe international *loEal 
(artK 2EserYation System of Systems.

I.F.2. National Monitoring Network and the National Water 
Quality Monitoring Council

,n response for calls for a 1ational Water 4Xality 0onitorinJ 1etZorN for streamÀoZ anG tKe 
associateG cKemical GeliYery to coastal Zaters� tKe 1ational Water 4Xality 0onitorinJ CoXncil �Kttp���
acZi.JoY�monitorinJ�� a sXEJroXp of tKe AGYisory Committee on Water ,nformation� Zas cKarJeG ZitK 
GesiJninJ tKis netZorN.  7Ke GesiJn Zas GeYelopeG Ey �� representatiYes ZorNinJ tKroXJK tKe 1ational 
Water 4Xality 0onitorinJ CoXncil� inclXGinJ representatiYes from )eGeral� state� anG local JoYernment 
orJani]ations� XniYersities� Zater associations� anG tKe priYate sector.  7Ke CoXncil is co�cKaireG Ey tKe 
US*S anG tKe (3A� anG its otKer )eGeral memEers inclXGe 12AA� 7ennessee 9alley AXtKority� USAC(� 
US'A� anG tKe remaininJ 'epartment of tKe ,nterior �'2,� aJencies.  7Ke 1etZorN Zill coorGinate Zater 
TXality monitorinJ across tKe 1ation to proYiGe a compreKensiYe GataEase tKat sXpports assessment of tKe 
KealtK of ocean� coastal� anG *reat /aNes resoXrces. AGGitional information on tKe national monitorinJ 
netZorN� inclXGinJ reports for tKe pilot pKase conGXcteG in tKree JeoJrapKic areas �'elaZare %ay� San 
)rancisco %ay� anG /aNe 0icKiJan� is aYailaEle on at Kttp���acZi.JoY�monitorinJ�netZorN.

http://water.usgs.gov/ogw/gwrp/
http://water.usgs.gov/nrp/
http://www.nwrc.usgs.gov/
http://www.umesc.usgs.gov/
http://www.ocean.us
http://www.ioc-goos.org/
http://acwi.gov/monitoring/
http://acwi.gov/monitoring/
http://acwi.gov/monitoring/network/
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I.F.3. National Estuary Program 
(3A¶s 1ational (stXary 3roJram �1(3� Kttp���ZZZ.epa.JoY�oZoZ�estXaries� is a national netZorN 

of �� proJrams ZorNinJ for collaEoratiYe solXtions for estXaries GesiJnateG Ey ConJress as of critical 
importance. CreateG in ���� XnGer tKe Clean Water Act� tKe 1(3s are cKarJeG ZitK protectinJ anG 
restorinJ U.S. estXaries Ey enJaJinJ state anG )eGeral aJencies� nonJoYernmental orJani]ations� anG 
local commXnities in planninJ anG manaJement.  (3A proYiGes Ease fXnGinJ anG )eGeral oYersiJKt for 
eacK of tKe 1(3s� EXt proJram manaJement is typically tKe responsiEility of an estXary staNeKolGer�EaseG 
manaJement committee. 

Section ��� of tKe Clean Water Act �1ational (stXary 3roJram� states tKat one of tKe main pXrposes of 
tKe 1(3 is to GeYelop a compreKensiYe ZatersKeG ecosystem plan for tKe conserYation anG manaJement 
of natXral resoXrces in 1(3 estXaries. 1(3s are reTXireG to KaYe inclXsiYe staNeKolGer representation on 
any manaJement or aGYisory committee. 5epresentatiYes of state anG )eGeral aJencies �inclXGinJ (3A� 
US'A� anG 12AA�� interstate or reJional aJencies� local JoYernments� inGXstry anG EXsiness� pXElic anG 
priYate eGXcational institXtions anG tKe Jeneral pXElic� sKoXlG comprise sXcK a committee.

I.F.4. Regional Efforts
Chesapeake Bay

7Ke CKesapeaNe %ay 3roJram �Kttp���ZZZ.cKesapeaNeEay.net� is a reJional partnersKip cKarJeG 
ZitK leaGinJ anG GirectinJ restoration of tKe CKesapeaNe %ay.  7Kis partnersKip inclXGes representatiYes 
from 0arylanG� 9irJinia� tKe 'istrict of ColXmEia� 3ennsylYania� tKe CKesapeaNe %ay Commission� 
anG citi]en aGYisory JroXps.  7Ke )eGeral JoYernment is formally representeG Ey tKe U.S. (3A� EXt a 
nXmEer of aGGitional )eGeral partners are inYolYeG� inclXGinJ 12AA� US'A� 1ational 3arN SerYice� 
US*S� US)WS� )eGeral HoXsinJ AGministration� U.S. Coast *XarG� 1ational AeronaXtics anG Space 
AGministration �1ASA�� U.S.3ostal SerYice� *eneral SerYices AGministration� 1ational Capital 3lanninJ 
Commission� 'epartment of 'efense� anG 'epartment of (GXcation.  Scientific JXiGance is proYiGeG Ey a 
Scientific 7ecKnical AGYisory Committee.  

7Ke CKesapeaNe %ay 3roJram is leaGinJ efforts to improYe Zater TXality in tKe %ay� especially relateG 
to nXtrients� ZitK tKe Joal of improYinJ GissolYeG oxyJen leYels anG KaEitat TXality tKroXJK ZorNinJ 
ZitK farmers� GeYelopers� KomeoZners anG local JoYernments to reGXce pollXtants.  ,n ����� tKe (3A 
anG state memEers of tKe %ay 3roJram �NnoZn as tKe CKesapeaNe (xecXtiYe CoXncil� siJneG tKe seconG 
CKesapeaNe %ay AJreement ZKicK calleG for a ��� reGXction in nitroJen anG pKospKorXs inpXts Ey tKe 
year ����.  7Kis nXtrient reGXction tarJet Zas reaffirmeG in ���� anG expanGeG to inclXGe %ay triEXtaries 
anG a call for GetaileG triEXtary nXtrient manaJement strateJies.  A tKirG aJreement� Chesapeake 2000� 
also reaffirmeG tKe ��� reGXction tarJet� EXt extenGeG tKe tarJet Gate to ���� anG oXtlineG more specific 
strateJies to meet tKe Joal.   

Northern Gulf of Mexico

7Ke 0ississippi 5iYer�*Xlf of 0exico WatersKeG 1Xtrient 7asN )orce Zas formeG in ���� to 
XnGerstanG tKe caXse anG effects of eXtropKication in tKe *Xlf of 0exico anG to coorGinate anG sXpport 
nXtrient manaJement actiYities ZitKin tKe 0ississippi 5iYer WatersKeG.  0emEers of tKe 7asN )orce 
inclXGe execXtiYe leYel representatiYes from ten states� tKe (3A� 12AA� USAC(� '2,� anG US'A.  
7asN )orce memEers KaYe GesiJnateG senior manaJers ZitKin tKeir respectiYe aJencies to serYe on 
a CoorGination Committee� ZKicK aGYises tKe 7asN )orce on actions anG manaJes ZorNJroXps anG 
committees.  ,n ����� tKe 7asN )orce releaseG an ³Action 3lan´ �0ississippi 5iYer�*Xlf of 0exico 
WatersKeG 1Xtrient 7asN )orce ����� to aGGress *Xlf Kypoxia anG nXtrient pollXtion ZitKin tKe ZatersKeG� 

http://www.epa.gov/owow/estuaries/
http://www.chesapeakebay.net/
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settinJ a Joal of reGXcinJ tKe annXal si]e of tKe Kypoxic ]one to ����� Nm� Ey ����.  )olloZinJ a 
compreKensiYe scientific reassessment process tKat inclXGeG an (3A Science AGYisory %oarG 5eport 
�U.S. (3A ������ tKe 7asN )orce releaseG a ³���� Action 3lan´  �0ississippi 5iYer�*Xlf of 0exico 
WatersKeG 1Xtrient 7asN )orce ����� tKat reaffirmeG tKe Joal of ����� Nm�� altKoXJK it Zas recoJni]eG 
tKe ���� tarJet may not Ee met� anG placeG aGGitional focXs on tKe manaJement of pKospKorXs in aGGition 
to nitroJen.  7o reacK tKis Joal� tKe ³���� Action 3lan´ �0ississippi 5iYer�*Xlf of 0exico WatersKeG 
1Xtrient 7asN )orce ����� also recommenGeG nitroJen anG pKospKorXs reGXctions of at least ���. 

7Ke *Xlf of 0exico Alliance Zas formeG in ���� as a partnersKip EetZeen tKe fiYe *Xlf States 
�)loriGa� AlaEama� 0ississippi� /oXisiana� anG 7exas� ZitK tKe Joal of increasinJ reJional collaEoration 
to protect anG enKance tKe ecoloJical anG economic KealtK of tKe *Xlf.  AltKoXJK 12AA anG (3A are 
GesiJnateG as )eGeral coorGinators� tKe Alliance actiYely partners ZitK 1S)� 1ASA� USAC(� US'A� 
'2'� '2(� '2,� 'epartment of 7ransportation� 'epartment of HealtK anG HXman SerYices� anG tKe 
'epartment of State.  )olloZinJ its formation� tKe Alliance releaseG a tKree�year action plan in ���� 
�Kttp���ZZZ.JXlfofmexicoalliance.orJ� tKat iGentifieG reGXcinJ nXtrient inpXts as one of fiYe priority 
issXe areas.  UnGer tKe priority� increasinJ reJional coorGination for tKe GeYelopment of 70'/¶s anG 
aGGressinJ tKe Kypoxic ]one in tKe nortKern *Xlf tKroXJK an aliJneG *Xlf States position Zere iGentifieG 
as Ney actions.  7KroXJK its seconG action plan tKat EeJan in ����� tKe Alliance Zill continXe to facilitate 
tKe GeYelopment of coorGinateG nXtrient criteria anG reGXce Kypoxia in coastal Zaters anG estXaries 
tKroXJK increaseG coorGination ZitK *Xlf Hypoxia 7asN )orce anG tarJeteG ZatersKeG strateJies.

Narragansett Bay

SiJnificant cooperatiYe efforts KaYe Eeen XnGertaNen in 1arraJansett %ay to EotK XnGerstanG anG 
mitiJate Kypoxia.  7Ke 1arraJansett %ay (stXary 3roJram �1%(3� Kttp���ZZZ.nEep.orJ� Zas estaElisKeG 
in ���� as part of tKe 1(3.  (3A� US'A� 5KoGe ,slanG anG 0assacKXsetts state enYironmental aJencies� 
acaGemic partners �UniYersity of 5KoGe ,slanG� anG otKer nonJoYernmental staNeKolGers participate in 
tKe manaJement of 1%(3.  7Ke 1%(3 also ZorNs closely ZitK otKer )eGeral partners inclXGinJ 12AA� 
USAC(� US*S� anG US)WS.  Since ����� scientists from tKe 1%(3� alonJ ZitK YolXnteer scientists 
from acaGemic institXtions anG state aJencies� KaYe Eeen conGXctinJ montKly �or more often� GissolYeG 
oxyJen sXrYeys.  7Ke Gata from tKese sXrYeys are aYailaEle at� Kttp���ZZZ.Jeo.EroZn.eGX�JeoresearcK�
insomniacs�linNs.Ktml.  A maMor menKaGen fisK Nill in AXJXst ���� Zas inYestiJateG Ey 1%(3 scientists 
in tKe context of tKe GeYelopinJ NnoZleGJe of GissolYeG oxyJen Gynamics in 1arraJansett %ay.  7Ke 
5KoGe ,slanG state leJislatXre passeG leJislation tKe folloZinJ year to reGXce nitroJen inpXts from 
ZasteZater treatment plants.

Great Lakes

,n 'ecemEer ����� tKe *reat /aNes 5eJional CollaEoration Zas laXncKeG as a resXlt of a presiGential 
execXtiYe orGer� creatinJ a XniTXe partnersKip of Ney memEers from )eGeral� state� anG local JoYernments� 
triEes� anG otKer staNeKolGers for tKe pXrpose of GeYelopinJ a strateJic action plan.  7Ke )eGeral 
memEers of tKe 7asN force are caEinet leYel secretaries of tKe 'epartments of State� Commerce� 'efense� 
AJricXltXre� HoXsinJ anG UrEan 'eYelopment� 7ransportation� anG tKe ,nterior� (3A� anG tKe CoXncil 
on (nYironmental 4Xality.  7Kis strateJic plan� tKe *reat /aNes 5eJional CollaEoration StrateJy� Zas 
siJneG in 'ecemEer ���� anG is intenGeG to EXilG Xpon tKe extensiYe reJional efforts to Gate� ZorNinJ 
toJetKer toZarG a common Joal of restorinJ anG protectinJ tKe *reat /aNes ecosystem for tKis anG fXtXre 
Jenerations.  AltKoXJK Kypoxia is not particXlarly empKasi]eG� nXtrient reGXction is an important part of 
tKe strateJy. Kttp���ZZZ.Jlrc.Xs

http://www.gulfofmexicoalliance.org/
http://www.nbep.org/
http://www.geo.brown.edu/georesearch/insomniacs/links.html
http://www.geo.brown.edu/georesearch/insomniacs/links.html


Scientific Assessment of Hypoxia in U.S. Coastal Waters��

Appendices

Puget Sound

A Gramatic ���� fisK Nill in HooG Canal ZKicK Zas caXseG Ey tKe temporary XpZellinJ of Kypoxic 
Zaters precipitateG stronJ pXElic anG scientific interest in XnGerstanGinJ Kypoxia Gynamics in tKe 3XJet 
SoXnG ecosystem.  7Ke Joal of tKe HooG Canal 'issolYeG 2xyJen 3roJram �HC'23� sXpporteG tKroXJK 
ConJressional fXnGinJ to tKe UniYersity of WasKinJton is to Getermine tKe soXrces of loZ GissolYeG 
oxyJen in HooG Canal anG its effect on marine life.  HC'23 Kas ZorNeG ZitK local� state� )eGeral� anG 
triEal JoYernment policy maNers to GeYelop potential correctiYe actions tKat Zill restore anG maintain a 
leYel of GissolYeG oxyJen tKat Zill not stress marine life.  HC'23 is a partnersKip of �� orJani]ations 
tKat conGXcts monitorinJ anG analysis anG GeYelops potential correctiYe actions to aGGress tKe loZ 
GissolYeG oxyJen proElem in HooG Canal� inclXGinJ )eGeral �12AA� US*S� US)WS. USAC(� (3A anG 
U.S. 1aYy�� state� anG triEal entities. Kttp���ZZZ.KooGcanal.ZasKinJton.eGX

,n ����� tKe state leJislatXre createG tKe 3XJet SoXnG 3artnersKip ZKicK tooN oYer tKe role of tKe 3XJet 
SoXnG Action 7eam.  7Ke Joals of tKe partnersKip are to prioriti]e cleanXp anG improYement proMects� 
coorGinate )eGeral� state� local� triEal� anG priYate resoXrces� encoXraJe cooperation� anG maNe Gecisions 
EaseG on soXnG science²some of ZKicK Zill Ee proYiGeG Ey tKe HC'23.  SeYeral )eGeral aJencies are 
representeG on tKe partnersKip coXncils� inclXGinJ 12AA� 1aYy� US*S� US)WS� anG (3A. Kttp���ZZZ.
psp.Za.JoY

Long Island Sound

7Ke /onJ ,slanG SoXnG StXGy �/,SS� Zas formeG Ey (3A� tKe State of 1eZ <orN� anG tKe State 
of ConnecticXt to cooperatiYely aGGress tKe GeJraGeG ecosystem ZitKin /onJ ,slanG SoXnG.  7Kis 
partnersKip also inYolYes releYant nonprofit orJani]ations� concerneG citi]ens� as Zell as 12AA� (3A� 
US*S� US)WS� anG US'A.  7Ke /,SS completeG a CompreKensiYe ConserYation anG 0anaJement 
3lan tKat iGentifieG Kypoxia in tKe SoXnG as one of seYen priority issXes.  7o aGGress Kypoxia� in ���� 
tKe /,SS aGopteG a ��.�� nXtrient reGXction tarJet for nitroJen Ey ����� anG nXtrient manaJement plans 
for 1eZ <orN anG ConnecticXt Zere formally approYeG Ey (3A in ����.  7Kese nXtrient manaJement 
plans are focXsinJ on EotK nonpoint anG point soXrce pollXtion.  Scientific sXpport for tKe manaJement 
plan is GeYelopeG tKroXJK tKe /,SS Scientific 7ecKnical AGYisory Committee� ZitK financial sXpport 
proYiGeG tKroXJK a cooperatiYe aJreement amonJ tKe (3A anG tKe 1eZ <orN anG ConnecticXt Sea *rant 
3roJrams.  7Ke /,SS also fXnGs tKe monitorinJ of Kypoxia� Zater TXality� anG planNton.  Kttp���ZZZ.
lonJislanGsoXnGstXGy.net

http://www.hoodcanal.washington.edu/
http://www.psp.wa.gov/
http://www.psp.wa.gov/
http://www.longislandsoundstudy.net/
http://www.longislandsoundstudy.net/
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Appendix II.  Geographic Case Studies
Introduction and Background to Case Studies

7Ke case stXGies presenteG Kere KiJKliJKt selecteG coastal ecosystems tKat are JeoJrapKically GiYerse 
anG represent tKe spectrXm of estXarine anG coastal ocean ecosystems affecteG Ey Kypoxia.  7Ke selecteG 
cases GescriEe tKe ranJe of circXmstances� XnGerstanGinJ� anG scientific anG manaJement approacKes 
across tKe UniteG States �)iJXre A��.  7Key proYiGe examples of monitorinJ anG researcK proJrams 
tKat KaYe Eeen or are EeinJ XseG to GeYelop manaJement plans.  ,n some instances tKe oXtcomes of 
implementeG manaJement measXres are also presenteG anG sKoXlG serYe as encoXraJement tKat nXtrient�
relateG GissolYeG oxyJen proElems can Ee improYeG ZitK proper manaJement.  7Ke exception is Kypoxia 
alonJ tKe 2reJon coast� ZKicK Kas occXrreG since ���� anG is more relateG to climate impacts on 
XpZellinJ�faYoraEle ZinGs on tKe Zest coast.  <et� coastal manaJement is still pertinent to tKe 2reJon 
sKelf ZKicK Kas tKriYinJ coastal fisKeries neJatiYely impacteG Ey Kypoxia.  7Kese case stXGies proYiGe tKe 
Easis for sXccessfXl manaJement approacKes tKat may Ee XseG in otKer systems in tKe UniteG States. 

Figure	A1.	Geographic	locations	of	hypoxia	case	studies.	Large	blue	dots	represent	cases	studies�	red	dots	represent	systems	
that have a documented hypoxia issue.
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Long Island Sound
Physical Description of the System

/onJ ,slanG SoXnG is a larJe ������ 
Nm�� Jlacial oXtZasK estXary� sKareG Ey 
tKe States of ConnecticXt anG 1eZ <orN 
�)iJXre ��.  ,ts XniTXe confiJXration 
connects it ZitK tKe Atlantic 2cean Yia tKe 
5ace in tKe east anG Yia tKe (ast 5iYer in 
tKe Zest.  7Ke ConnecticXt 5iYer� Yery near 
tKe SoXnG¶s eastern terminXs� contriEXtes 
aEoXt tZo tKirGs of its fresKZater inpXt.  
7Ke HoXsatonic anG 7Kames 5iYers also 
contriEXte siJnificant YolXmes of fresK 
Zater to tKis system.  7Ke inÀXence of 
tKe (ast 5iYer �a tiGal strait� promotes a 
stratifieG salinity strXctXre in tKe Zestern 
soXnG especially in tKe sprinJ rXnoff perioG 
ZKen fresKZater from tKe HXGson 5iYer Easin is transporteG into Zestern /onJ ,slanG SoXnG.  Salinity 
YariaEility is less Gistinct in tKe eastern soXnG ZKere salinities tenG to Ee KiJKer.  7iGal amplitXGe ranJes 
from aEoXt tZo meters in tKe Zest to less tKan one meter in tKe east.  7Ke SoXnG is moGerately ÀXsKeG� 
ZitK mean resiGence times of tZo to tKree montKs.  A KiJKly GeYelopeG ZatersKeG contriEXtes to loZ 
GissolYeG oxyJen proElems �from %ricNer et al. ����� �����.

History of Hypoxia (issue, causes, economic, and 
ecosystem impacts)

/onJ ,slanG SoXnG Kas a larJe anG KiJKly GeYelopeG ZatersKeG �7aEle A��.  1itroJen contriEXtions 
from tKe ZatersKeG� comEineG ZitK stronJ sXmmer tKermal stratification in its Zestern Kalf� renGers /onJ 
,slanG SoXnG sXsceptiEle to seasonal Kypoxia.  Since ����� tKe caXses anG effects of Kypoxia KaYe Eeen 
tKe sXEMect of intensiYe monitorinJ� moGelinJ� anG researcK tKroXJK tKe /onJ ,slanG SoXnG StXGy �/,SS�� 
part of tKe (3A 1ational (stXary 3roJram �see AppenGix ,� ,nteraJency (fforts�.  Hypoxia most serioXsly 
affects tKe stronJly stratifieG Zestern Kalf of tKe SoXnG ZKere GissolYeG oxyJen concentrations fall Zell 
EeloZ ConnecticXt anG 1eZ <orN¶s Zater TXality stanGarGs eacK sXmmer �)iJXre ��.  'issolYeG oxyJen 

leYels EeloZ � mJ�/ are XsXally 
oEserYeG� leYels EeloZ � mJ�/ are not 
Xncommon� anG GXrinJ some years 
portions of tKe SoXnG¶s Eottom Zaters 
Eecome anoxic ��� mJ�/� )iJXres � 
anG ��. 

/onJ ,slanG SoXnG is sXrroXnGeG 
Ey a KiJKly XrEani]eG lanGscape� 
inclXGinJ 1eZ <orN City in tKe Zest 
anG larJe� spraZlinJ popXlateG areas 
in /onJ ,slanG anG ConnecticXt.  
3rimary soXrces of nitroJen inclXGe 

Figure	1.	Location	of	Long	Island	Sound	�P.	Stacey,	CT	DEP�.

Figure	2.	The	freTuency	and	location	of	hypoxia	in	Long	Island	Sound	bottom	
waters	from	1991�2008	�P.	Stacey	CT	DEP�.
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seZaJe treatment plants� nonpoint 
soXrce rXnoff� anG atmospKeric 
Geposition� all GriYen Ey KXman 
inÀXences in tKe ZatersKeG anG 
airsKeG �)iJXre ��.  0onitorinJ 
of /onJ ,slanG SoXnG conGXcteG 
Ey tKe ConnecticXt 'epartment 
of (nYironmental 3rotection on 
EeKalf of tKe /,SS Kas sKoZn an 
annXal recXrrence anG persistence 
of Kypoxia oYer tKe last �� years.  
'espite siJnificant reGXctions in 
nitroJen loaGs Ey EotK ConnecticXt 
anG 1eZ <orN XnGer a total 
maximXm Gaily loaG �70'/� 
approYeG in ����� GissolYeG oxyJen 
improYements KaYe Eeen sloZ 
anG masNeG Ey ZeatKer�GriYen 
YariaEility anG effects of climate 
cKanJe.

ConsiGerinJ tKat natXre contriEXtes� at most� aEoXt ������ metric tons of nitroJen eYery year to 
tKe SoXnG from ZeatKerinJ anG nitroJen fixation in tKe ZatersKeG� tKe nearly ������ metric tons per 
year aGGeG Ey more tKan ��� seZaJe treatment plants locateG alonJ tKe coast anG tKroXJKoXt tKe 
GrainaJe Easin KaYe Jreatly enricKeG tKe ecosystem �)iJXre ��.  AnotKer ������ metric tons of nitroJen 
are contriEXteG eacK year from nonpoint soXrces cominJ from excessiYe fertili]er aGGeG to laZns or 
aJricXltXral crops� atmospKeric emissions �from aXtomoEiles� poZer plants� anG inGXstry�� anG KXman anG 
animal Zastes �inclXGinJ Kome septic systems�.  3opXlation continXes to JroZ ZitKin tKe alreaGy Gensely 
popXlateG /onJ ,slanG SoXnG Easin.  7Kis 
JroZtK contriEXtes to tKe nitroJen loaG 
tKroXJK seZaJe treatment plants as Zell as 
tKroXJK YarioXs nonpoint soXrces� anG tKe 
impact is larJe.  Since ����� ConnecticXt¶s 
lanG conYersion rate to GeYelopeG Xses 
Zas ��.�� for a popXlation tKat KaG JroZn 
aEoXt �.��.  3er capita consXmption of 
lanG is oXtstrippinJ popXlation JroZtK in 
ConnecticXt anG tKroXJKoXt tKe Easin.

1itroJen enricKment� coXpleG ZitK 
tKe SoXnG¶s sensitiYity to Kypoxia 
GXe to relatiYely lonJ resiGence time 
anG seasonally stronJ stratification� 
leaGs to XnKealtKy conGitions tKat are 
enYironmentally anG economically costly 
for tKe SoXnG anG its Xsers.  )XrtKermore� 
sXEmerJeG aTXatic YeJetation �SA9� 
Gecline Kas Eeen oEserYeG in many eastern 
/onJ ,slanG SoXnG emEayments anG is 

Figure	3.	Areal	extent	and	duration	of	Long	Island	Sound	hypoxia,	198��200�.	The	
average	areal	extent	is	521	km2	and	average	duration	is	58	days.	�P.	Stacey	CT	
DEP).

Figure	4.	Sources	of	nitrogen	to	Long	Island	Sound	±	baseline	
condition (P.Stacey, CT DEP).



Scientific Assessment of  Hypoxia in U.S. Coastal Waters ��

Executive SummaryAppendices

EelieYeG to Ee linNeG to nitroJen enricKment.  1itroJen reGXctions to protect SA9 Zill Ee mXcK more 
strinJent anG GifficXlt to attain tKan for loZ GissolYeG oxyJen �Stacey �����.

Science and Management Actions (to date and planned)
Since ����� tKe caXses anG effects of Kypoxia KaYe Eeen tKe sXEMect of intensiYe monitorinJ� moGelinJ� 

anG researcK tKroXJK tKe /,SS.  7KroXJK tKe /onJ ,slanG SoXnG partnersKip� a GissolYeG oxyJen 
70'/ Zas completeG Ey ConnecticXt anG 1eZ <orN anG approYeG Ey U.S. (3A in ����.  %otK states 
KaYe aJJressiYely pXrsXeG seZaJe treatment plant nitroJen control XsinJ EioloJical processes� anG 
nitroJen loaGs are trenGinJ GoZnZarG.  1eZ <orN Kas relieG Xpon traGitional permittinJ proJrams to 
limit inGiYiGXal seZaJe treatment plants ZKile ConnecticXt Kas institXteG a stateZiGe nitroJen traGinJ 
proJram� calleG 1itroJen CreGit (xcKanJe� for �� mXnicipal seZaJe treatment plants �C7 '(3 �����.  
7Ke traGinJ proJram ZorNs as an economic enJine� forcinJ action toZarGs tKe most cost�effectiYe anG 
enYironmentally Eeneficial proMects.  CollectiYely� tKe tZo states KaYe accomplisKeG a ��� reGXction 
in seZaJe treatment plant nitroJen loaGs toZarGs tKe 70'/ tarJet of ��±��� Ey ����.  7Ke nitroJen 
traGinJ proJram Kas proYen to Ee a YiaEle alternatiYe for improYinJ GissolYeG oxyJen conGitions in 
/onJ ,slanG SoXnG anG Kas accelerateG tKe scKeGXle to meet tKe 70'/ ZasteloaG allocation GeaGline.  
3otential saYinJs ZitK nitroJen traGinJ are in tKe �������� million ranJe oYer inGiYiGXal permittinJ 
approacKes.  7Ke 1itroJen CreGit (xcKanJe coXlG serYe as a ZorNinJ moGel for incentiYe�EaseG traGinJ in 
otKer states.

ConnecticXt anG 1eZ <orN are also relyinJ on stormZater permittinJ anG nonpoint soXrce proJrams 
to meet a ��� reGXction tarJet for XrEan anG aJricXltXral lanGs.  HoZeYer� tKe nonpoint soXrces are 
more GifficXlt anG costly to control� especially atmospKeric Geposition� mXcK of ZKicK oriJinates from 
MXrisGictions oXtsiGe of ConnecticXt anG 1eZ <orN.  ,f attaineG� promiseG reGXctions from )eGeral 
Clean Air Act initiatiYes Zill Kelp /onJ ,slanG SoXnG tremenGoXsly.  7Ke /,SS is also ZorNinJ ZitK 
0assacKXsetts� 1eZ HampsKire� anG 9ermont� states tKat sKare tKe /onJ ,slanG SoXnG ZatersKeG� to 
ascertain ZKat leYel of reGXction miJKt Ee acKieYeG in a cost�effectiYe manner Ey tKose states. 

Figure	5.	Estimated	nitrogen	loads	to	Long	Island	Sound,	1991�2004	�P.	Stacey,	CT	DEP�.
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Future Outlook
3opXlation continXes to JroZ ZitKin tKe alreaGy Gensely popXlateG /onJ ,slanG SoXnG Easin.  7Kis 

JroZtK contriEXtes to tKe nitroJen loaG from seZaJe treatment plants as Zell as nonpoint soXrces.  
'espite tKe KiJK lanG conYersion rate since ����� nitroJen loaGs KaYe Eeen reGXceG Ey some GeJree� 
larJely tKroXJK actiYe manaJement of seZaJe treatment.  HoZeYer� nXtrient�relateG Zater TXality 
proElems KaYe not improYeG as mXcK as anticipateG� in part� EecaXse of tKe KiJK rate of per capita lanG 
consXmption �spraZl� relatiYe to popXlation JroZtK.  As a resXlt� manaJement measXres are offset Ey 
tKe increase in nXtrient inpXts relateG to popXlation increases.  ,n aGGition� tKe effects of climate cKanJe 
appear to KaYe strenJtKeneG stratification in tKe SoXnG� exacerEatinJ Kypoxia.
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Lake Erie
Physical Description of the System

/aNe (rie is tKe sKalloZest of tKe *reat /aNes ZitK an aYeraJe GeptK of �� meters.  ,t Kas tKree 
iGentifiaEle sXE�Easins� tKe eastern� central� anG Zestern Easins.  /aNe (rie is Geepest in tKe eastern Easin 
anG Eecomes increasinJly sKalloZ toZarGs tKe Zest.  %ecaXse it is tKe sKalloZest of tKe *reat /aNes� 
it Zarms more TXicNly in tKe sXmmer anG cools more rapiGly in tKe fall.  7Ke sKalloZ GeptK anG Zarm 
temperatXres leaG to KiJK proGXctiYity.  7Kermal stratification� caXseG Ey ZarminJ of tKe Xpper layer� 
occXrs tKroXJKoXt tKe /aNe eYery sXmmer.  HoZeYer� YXlneraEility to Kypoxia is not consistent Easin to 
Easin.  (iJKty percent of tKe /aNe¶s Zater inÀoZ comes from tKe 'etroit 5iYer� EXt most of tKe nXtrient 
anG seGiment loaGinJ comes from otKer triEXtaries� notaEly tKe 0aXmee 5iYer.  /aNe (rie receiYes tKe 
KiJKest seGiment loaGs of all tKe *reat /aNes �/etterKos �����.

History of Hypoxia (issue, causes, economic and 
ecosystem impacts)

7Ke central Easin of /aNe (rie is tKe most YXlneraEle 
to Kypoxia EecaXse it is sXfficiently Geep to GeYelop 
tKermal stratification� EXt tKe YolXme of Zater EeloZ tKe 
tKermocline �or temperatXre JraGient� is small enoXJK 
tKat oxyJen is GepleteG TXicNly.  7Ke Zater EeloZ tKe 
tKermocline is cXt off from oxyJen in tKe sXrface Zater GXe 
to tKe stratification.  7Ke Eottom Zaters in tKe central Easin 
freTXently Jo Kypoxic GXrinJ late sXmmer tKroXJK early 
fall �CKarlton ����� 5osa anG %Xrns �����.  ,n contrast� tKe 
mXcK Geeper eastern Easin� ZKicK also GeYelops tKermal 
stratification� Kas a mXcK KiJKer Zater YolXme EeloZ tKe 
tKermocline� so tKe oxyJen is not GepleteG Eefore tKe Zater 
colXmn mixes ZKen tKe colG ZeatKer retXrns in tKe fall.  
7Ke sKalloZer Zestern Easin experiences stronJer ZinG�
GriYen circXlation tKat preYents stratification� anG tKXs 
Kypoxia� GXrinJ most sXmmers.

AltKoXJK late sXmmer Kypoxia is a natXral pKenomena in /aNe (rie proEaEly GatinJ EacN tKoXsanGs 
of years �'elorme ������ eYiGence sXJJests tKat tKe sXmmer oxyJen Gepletion rates increaseG GXrinJ 
tKe ����s anG ����s GXe to increaseG pKospKorXs loaGinJs from point anG nonpoint soXrces.  (Yen tKe 
sKalloZer Zestern Easin GeYelopeG Kypoxia GXrinJ loZ ZinG perioGs �Hartman ����� /eacK anG 1eps]y 
����� %eeton �����.  ConcerteG pKospKorXs reGXction proJrams leG to improYeG conGitions Xntil late 
����s.  HoZeYer� tKe extent of Eottom Zater Kypoxia Kas retXrneG to pre�action leYels.  7Ke caXse is mXcK 
less clear� EXt liNely relateG to increases in nXtrient inpXts from nonpoint soXrces �5icKarGs� UnpXElisKeG 
'ata� �)iJXre ��.  7otal pKospKoroXs anG solXEle reactiYe pKospKoroXs concentrations in tKe mainstem of 
tKe /aNe KaYe remaineG loZ� EXt leYels in tKe nearsKore areas are risinJ.  3KospKorXs� KoZeYer� may no 
lonJer Ee tKe limitinJ nXtrient� nitroJen anG carEon may Ee playinJ Jreater roles �/etterKos �����.

7Ke effects of Kypoxia on tKe /aNe (rie ecosystem are not entirely clear.  Some EentKic species� 
sXcK as EXrroZinJ mayÀies �an important prey species�� GisappeareG GXrinJ perioGs of tKe most intense 
Kypoxia �i.e.� ����s anG ����s� �%ritt ����� Carr anG HiltXnen ����� .rieJer et al.�����.  7Ke loss of 
a tKermal refXJe GXe to loZ oxyJen in tKe cooler Eottom Zaters proEaEly contriEXteG to tKe Gecline of 

Figure	1.		Hypoxia	in	Lake	Erie	in	2006.	Source�	
IF<LE	Program.
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seYeral commercially YalXaEle EentKic fisKes �e.J.� laNe ZKitefisK anG EXrEot�.  7Ke arriYal of tKe ]eEra 
mXssel in tKe ����s caXseG tremenGoXs ecoloJical cKanJe anG may Ee contriEXtinJ to Kypoxia.  7Ke 
effect on /aNe (rie fisKeries is cXrrently an area of actiYe researcK �see AppenGix ,� 12AA�*/(5/ 
,nternational )ielG <ears on /aNe (rie�.

Science and Management Actions (to date and planned) 
7Ke *reat /aNes Water 4Xality AJreement of ���� �Kttp���ZZZ.epa.JoY�Jlnpo�JlZTa������inGex.Ktml� 

Zas a Einational aJreement EetZeen CanaGa anG tKe UniteG States ZKicK set strict limits on pKospKorXs 
loaGinJs� a Joal ZKicK Zas met in tKe ����s �HaZley et al. �����.  7Ke aJreement tarJeteG inpXts from 
ZasteZater treatment plants� limiteG tKe Xse of pKospKorXs in GeterJents� anG leG to GeYelopment of 
Eest manaJement practices to reGXce pKospKorXs from aJricXltXral rXnoff.  %y tKe late ����s� tKe Joals 
oXtlineG in tKe aJreement Zere larJely acKieYeG anG tKe inciGence anG extent of Kypoxia siJnificantly 
GecreaseG �HaZley et al. �����.  HoZeYer� tKe seYerity of Kypoxia anG leYels of pKospKorXs in tKe laNe 
EeJan to increase in tKe ����¶s� altKoXJK tKe caXse is relatiYely XnNnoZn �HaZley et al. �����.

,n ���� tKe JoYernments of CanaGa anG tKe UniteG States also maGe a commitment� as part of tKe 
*reat /aNes Water 4Xality AJreement� to GeYelop a /aNeZiGe 0anaJement 3lan for tKe *reat /aNes.  
7Ke /aNeZiGe 0anaJement 3lan �/a03� for /aNe (rie �Kttp���ZZZ.epa.JoY�JreatlaNes�erie.Ktml� is 
coorGinateG Ey )eGeral� state� anG proYincial JoYernment aJencies in tKe tZo coXntries.  UnGer tKe 
JXiGance of tKese aJencies� tKe /a03 Xnites a netZorN of staNeKolGers in actions to restore anG protect 
tKe /aNe (rie ecosystem.  7Ke /a03 proYiGes an opportXnity to linN efforts to ZorN toZarG tKe common 
Joal of restorinJ /aNe (rie for fXtXre Jenerations.

,n ����� tKe ,nternational )ielG <ears on /aNe (rie �,)</(� Zas initiateG Ey researcKers from tKe 
UniteG States anG CanaGa to conGXct compreKensiYe researcK in tKe /aNe� ZitK an initial focXs on Kypoxia 
anG KarmfXl alJal Elooms.  7Ke primary oEMectiYes of tKis effort focXs on TXantifyinJ tKe spatial extent 
of Kypoxia to enaEle tKe GeYelopment of forecasts as Zell as to Getermine tKe ecoloJical conseTXences of 
Kypoxia to /aNe (rie liYinJ resoXrces.

,n 'ecemEer ����� tKe *reat /aNes 5eJional CollaEoration �*/5C� releaseG a StrateJy to 5estore anG 
3rotect tKe *reat /aNes �Kttp���ZZZ.Jlrc.Xs�strateJy.Ktml�� ZKicK aGGresseG nonpoint soXrce pollXtion in 
tKe recommenGations. 0ore recently� tKe 3resiGent¶s ���� %XGJet proYiGeG ���� million in (3A¶s EXGJet 
for a neZ (nYironmental 3rotection AJency�leG� interaJency *reat /aNes 5estoration ,nitiatiYe. 7Kis 
*reat /aNes 5estoration ,nitiatiYe is JXiGeG Ey tKe */5C strateJy anG Zill tarJet tKe most siJnificant 
proElems in tKe reJion� inclXGinJ inYasiYe aTXatic species� nonpoint soXrce pollXtion� anG contaminateG 
seGiment.

Future Outlook
7Ke ,)</( Zill KopefXlly elXciGate tKe most important factors contriEXtinJ to tKe increase in Kypoxia 

since tKe miG�����s. )XrtKer� tKe impressiYe international cooperatiYe effort in tKe reJion� representeG 
Ey tKe *reat /aNes Water 4Xality AJreement� /a03s� *reat /aNes 5eJional CollaEoration �Kttp���ZZZ.
Jlrc.Xs��� anG tKe *reat /aNes 5estoration ,nitiatiYe� to iGentify anG reGXce stressors in /aNe (rie anG tKe 
otKer *reat /aNes improYes tKe cKance of reGXcinJ Kypoxia in tKe fXtXre. 0anaJement actions tKat reGXce 
nXtrient loaGinJs in /aNe (rie may KaYe positiYe ramifications for EotK fresKZater KarmfXl alJal Elooms 
anG Kypoxia.

http://www.epa.gov/glnpo/glwqa/1978/index.html
http://www.epa.gov/greatlakes/erie.html
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Chesapeake Bay
Physical Description of the System 

7Ke CKesapeaNe %ay is a GroZneG riYer Yalley tKat is almost ��� Nm lonJ ZitK a relatiYely Geep ����
�� m� anG narroZ ���� Nm� central cKannel �.emp et al. ����� �)iJXre ��.  %roaG sKalloZ areas ÀanN 
tKis central cKannel oYer its entire lenJtK �%oicoXrt et al. ������ anG tKe mean GeptK of tKe estXary is �.� 
m �.emp et al. �����.  7ypically� tKe %ay is stratifieG ZitK tKe sXrface fresKZater isolatinJ tKe Geep anG 
saline cKannel Zaters anG limitinJ Yertical mixinJ.  AltKoXJK 
occasionally stronJ ZinG eYents may caXse some Yertical 
excKanJe� stratification TXicNly retXrns GXe to tKe nortK�soXtK 
salinity JraGient �%oicoXrt �����.  7Kere is a natXral tenGency 
for oxyJen Gepletion in tKe Geeper Zaters of tKe %ay GXe to tKe 
narroZ anG Geep cKannel� persistent stratification� ZiGe anG 
sKalloZ �anG proGXctiYe� sills ÀanNinJ tKe cKannel� anG a lonJ 
Zater resiGence time �%oicoXrt �����. 

5elatiYe to otKer estXaries� tKe CKesapeaNe %ay ZatersKeG 
is larJe �������� Nm�� compareG to tKe si]e anG YolXme of tKe 
estXary �%ricNer et al. �����.  7Ke sKoreline is lonJ ������� Nm� 
anG many riYers Grain tKe ZatersKeG into tKe %ay.  7Ke larJest 
triEXtary is tKe SXsTXeKanna 5iYer ZKicK accoXnts for ��� of tKe 
ZatersKeG.  7Ke %ay is closely connecteG to its ZatersKeG ZKicK 
GeliYers fresKZater to tKe %ay at an aYeraJe rate of ����� m��s.  
<ear�to�year ÀXctXations in riYer ÀoZ resXlt in KiJKly YariaEle 
inpXts of fresKZater� nXtrients� anG seGiment.  7Ke YolXme anG 
nXtrient composition of tKese ÀoZs inÀXence stratification anG 
proGXctiYity in tKe %ay �.emp et al. �����.  7Kis ZatersKeG is 
KeaYily popXlateG� ZitK an aYeraJe Gensity of ��� people per 
Nm�.  ,n aGGition to tKe maMor popXlation centers sXrroXnGinJ 
anG connectinJ %altimore anG Annapolis� 0arylanG� WasKinJton 
'.C.� anG 5icKmonG� 9irJinia� aJricXltXre is a prominent featXre 
of tKe ZatersKeG¶s lanGscape �%ricNer et al. �����.

History of Hypoxia (issue, causes, economic and 
ecosystem impacts)

A recent assessment of eXtropKic conGitions in tKe %ay sKoZeG tKat it is amonJ tKe most impacteG 
estXaries in tKe UniteG States.  1itroJen loaGs are KiJK� anG tKe %ay is sXsceptiEle to GeYelopment of 
nXtrient�relateG proElems �%ricNer et al. �����.  (XtropKic symptoms occXr perioGically or persistently 
anG oYer extensiYe areas.  7Kese symptoms inclXGe KiJK concentrations of cKloropKyll�a� Kypoxia� loss 
of sXEmerJeG aTXatic YeJetation� nXisance anG toxic alJal Elooms� anG excessiYe JroZtK of macroalJae.  
7KroXJKoXt tKe %ay anG its triEXtaries� symptoms KaYe eitKer ZorseneG or not cKanJeG EetZeen ���� 
anG present �%ricNer et al. ����� �)iJXre ��.  3rimary soXrces of nXtrients inclXGe aJricXltXre� ZasteZater� 
anG XrEan rXnoff.  2tKer soXrces inclXGe septic tanNs� seZer oYerÀoZs� anG atmospKeric Geposition.  7Ke 
soXrces of nXtrient inpXts anG tKeir transport KaYe Eeen GescriEeG in Getail Ey %oynton et al. ������ ZKo 
GetermineG tKat nitroJen anG pKospKorXs inpXts from tKe ZatersKeG anG atmospKere increaseG Ey six to 
eiJKt folG anG �� to �� folG� respectiYely� EetZeen pre�colonial times anG tKe miG�����s.  AEoXt one�

Figure	1.	Dissolved	oxygen	conditions	in	the	
Chesapeake	Bay	in	2005 
http://www.chesapeakebay.net/
bayforecastspring2006.htm	 
www.eco-check.org
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foXrtK of tKe nitroJen anG one�tKirG of tKe pKospKorXs are from point soXrces� ZitK tKe rest from nonpoint 
terrestrial anG atmospKeric soXrces �see CKapter �� )iJXre ��.  

SeYeral seasonally YaryinJ factors inÀXence tKe Gynamics of oxyJen Gepletion from Eottom�Zaters 
of tKe %ay.  7Ke Gecline in GissolYeG oxyJen in tKe sprinJ appears to Ee controlleG primarily Ey pKysical 
processes �e.J.� stratification�.  WKereas� tKe late sprinJ Gecline anG tKe extent of sXmmer Kypoxia appear 
to Ee inÀXenceG Ey tKe leYel of pKytoplanNton proGXction anG Ey Zater temperatXre �HaJy et al. ������ 
EotK of ZKicK inÀXence tKe respiration rate.  2n an annXal Easis� tKe amoXnt of fresKZater inÀoZ is a 
JooG preGictor of Eottom�Zater oxyJen Gepletion� EecaXse it controls Zater colXmn stratification anG� 
tKerefore� tKe rate of oxyJen replenisKment tKroXJK Yertical mixinJ.  )resKZater rXnoff also GeliYers 
nXtrients� ZKicK fertili]e pKytoplanNton JroZtK.  <ear�to�year Yariations in rXnoff KaYe also Eeen 
correlateG ZitK proGXction anG seGimentation of orJanic matter �%oynton anG .emp ����� anG increaseG 
GissolYeG oxyJen GemanG.  

(YiGence from seGiment stXGies in tKe CKesapeaNe %ay sXJJests tKat Kypoxia Kas increaseG in 
occXrrence oYer many GecaGes �.emp et al. �����.  *eocKemical anG paleontoloJical metKoGs Zere XseG 
to interpret tKis inGirect ecoloJical Kistory �%rXsK ������ anG resXlts sXJJest tKat eXtropKication increaseG 
startinJ in tKe ��th centXry� coinciGinJ ZitK settlement Ey (Xropeans.  (XtropKication accelerateG GXrinJ 
tKe ��th centXry as inGicateG Ey a pronoXnceG sKift in tKe ratio of planNtonic to� typically� EentKic Giatoms� 
reÀectinJ a Gecline in EotK Zater clarity anG EentKic alJal proGXction �Cooper anG %rXsK �����.  ,ncreases 
in fossil aEXnGance of Kypoxia�tolerant species �.arlsen et al. ������ iron pyrite �Cooper anG %rXsK ����� 
������ anG JeocKemical cKanJes �=immerman anG CanXel ����� proYiGe aGGitional seGimentary eYiGence 
for GeYelopment of Kypoxia in tKe ��th centXry.

Figure	2.		9olume	of	Chesapeake	Bay	affected	by	hypoxia�anoxia	by	year.	 
http���www.chesapeakebay.net�bayforecastspring2006.htm 
www.eco-check.org



Scientific Assessment of Hypoxia in U.S. Coastal Waters��

Appendices

<ear�to�year Yariations in Kypoxia extent anG intensity are correlateG ZitK tKe amoXnt of nitroJen 
enterinJ tKe %ay.  7Ke amoXnt of Kypoxia JenerateG from a JiYen leYel of nitroJen loaGinJ Kas� KoZeYer� 
Eeen more seYere in recent years relatiYe to tKe past �HaJy et al. �����.  Since tKe early ����s� tKe YolXme 
of Kypoxic Zater Kas increaseG� ZKile nitroJen loaGinJ Kas leYeleG or GeclineG �%oescK et al. ����� 
HaJy et al. ����� /anJlanG et al. ������.  ,n tKe miG�����s� tKere Zas a sKift in tKe relationsKip EetZeen 
Kypoxia anG nitroJen loaGinJ� sXJJestinJ tKat tKe %ay Kas passeG an ecoloJical tKresKolG anG is noZ more 
sXsceptiEle to eXtropKication processes.  7Kis sKift may KaYe reGXceG tKe capacity of natXral processes to 
EotK oxyJenate tKe Zater colXmn anG trap nXtrients in tKe seGiments �.emp et al. �����.  

)XrtKer compoXnGinJ tKe effects of eXtropKication Kas Eeen tKe Gramatic loss of oyster EeGs �cXrrently 
Eiomass is approximately �� of tKe ��th centXry leYels� 1eZell �����.  2ysters stronJly inÀXence tKe 
%ay ecosystems tKroXJK an aEility to assimilate nXtrients anG reEoXnG from Kypoxic eYents �.emp et 
al. �����.  2ysters reGXce concentrations of pKytoplanNton anG otKer sXspenGeG particles tKroXJK filter�
feeGinJ� tKereEy increasinJ liJKt leYels reacKinJ tKe seGiment �e.J.� CoKen et al. ����� 1eZell anG .ocK 
�����.  7Ke loss of oysters Kas reGXceG Zater clarity� ZKicK in tXrn Kas neJatiYely impacteG tKe JroZtK 
of Yital sXEmerJeG aTXatic YeJetation.  ,t Kas Eeen estimateG tKat at tKe KeiJKt of ecosystem KealtK� %ay 
Zaters Zere filtereG once eYery foXr Gays� EXt tKe GepleteG filter feeGer popXlations noZ reTXire more tKan 
a year to filter tKe same YolXme �1eZell �����.

AltKoXJK KeaYy fisKinJ pressXre anG otKer stressors in CKesapeaNe %ay maNe it GifficXlt to isolate 
effects of eXtropKication on fisK� an increaseG ratio of pelaJic �Zater colXmn�GZellinJ� to Gemersal 
�Eottom�GZellinJ� fisK species GocXmenteG for tKe CKesapeaNe %ay �.emp et al. ����� is inGicatiYe of 
increaseG eXtropKication.  Some of tKe most noticeaEle cKanJes Zere tKe increase in pelaJic Atlantic 
0enKaGen� anG tKe Gecline in Gemersal ElXe craE anG oyster lanGinJs.  7Kis sKift from Gemersal�
GominateG to pelaJic�GominateG fisKeries Kas Eeen oEserYeG for otKer coastal systems anG is attriEXteG� 
in part� to Eottom�Zater Kypoxia �e.J.� CaGGy �����.  ,t is not clear KoZ Kypoxia inÀXences tKe KaEitat 
reTXirements of particXlar fisK anG inYerteErates� EXt some species� sXcK as stXrJeons� can no lonJer 
reproGXce or rear yoXnJ in tKe %ay GXe to tKe lacN of KaEitat ZitK aGeTXate oxyJen anG temperatXre leYels 
�1iNlitscKeN ����� as citeG in .emp et al. �����. 

WKereas impacts to fisKeries KaYe Eeen GifficXlt to Getermine� impacts of Kypoxia on EentKic animals 
KaYe Eeen Zell GocXmenteG.  7Ke GiYersity� aEXnGance� anG proGXctiYity of many EentKic animals is 
affecteG Ey seasonal Kypoxia in tKe %ay� particXlarly in Geeper Zater �HollanG et al. ����� 'ia] anG 
5osenEerJ ������ anG tKe effectiYe loss of KaEitat anG faXna as a resXlt of Kypoxia can KaYe profoXnG 
effects on ecosystem enerJetics �'ia] anG 5osenEerJ �����.  (stimates of Eiomass lost GXe to Kypoxia are 
approximately ������ meJatons of carEon per year� or �� of tKe %ay¶s total seconGary proGXction.  UnGer 
KealtKy circXmstances� an estimateG ��� of EentKic enerJy ZoXlG Ee passeG Xp tKe fooG cKain in tKe %ay� 
tKerefore� it is estimateG tKat Kypoxic conGitions in tKe %ay resXlt in ����� meJatons of carEon EeinJ lost 
as fooG enerJy for fisKeries �'ia] anG 5osenEerJ �����.  

Science and Management Actions (to date and planned) 
(XtropKication anG its inÀXence on Kypoxia KaYe Eeen stXGieG extensiYely in tKe CKesapeaNe %ay in 

an effort to proGXce information XsefXl for effectiYe manaJement of Zater TXality anG critical KaEitats 
�%oescK et al. ����� .emp et al. �����.  )or example� %ay researcK Kas GemonstrateG tKat nitroJen anG 
pKospKorXs limitation for pKytoplanNton JroZtK Yary seasonally anG reJionally �)isKer et al. ����� 
0alone et al. ������ XnGerscorinJ tKe neeG to reJXlate EotK nitroJen anG pKospKorXs inpXts to tKe %ay.  
,n aGGition� stXGies in tKis system KaYe sKoZn tKat nitroJen remoYal from CKesapeaNe %ay tKroXJK 
Genitrification appears to Ee inKiEiteG compareG ZitK estimates for otKer coastal ecosystems tKat Go not 
experience seasonal Kypoxia �.emp et al. �����.  7Ke CKesapeaNe %ay Kas also Eeen sXEMecteG to lonJ�
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term Zater TXality monitorinJ� as Zell as a lonJ�term EentKic monitorinJ proJram tKat Kas Eeen a Ney 
metric for assessinJ proJress toZarGs nXtrient� anG Kypoxia�relateG Joals. 

Historically� nXtrient Gynamics ZitKin tKe ZatersKeG KaYe receiYeG less attention tKan in tKe %ay 
proper �%oescK et al. ������ EXt tKere Kas recently Eeen an increasinJ focXs on tKe ZatersKeG processes.  
)or example� it is clear tKat riparian ]ones� eYen in XrEan areas� are µKotspots¶ of ecoloJical fXnction 
anG can Ee effectiYe at seTXesterinJ nXtrients from rXnoff �*roffman et al. �����.  HoZeYer� riparian 
]ones can contriEXte to nitroJen loaGinJ in tKe %ay ZatersKeG ZKen tKey XnGerJo tKe ³XrEan stream 
synGrome´ �*roffman et al. ������ ZKicK occXrs ZKere impermeaEle sXrfaces increase rXnoff leaGinJ to 
cKannel incision anG loZer Zater taEles� tKereEy reGXcinJ Genitrification potential in tKe ZatersKeG.  7Kis 
information Kas contriEXteG to onJoinJ Zater TXality improYement efforts.   

A reGXction in eXtropKication Kas Eeen a top priority for manaJement of tKe CKesapeaNe %ay in tKe 
last feZ GecaGes �%oescK et al. �����.  Scientific researcK Kas improYeG pXElic aZareness anG political 
interest in reYersinJ eXtropKication in tKe CKesapeaNe %ay �0alone et al. ������ anG a series of policies 
anG aGaptiYe manaJement plans KaYe eYolYeG �%oescK et al. �����.  7Ke CKesapeaNe %ay Eecame tKe first 
estXary in tKe UniteG States to Ee tarJeteG Ey ConJress for restoration anG protection.  An oXtJroZtK of 
tKis recoJnition Zas tKe formation of a reJional partnersKip of %ay states� tKe 'istrict of ColXmEia� anG 
)eGeral aJencies.  An aJreement to cooperatiYely ZorN toJetKer to protect tKe %ay Zas coGifieG in 7Ke 
CKesapeaNe %ay AJreement of ���� �Kttp���ZZZ.cKesapeaNeEay.net�content�pXElications�cEpB�����.
pGf�.  7Kis aJreement Zas siJneG Ey ZKat ZoXlG Eecome tKe CKesapeaNe (xecXtiYe CoXncil� a JroXp 
compriseG of tKe JoYernors of 0arylanG� 9irJinia� anG 3ennsylYania� tKe mayor of tKe 'istrict of 
ColXmEia� tKe aGministrator of tKe (3A� anG tKe cKair of tKe CKesapeaNe %ay Commission.  ,n sXpport 
of tKis aJreement anG tKe CKesapeaNe %ay 3roJram� a Scientific anG 7ecKnical AGYisory Committee Zas 
formeG to proYiGe tKe most recent anG accXrate information.  ,n ����� a seconG aJreement Zas siJneG� 
pleGJinJ to reGXce nitroJen anG pKospKorXs inpXts into tKe %ay Ey ��� Ey tKe year ����.  ,n ����� 
amenGments Zere aGGeG� reaffirminJ tKe oriJinal Joals of tKe ���� aJreement� EXt also pleGJinJ tKe 
GeYelopment of triEXtary�specific strateJies to reGXce nXtrient inpXts.

5ecoJni]inJ a lacN of proJress toZarGs restoration of tKe %ay� memEers of tKe CKesapeaNe %ay 
3roJram GrafteG anG siJneG tKe CKesapeaNe ���� AJreement �C�.� Kttp���ZZZ.cKesapeaNeEay.net�
content�pXElications�cEpB�����.pGf�� ZKicK proYiGeG compreKensiYe anG specific Girection for improYinJ 
tKe Zater TXality in tKe %ay� particXlarly relateG to nXtrients.  5ecoJni]inJ tKe neeG to aGGress %ay Zater 
TXality ZitKin tKe ZatersKeG� tKe JoYernors of 'elaZare� 1eZ <orN� anG West 9irJinia entereG into 
an aJreement ZitK tKe CKesapeaNe (xecXtiYe CoXncil to meet tKe Joals of tKe C�..  7Kis aJreement 
Zas more aJJressiYe tKan tKe preYioXs one anG calleG for� EaseG on ���� leYels� a ��� reGXction in 
nitroJen anG ��� in pKospKorXs inpXts.  ,n ���� anG ����� �� triEXtary strateJies Zere completeG tKat 
oXtlineG specific measXres for eacK triEXtary to reGXce tKe inpXts of nXtrients into tKe %ay.  A Kistory of 
CKesapeaNe %ay eXtropKication anG tKe eYolXtion of pXElic policy anG aZareness are aYailaEle in %oescK 
et al. ������.

(Yen more recently� in 0ay ����� 3resiGent 2Eama issXeG (xecXtiYe 2rGer ����� on CKesapeaNe 
%ay 3rotection anG 5estoration. 7o ErinJ tKe fXll ZeiJKt of tKe feGeral JoYernment to aGGress tKe 
CKesapeaNe¶s cKallenJes� tKe (xecXtiYe 2rGer estaElisKeG tKe )eGeral /eaGersKip Committee �)/C� for 
tKe CKesapeaNe %ay� ZKicK is cKaireG Ey tKe AGministrator of tKe U.S. (nYironmental 3rotection AJency 
anG inclXGes senior representatiYes from tKe Gepartments of AJricXltXre� Commerce� 'efense� HomelanG 
SecXrity� ,nterior anG 7ransportation. 7Ke (2  cKarJeG tKe )/C ZitK GeYelopinJ anG implementinJ a neZ 
strateJy for protection anG restoration of tKe CKesapeaNe reJion. 2ne of tKe primary strateJies of tKe (2 
is ³to restore clean Zater´ in tKe Eay� ZitK tKe specific Joal of reGXcinJ nitroJen� pKospKorXs� seGiment 

http://www.chesapeakebay.net/content/publications/cbp_12512.pdf
http://www.chesapeakebay.net/content/publications/cbp_12512.pdf
http://www.chesapeakebay.net/content/publications/cbp_12081.pdf
http://www.chesapeakebay.net/content/publications/cbp_12081.pdf
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anG otKer pollXtants to meet %ay Zater TXality Joals for GissolYeG oxyJen� clarity� cKloropKyll�a anG toxic 
contaminants �Kttp���execXtiYeorGer.cKesapeaNeEay.net��.

5esearcK on nXtrient cyclinJ in soil�Zater systems of tKe CKesapeaNe %ay ZatersKeG proYiGes 
fXnGamental insiJKt into tKe moYement of nXtrients in aJricXltXral systems anG tKeir impact on Zater 
resoXrces.  7Kis researcK Kas leG to tKe GeYelopment of moGels for Eetter preGictions of nXtrient transport 
Yia rXnoff as Zell as practical tools� sXcK as tKe ³3KospKorXs ,nGex´ �aGopteG Ey all states in tKe %ay 
ZatersKeG�� to JXiGe nXtrient manaJement Gecisions on aJricXltXral fielGs.  7Ke aGYent of CompreKensiYe 
1Xtrient 0anaJement 3lanninJ Kas resXlteG in tKe GeYelopment anG implementation of Eest manaJement 
practices �%03s� for Zater anG air TXality protection.  7Kese %03s ranJe from traGitional conserYation 
practices²sXcK as coYer crops� riparian EXffers� anG constrXcteG ZetlanGs²to neZ tecKnoloJies for 
precision application of fertili]ers anG manXres to neZ practices for controllinJ anG filterinJ GrainaJe 
Zaters.  Some of tKese %03s can Ee transferreG to nonaJricXltXral Xses� anG onJoinJ researcK promises to 
GeliYer anotKer Jeneration of %03s tKat immoEili]e nXtrients anG seGiment.

A recent assessment of Zater TXality trenGs in riYers feeGinJ tKe %ay sKoZeG siJnificant improYements 
in loaGinJs of nitroJen ���� of sites sKoZeG GoZnZarG trenGs�� total pKospKorXs ���� of sites�� anG 
seGiment ���� of sites�� inGicatinJ tKat manaJement actions are KaYinJ some effect in reGXcinJ nXtrients 
anG seGiments �/anJlanG et al. �����.  HoZeYer� to Gate� loZer nXtrient inpXt Kas not improYeG GissolYeG 
oxyJen leYels oYerall in tKe CKesapeaNe %ay� altKoXJK it Kas caXseG small�scale reYersals in Kypoxia 
�'ia] anG 5osenEXrJ �����.  Clearly� tKere are complex anG poorly XnGerstooG mecKanisms tKat are 
actinJ to Gelay recoYery of some ecosystem components �e.J.� seaJrass EeGs�� anG tKese mecKanisms 
are priorities for scientific attention.  5estoration of seaJrass� oyster� anG marsK KaEitats are expecteG to 
Kelp tKe %ay¶s recoYery from eXtropKication anG Kypoxia Ey priminJ Ney ecoloJical processes tKat Zill 
enKance recoYery tKroXJK EioloJical positiYe�feeGEacN mecKanisms �.emp et al. �����.  

Future Outlook 
Small improYements in GissolYeG oxyJen conGitions are expecteG for tKe mainstem of tKe CKesapeaNe 

%ay� anG tKe oXtlooN for riYers GraininJ into tKe %ay ranJes from sliJKt Geterioration to sliJKt 
improYement �%ricNer et al. �����.  7Kis proMection is an improYement from tKe last eXtropKication 
oXtlooN presenteG in ���� �%ricNer et al. ������ ZKen tKe %ay anG its triEXtaries Zere expecteG to 
experience small to larJe leYels of Geterioration.  7Kese proMections are EaseG on tKe preGiction of 
expecteG nXtrient loaG increases from ZasteZater treatment� septic tanNs� aJricXltXre� anG XrEan rXnoff.

CXrrent potential manaJement concerns inclXGe increasinJ nXtrient loaGs from soXrces sXcK as 
ZasteZater treatment� aJricXltXre� XrEan rXnoff� atmospKeric Geposition� on�site septic tanNs� anG 
comEineG seZer oYerÀoZ� particXlarly EecaXse an increase in popXlation is expecteG in tKe ZatersKeG.  7o 
mitiJate tKese potential proElems� %ricNer et al. ������ sXJJests cKanJes in lanG Xse policies tKat coXlG 
limit XrEan spraZl anG concentrate GeYelopment� ZKicK coXlG leaG to more efficient treatment of rXnoff 
anG Zaste. 
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Pensacola Bay
Physical Description of the System

7Ke 3ensacola %ay system is a netZorN of 
estXarine Eays locateG in tKe far Zestern panKanGle 
of )loriGa.  7Ke %ay system is arranJeG in tZo 
maMor arms tKat comEine to form 3ensacola %ay 
proper.  7Ke component Eays inclXGe (scamEia 
%ay� %lacNZater %ay� (ast %ay� anG 3ensacola 
%ay �)iJXre ��.  Santa 5osa SoXnG is relatiYely 
Gistinct sKalloZ EacN�Eay tKat Moins tKe loZer reacK 
of 3ensacola %ay anG separates Santa 5osa ,slanG 
from tKe mainlanG eastZarG to 'estin� )loriGa� 
anG CKoctaZKatcKee %ay� )loriGa.  7Ke comEineG 
3ensacola %ay system� exclXGinJ Santa 5osa 
SoXnG� is meGiXm si]eG ���� Nm�� anG sKalloZ 
�mean GeptK is � m�.  7iGes occXr once per Gay 
anG are relatiYely small� �� to �� centimeters.  
7Kree maMor ZatersKeGs Grain into tKe %ay Yia tKe 
(scamEia� %lacNZater� anG <elloZ 5iYers �)iJXre 
��.

History of Hypoxia (issue, 
causes, economic and ecosystem impacts)

7Ke conGition of tKe 3ensacola %ay system� particXlarly tKat of (scamEia %ay� Eecame a matter of 
pXElic concern as early as tKe late ����s after siJnificant inGXstrial point soXrce GiscKarJes EeJan anG 
extensiYe fisK Nills anG Kypoxia Zere oEserYeG �2linJer et al. �����.  7Ke larJe fisK Nills prompteG 
actions tKat Xltimately leG to elimination of tKe point soXrce loaGinJs Ey tKe miG�����s.  2linJer et al. 
������ proYiGes a remarNaEle early compilation of ecoloJical conGitions in tKe %ay� intenGeG principally 
to GocXment tKe recoYery of tKe system folloZinJ reGXctions in inGXstrial Zaste loaGs.  7Kese reports 
inGicate tKat Kypoxia Zas present in tKe %ays in tKe early ����s� EXt Goes not proYiGe enoXJK Gata to 
eYalXate tKe aYeraJe extent or seYerity.

(3A monitoreG tKe %ay TXarterly from ��������� �U.S. (3A ����� anG montKly from �����
���� �HaJy anG 0Xrrell �����.  WKereas Gifferences in sXrYey metKoGoloJy anG Gata reportinJ 
mostly preclXGe TXantitatiYe analysis of ecoloJical cKanJes since tKe early ����s� comparison ZitK 
tKe most recent Gata sXJJests tKat neitKer recoYery nor fXrtKer GeJraGation Kas occXrreG.  7Ke maMor 
ecoloJical concerns of tKe early ����s continXe�  Eottom Zater Kypoxia� loss of seaJrass KaEitats� toxic 
contamination� anG GeJraGation of Eiotic commXnities �HaJy et al. �����.

Hypoxia occXrs freTXently anG extensiYely in Eottom Zaters of 3ensacola %ay �HaJy anG 0Xrrell 
�����.  An aYeraJe of ��� of tKe %ay Eottom is affecteG GXrinJ tKe sXmmer.  0oGerate riYer ÀoZ 
conGitions create tKe KiJKest potential for Kypoxia in tKe %ay.  ,n ����� nearly ��� of tKe %ay Eottom 
Zas Kypoxic for tZo consecXtiYe montKs �HaJy et al. �����.  StronJ ZinGs can ErinJ Kypoxic Zater onto 
sKalloZ sKoals� JiYinJ Kypoxia tKe potential to GeJraGe nearly all KaEitats in tKe %ay.  Hypoxia Kas not 
Eeen oEserYeG in tKe loZer %ay� soXtK anG Zest of %ayoX 7exar� ZKere tiGal excKanJe ZitK tKe *Xlf of 
0exico appears to Ee aGeTXate to preYent Kypoxia.

Figure	1.		Map	of	Pensacola	Bay,	Florida.
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7Ke caXses of Kypoxia in 3ensacola %ay inclXGe stronJ salinity stratification� loZ tiGal mixinJ enerJy� 
anG slXJJisK estXarine circXlation� ZKicK create an optimal pKysical enYironment for Kypoxia �HaJy 
anG 0Xrrell �����.  2n tKe otKer KanG� Zater clarity in tKe %ay is often relatiYely KiJK� cKloropKyll�a 
concentrations are loZ to moGerate� anG pKytoplanNton proGXction is moGerate �0Xrrell et al. �����.  
CorresponGinJly� rates of oxyJen consXmption in tKe Zater anG seGiments are relatiYely loZ �0Xrrell 
et al. �����.  7Kese reÀect loZ to moGerate rates of nXtrient loaGinJ� ZKicK can Ee relateG to loZ 
popXlation Gensity anG minimal nXtrient�intensiYe Xses of mXcK of tKe ZatersKeG �HaJy et al. �����.  7Ke 
simXltaneoXsly loZ leYel of antKropoJenic nXtrient enricKment anG eXtropKication anG KiJK GeJree of 
Kypoxia anG seaJrass loss sXJJests tKat tKe %ay Kas not Eeen aEle to recoYer from earlier impacts.

7Ke impact of Kypoxia on EioloJical commXnities in 3ensacola %ay Kas not Eeen Zell GocXmenteG� 
EXt one can infer from tKe extent� freTXency� anG seYerity of Kypoxia tKat affecteG KaEitats are almost 
certainly in a poor ecoloJical conGition.  /imiteG Gata from tKe )loriGa ,nsKore 0onitorinJ anG 
Assessment 3roJram sKoZ tKat tKe nXmEers of EentKic macrofaXna in 3ensacola %ay in ���� Zere 
only � to ��� of nXmEers in KealtKier reJions of tKe )loriGa Zest coast.  /iYinJston ������ foXnG tKat 
sXEstantial Eiomass of infaXnal animals occXrreG in only a narroZ ]one aroXnG tKe perimeter of tKe %ay� 
EeyonG tKe reacK of persistent Kypoxia.  ,t Kas also Eeen sKoZn tKat cKronic exposXre to Kypoxia imposeG 
pKysioloJical stress on fisK in 3ensacola %ay� preYentinJ tKem from reproGXcinJ �7Komas et al. �����.  
AltKoXJK tKe massiYe seaJrass loss in 3ensacola %ay Kas not Eeen linNeG Girectly to Kypoxia� it coXlG 
reGXce tKe aEXnGance of animals tKat Jra]e on alJae JroZinJ on seaJrasses� tKXs inKiEitinJ tKeir recoYery.  
)or example� Jrass sKrimp enKanceG JroZtK of Ruppia maritima� a seaJrass tKat Zas once aEXnGant in 
3ensacola %ay �0cCall anG 5aNocinsNi �����.  ConceiYaEly� tKe massiYe loss of seaJrasses tKat Kas 
occXrreG anG tKe extensiYe recXrrent Kypoxia coXlG Ee mXtXally reinforcinJ� promotinJ persistence of 
tKese conGitions Gespite cXrrently XnremarNaEle rates of nXtrient loaGinJ.

Science and Management Actions (to date and planned)
7Ke recorG of scientific researcK aGGressinJ Zater TXality anG ecoloJical conGition in 3ensacola %ay 

EeJan in earnest ZitK tKe 2linJer et al. ������ stXGies.  7Kese stXGies GocXmenteG many of tKe Ney 
featXres of tKe ecoloJy of tKe %ay� inclXGinJ tKe inciGence of Kypoxia anG some of its pKysical caXses.  
3apers Ey (3A scientists� mostly since ����� proYiGe more Getail on many aspects of tKe pKysical anG 
EioloJical conGitions tKat control Kypoxia in tKe %ay �see HaJy et al. �����.  (3A Zill continXe stXGies of 
3ensacola %ay as part of a reJional researcK proJram in tKe nortKeast *Xlf of 0exico.  7Ke proMect Zill 
focXs on proYiGinJ Gata anG metKoGs to GeYelop nXmeric Zater TXality criteria for nXtrients anG nXtrient�
relateG Zater TXality parameters.

%ecaXse 3ensacola %ay is a relatiYely small estXary� no manaJement proJrams KaYe Eeen createG 
specifically to manaJe anG improYe its Zater TXality �e.J.� sXcK as tKose createG for CKesapeaNe %ay 
or tKe *Xlf of 0exico�.  )loriGa¶s ,mpaireG Waters 5Xle proYiGes some nXmeric JXiGelines for listinJ 
estXaries as impaireG for cKloropKyll�a anG GissolYeG oxyJen� EXt tKere are no enforceaEle Zater TXality 
stanGarGs for nXtrients or GissolYeG oxyJen for tKe %ay.  

2n tKe otKer KanG� tKe state of )loriGa Kas recently increaseG its focXs on GeYelopinJ Zater TXality 
criteria for nXtrients in its estXaries anG coastal Zaters.  3ortions of (scamEia %ay KaYe Eeen listeG as 
impaireG for an excessiYe increase in cKloropKyll�a.  (staElisKinJ leYels for total maximXm Gaily loaGs 
Kas Eeen proposeG anG ZoXlG call for siJnificant reGXctions in EotK nitroJen anG pKospKorXs loaGinJ to 
Xpper (scamEia %ay.  7Kese actions siJnal an increase in reJXlatory attention to nXtrients in 3ensacola 
%ay.  A continXation of scientific researcK Ey (3A anG otKers coXlG proYiGe an improYeG scientific Easis 
for tKese actions.  3resently� tKe Eest Kope for improYeG manaJement of Zater TXality in tKe %ay seems 
to Ee tKe liNely prospect tKat tKe State of )loriGa Zill soon GeYelop anG aGopt nXmeric nXtrient criteria for 
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3ensacola %ay.  (3A is collaEoratinJ ZitK tKe )loriGa 'epartment of (nYironmental 3rotection to sXpport 
its efforts to acKieYe tKis oEMectiYe for 3ensacola %ay anG otKer estXaries in )loriGa.

Future Outlook
7Ke relatiYely XnGeYelopeG statXs of a larJe portion of tKe ZatersKeG of 3ensacola %ay is one of its Eest 

assets.  ArJXaEly� loZ popXlation Gensity in tKe ZatersKeG Kas preYenteG eXtropKication anG Kypoxia from 
EecominJ mXcK Zorse.  HoZeYer� tKe popXlation of tKe coastal coXnties sXrroXnGinJ tKe %ay� especially 
Santa 5osa CoXnty� )loriGa� is proMecteG to JroZ nearly �.��folG Ey ���� �=ZicN anG Carr ������ most 
liNely increasinJ nXtrient loaGinJ to tKis sensitiYe system.  A reJXlatory approacK Xtili]inJ tKe aXtKority 
of tKe Clean Water Act anG EaseG on nXmeric nXtrient criteria Zill Ee tKe Eest Zay of ensXrinJ tKat 
tKis JroZtK occXrs in a manner tKat Goes not fXrtKer GeJraGe tKe %ay.  AltKoXJK tKe aYailaEle researcK 
clearly inGicates tKat increaseG nXtrients coXlG Karm Zater TXality in tKe %ay� it is less clear tKat nXtrient 
reGXctions alone Zill Ee sXfficient to restore tKe %ay.  A more actiYe restoration proJram may Ee neeGeG.  
5esearcK is neeGeG to Getermine tKe Eest metKoGs for restorinJ ecoloJical fXnction in tKe %ay in orGer 
to simXltaneoXsly increase tKe extent of seaJrass KaEitats� reGXce Kypoxia� anG promote Eetter EioloJical 
conGition oYerall.  
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Northern Gulf of Mexico
Physical Description of the System

7Ke larJest ]one of oxyJen�GepleteG coastal Zaters in tKe UniteG States anG arJXaEly tKe seconG 
larJest on (artK is in tKe nortKern *Xlf of 0exico on tKe /oXisiana continental sKelf �)iJXre ��.  7Ke 
*Xlf Kypoxic ]one typically occXrs in Zaters ���� m in GeptK Xp to ��� Nm offsKore from Zest of tKe 
0ississippi 5iYer 'elta anG occasionally extenGinJ to tKe Xpper 7exas coast. 

7Ke Gominant soXrces of fresKZater� seGiments� anG nXtrients to tKe nortKern *Xlf of 0exico are 
tKe 0ississippi anG AtcKafalaya 5iYers.  7Ke ZatersKeG for tKese riYers �commonly referreG to as tKe 
0ississippi AtcKafalaya 5iYer %asin� or 0A5%� encompasses ��� of tKe contiJXoXs UniteG States 
�)iJXre ��.  7Ke aYeraJe annXal streamÀoZ GeliYereG from tKe 0A5% to tKe *Xlf of 0exico GXrinJ tKe 
perioG from ���� to ���� Zas ������ cXEic meters per seconG �m��s�� tKe aYeraJe annXal ÀXx of total 
nitroJen anG total pKospKorXs GXrinJ tKat perioG Zas �.�� anG �.�� million metric tons� respectiYely 
�AXlenEacK et al. �����.  StreamÀoZ from tKe 0A5% enters tKe *Xlf of 0exico tKroXJK tZo Geltas²
aEoXt tZo tKirGs of tKe ÀoZ enters Yia tKe 0ississippi 5iYer %irGfoot 'elta �soXtKeast of 1eZ 2rleans� 
/oXisiana�� anG one tKirG Yia tKe AtcKafalaya 5iYer 'elta ���� Nm Zest on tKe central /oXisiana coast�.  
7Ke fresKZater GiscKarJe is carrieG preGominantly ZestZarG alonJ tKe /oXisiana�7exas inner to miG�
continental sKelf� especially GXrinJ peaN sprinJ GiscKarJe.  7Kis coastal ocean marJin is cKaracteri]eG 
as a relatiYely sKalloZ� open coastline ZitK complex circXlation patterns� ZeaN tiGal enerJies� Jenerally 
KiJK Zater temperatXres� seasonally YaryinJ stratification strenJtK� anG larJe inpXts of fresKZater 
tKat effectiYely resXlt in an XnEoXnGeG estXary� stratifieG for mXcK of tKe year.  Water colXmn Gensity 
stratification� ZKicK is critical to Eottom Zater oxyJen Gepletion� is GominateG Ey Yertical salinity 
JraGients� EXt tKermal ZarminJ of sXrface Zaters intensifies sXmmer stratification strenJtK.  Water 
colXmn strXctXre is also 
KiJKly inÀXenceG Ey ZinG 
stress� frontal ZeatKer EanGs� 
KXrricanes� anG mixinJ of 
EXoyant riYer plXmes.  

History of 
Hypoxia 
(issue, causes, 
economic and 
ecosystem 
impacts)

(xtensiYe Eottom Zater 
Kypoxia forms eacK year EetZeen 0ay anG SeptemEer.  Since ���� �ZKen systematic mappinJ Zas 
starteG�� tKe Kypoxic area Kas aYeraJeG ������ Nm� anG acKieYeG its maximXm si]e in ���� at ������ 
Nm� �)iJXre ��.  WKile loZ GissolYeG oxyJen is commonly consiGereG a Eottom�Zater conGition� 
oxyJen�GepleteG Zaters often extenG Xp into tKe loZer Kalf to tZo�tKirGs of tKe Zater colXmn.  /onJ�
term increases in nXtrient loaGs from tKe 0A5%� coXpleG ZitK Zater colXmn stratification� KaYe Eeen 
implicateG as tKe primary caXses of Kypoxia �C(15 ����� U.S. (3A �����.  HoZeYer� tKe complex 
pKysical� cKemical� anG EioloJical processes alonJ tKe coastal ocean marJin²ZKicK consXme� transform� 
anG reminerali]e riYerine nXtrients anG orJanic matter anG Xltimately resXlt in Eottom Zater oxyJen 
Gepletion²remain poorly resolYeG in space anG time.

Figure	1.		Map	of	bottom	water	oxygen	levels	in	mg�L.		Black	line	is	less	then	2	mg�L	
(hypoxic).   
Data source: N. Rabalais, Louisiana Universities Marine Consortium, NOAA, map by B. 
Babin.
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7Ke nXtrients GeliYereG ZitK 
fresKZater inpXts sXpport primary 
proGXctiYity ZitKin tKe immeGiate 
Yicinity of tKe riYer GiscKarJes as Zell 
as across tKe EroaGer continental sKelf.  
7Ke settlinJ of fixeG carEon to tKe loZer 
Zater colXmn anG seaEeG in tKe form of 
senescent pKytoplanNton� ]ooplanNton 
fecal pellets� or aJJreJates proYiGes a 
larJe carEon soXrce for Gecomposition 
Ey aeroEic Eacteria� ZKicK in tXrn leaGs 
to Kypoxia.  7ropical storms� KXrricanes� 
anG colG front passaJes GisrXpt tKe 
Kypoxia Xntil stratification reestaElisKes 
anG oxyJen Gepletion processes continXe.

/oZ oxyJen eYents on tKe /oXisiana�
7exas continental sKelf KaYe Eeen 
reconstrXcteG oYer tKe past centXries 
XsinJ tKe relatiYe aEXnGance of loZ 
oxyJen tolerant EentKic foraminifera in 
seGiment cores �2sterman et al. �����.  7Kese recorGs sKoZ tKat loZ oxyJen eYents KaYe increaseG oYer 
tKe past �� years.  AGGitionally� reJression moGel KinGcasts XsinJ Kistorical 0ississippi 5iYer GiscKarJe 
anG nitrate concentrations inGicateG tKat larJe�scale Kypoxia Kas liNely Eeen present alonJ tKe continental 
sKelf since tKe miG�����s �*reene et al. �����.  0ore recently� tKe areal extent of tKe Kypoxic ]one 
increaseG from an aYeraJe of ����� Nm� GXrinJ ��������� to ������ Nm� GXrinJ ��������� �5aEalais anG 
7Xrner ����� /U0C21 ����� �)iJXre ��. 

7Ke increaseG preYalence of *Xlf Kypoxia oYer recent GecaGes Kas Eeen relateG to increases in nXtrient 
loaGs �C(15 ����� U.S. (3A �����.  HoZeYer� it Kas Eeen GemonstrateG tKat Kypoxia eYents KaYe 
occXrreG for centXries GriYen Ey KiJK streamÀoZ eYents tKat ÀXsK nXtrients from ZetlanG ecosystems anG 
stratify ocean Zaters �2sterman et al. ����� SZar]ensNi et al. �����.  Alterations of tKe 0ississippi anG 
AtcKafalaya 5iYers for transportation anG ÀooG control oYer tZo centXries KaYe siJnificantly lesseneG 
tKe assimilation of nXtrients in tKe ZatersKeG anG cKanJeG tKe pattern of fresKZater GiscKarJe to tKe 
coastal ocean marJin �U.S. (3A �����.  ConcXrrent increases in antKropoJenic inpXts of nXtrients to tKe 
ZatersKeG KaYe contriEXteG to increaseG eXtropKication anG Kypoxia �from %ricNer et al. ����� 5aEalais in 
%ricNer et al. �����. 

7Ke reJion sXpports some of tKe most YalXaEle commercial anG recreational fisKeries in tKe UniteG 
States �'ia] anG SoloZ ����� CKesney et al. ����� =immerman anG 1ance �����.  )or example� 7exas 
anG /oXisiana leaG all states in catcKes of sKrimp� ZKicK is tKe larJest U.S. commercial fisKery �12AA 
�����.  HoZeYer� partitioninJ tKe impacts of Kypoxia on liYinJ resoXrces from otKer ecosystem stressors 
�e.J.� climate cKanJe anG oYerfisKinJ� Kas proYen GifficXlt anG siJnificant NnoZleGJe Japs remain.  )isK 
Nills are occasionally reporteG anG siJnificant impacts to EentKic faXna KaYe Eeen Zell GocXmenteG �e.J.� 
5aEalais et al. �����.  =immerman anG 1ance ������ sXJJest tKat seYere Kypoxic conGitions may ElocN 
tKe miJration of sKrimp from nearsKore to offsKore KaEitats.  AGGitionally� EroZn sKrimp are sXEMecteG 
to a siJnificant amoXnt of KaEitat loss GXe to Kypoxia �CraiJ et al. ������ conJreJatinJ in sXEoptimal 
enYironments alonJ tKe Kypoxic ]one eGJe� possiEly caXsinJ a reGXction in JroZtK �CraiJ anG CroZGer 
�����.  5ecent aGYancements in EiomarNer tecKniTXes KaYe sXJJesteG tKat Kypoxia may Ee caXsinJ 

Figure	2			Mississippi	River	Watershed	with	Dead	=one	shown	in	Red	
�modified	from	Mississippi	River�Gulf	of	Mexico	Watershed	Nutrient	Task	Force	
2004�.
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reproGXctiYe impacts in 
croaNer as Zell �7Komas et 
al. �����. 

Science and 
Management 
Actions (to 
date and 
planned)

,n ����� tKe (3A 
estaElisKeG tKe 0ississippi 
5iYer�*Xlf of 0exico 
WatersKeG 1Xtrient 7asN 
)orce.  7Ke 7asN )orce 
EroXJKt toJetKer )eGeral 
aJencies� states� anG triEes 
to consiGer options for reGXcinJ� mitiJatinJ� anG controllinJ Kypoxia in tKe nortKern *Xlf of 0exico.  
,n ���� anG ����� tKe resXlts of an inteJrateG science assessment� reTXesteG Ey tKe 7asN )orce anG 
conGXcteG XnGer tKe aXspices of tKe 1ational Science anG 7ecKnoloJy CoXncil� Zas pXElisKeG �C(15 
����� %re]oniN et al. ����� 'ia] anG SoloZ ����� 'oerinJ et al. ����� *oolsEy et al. ����� 0itscK et al. 
����� anG 5aEalais et al. ����� �Kttp���oceanserYice.noaa.JoY�proGXcts�pXEsBKypox.Ktml�.  UsinJ tKis 
science assessment� tKe 7asN )orce pXElisKeG its first ³Action 3lan´� entitleG Action 3lan for 5eGXcinJ� 
0itiJatinJ� anG ControllinJ Hypoxia in tKe 1ortKern *Xlf of 0exico �0ississippi 5iYer�*Xlf of 0exico 
WatersKeG 1Xtrient 7asN )orce ������ ZKicK Zas enGorseG Ey )eGeral aJencies� states� anG triEal 
JoYernments.  7Ke ���� Action 3lan coastal Joal Zas to reGXce tKe fiYe�year rXnninJ aYeraJe si]e of tKe 
Kypoxic ]one to ����� Nm� Ey ���� �)iJXre ��.  ,t estimateG tKat an oYerall reGXction in nitroJen loaG of 
��±��� ZoXlG Ee reTXireG.  7Ke ���� 3lan iGentifies tKe reTXirement tKat pKospKorXs as Zell as nitroJen 
loaGs Ee reGXceG anG increases tKe reTXireG reGXction to at least ���.  7Ke ���� 3lan also notes tKat 
reGXctions in nitroJen loaGs from ��������� Zere from nitroJen forms otKer tKan nitrate� ZKicK is tKe 
primary form fXelinJ sprinJ primary proGXction tKat leaGs to Kypoxia. 7Ke Action 3lan Zas EaseG on a 
series of YolXntary anG incentiYe�EaseG actiYities tKat aGGress EotK reGXcinJ nXtrient inpXts anG increasinJ 
assimilation in aTXatic ecosystems� inclXGinJ proper timinJ anG amoXnt of fertili]er applications� Eest 
manaJement practices on aJricXltXral lanGs� restoration anG creation of ZetlanGs� riYer KyGroloJy 
remeGiation� riparian EXffer strips� nXtrient remoYal from stormZater anG ZasteZater� anG coastal 
GiYersions. 

,n ����� an XpGateG science assessment Zas conGXcteG Ey tKe (3A Science AGYisory %oarG XnGer 
tKe oYersiJKt of tKe 7asN )orce �U.S. (3A �����.  7Kis XpGate science assessment Zas XseG Ey tKe 7asN 
)orce to GeYelop tKe *Xlf Hypoxia Action 3lan for 5eGXcinJ� 0itiJatinJ� anG ControllinJ Hypoxia in 
tKe 1ortKern *Xlf of 0exico anG ,mproYinJ Water 4Xality in tKe 0ississippi 5iYer %asin �0ississippi 
5iYer� *Xlf of 0exico WatersKeG 1Xtrient 7asN )orce ����� �see %ox � in CKapter ��.  7Kis plan 
retains tKe coastal Joal of reGXcinJ tKe Kypoxic ]one to less tKan ����� Nm� Ey ����� EXt XnGerstanGs 
tKe GifficXlty of meetinJ tKe Joal.  ,n tKis reJarG� tKe 7asN )orce accepts tKe aGYice of tKe (3A Science 
AGYisory %oarG on tKis issXe� ³7Ke ����� Nm� tarJet remains a reasonaEle enGpoint for continXeG Xse in 
an aGaptiYe manaJement context� KoZeYer� it may no lonJer Ee possiEle to acKieYe tKis Joal Ey ����« it 
is eYen more important to proceeG in a Girectionally correct fasKion to manaJe factors affectinJ Kypoxia 
tKan to Zait for Jreater precision in settinJ tKe Joal for tKe si]e of tKe ]one.  0XcK can Ee learneG Ey 

Figure	3.	Northern	Gulf	of	Mexico	hypoxic	area	by	year,	including	5	year	running	and	long�
term	averages.		Action	Plan	Goal	is	5000	km2.

http://oceanservice.noaa.gov/products/pubs_hypox.html
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implementinJ manaJement plans� GocXmentinJ practices� anG measXrinJ tKeir effects ZitK appropriate 
monitorinJ proJrams´ �U.S. (3A �����.  7Ke ���� Action 3lan� also liNe tKe ���� Action 3lan� calls for a 
reassessment after fiYe years.  7Ke next reassessment Zill Ee conGXcteG in ����.

2n -Xne ��� ����� US'A releaseG a report� ³(ffects of ConserYation 3ractices on CXltiYateG CroplanG 
in tKe Upper 0ississippi 5iYer %asin.´�Kttp���ZZZ.nrcs.XsGa.JoY�tecKnical�nri�ceap�XmrE�inGex.Ktml�  
7Kis report� part of US'A¶s ConserYation (ffects Assessment 3roMect �C(A3�� sKoZeG tKat aJricXltXral 
proGXcers in tKe Upper 0ississippi 5iYer %asin KaYe KaG Jreat sXccess in reGXcinJ soil erosion tKroXJK 
ZiGespreaG aGoption of seGiment controllinJ conserYation actiYities.  7Ke assessment also sKoZeG 
tKat more ZiGespreaG aGoption of effectiYe nXtrient control practices is neeGeG to meet tKe cKallenJes 
associateG ZitK nitroJen anG pKospKoroXs leacKinJ anG rXnoff.  US'A Kas committeG ���� million to 
improYe Zater TXality in priority ZatersKeGs tKroXJK its 0ississippi 5iYer %asin HealtKy WatersKeGs 
,nitiatiYe �05%,�.

Future Outlook
AltKoXJK oYerall total annXal nXtrient loaGs to tKe nortKern *Xlf from ����±���� sXJJests a Gecline 

in nitroJen inpXts relatiYe to tKe preYioXs ���year aYeraJe �0ississippi 5iYer�*Xlf of 0exico WatersKeG 
1Xtrient 7asN )orce ������ reGXctions in nitrate GXrinJ tKe critical sprinJ perioG KaYe not occXrreG.  
)XrtKer� tKe fiYe�year rXnninJ aYeraJe �����±����� of tKe Kypoxic ]one is ������ Nm�� ZKicK is more 
tKan tKree times tKe Action 3lan Joal of ����� Nm�.  7Ke aGaptiYe manaJement approacK pXt fortK in 
tKe Action 3lans of ���� anG ���� commits to a reliance on soXnG science anG continXal feeGEacN 
EetZeen tKe interpretation of neZ information anG improYeG manaJement actions as tKe Ney to tarJetinJ 
actions ZitKin ZatersKeGs ZKere tKey Zill Ee most effectiYe.  SiJnificant YariaEility in nXtrient export 
rates� Kypoxic ]one si]e� anG otKer parameters resXltinJ from antKropoJenic anG�or climate cKanJe Zill 
maNe it GifficXlt to assess tKe oXtcome of nXtrient manaJement actions.  HoZeYer� tarJeteG monitorinJ 
on representatiYe ZatersKeGs� continXeG monitorinJ of streamÀoZ anG nXtrient ÀXx� anG researcK tKat 
aGGresses EioJeocKemical processes anG improYeG moGel application Zill proYiGe tKe most effectiYe 
means of measXrinJ resXlts anG proYiGinJ feeGEacN on performance.
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Northeast Pacific Continental Shelf 
(Oregon/Washington)
Physical Description of the 
System

7Ke 2reJon anG WasKinJton SKelf oXt to ��� meters 
Zater GeptK encompasses approximately ������ 
sTXare Nilometers �Nm�� anG Kas an aYeraJe ZiGtK of 
approximately �� Nm.  *enerally� tKe sKelf narroZs 
from nortK to soXtK� ZitK a sKelf ZiGtK of more tKan �� 
Nm off WasKinJton anG less tKan �� Nm alonJ soXtKern 
2reJon.  7Ke exception to tKis Jeneral trenG is a reJion 
calleG Heceta %anN in tKe central reJion of 2reJon 
���.�� to ��.�� 1� ZKicK extenGs oXt to �� Nm.

7Ke sKelf is part of tKe 1ortKern California CXrrent 
system.  7Kis system Kas stronJ seasonal YariaEility� 
ZitK nortKerly �from tKe nortK� ZinGs GominatinJ from 
April to 2ctoEer� anG soXtKerly ZinGs GominatinJ 
tKroXJK tKe Zinter.  7Ke stronJ nortKerly ZinGs inGXce 
coastal XpZellinJ ZKicK ErinJs nXtrient�ricK� loZ�
oxyJen Zaters onto tKe sKelf �)iJXre ��.

7Ke maMor soXrce of terrestrial inpXt to tKe system is 
from tKe ColXmEia 5iYer� ZitK an annXal mean oXtÀoZ of ���� cXEic meters per seconG �m��s� �� year 
mean from ���� ± �����.  5iYer oXtÀoZ tenGs to Ee loZ GXrinJ tKe sXmmer JroZinJ season anG tKe 
inpXt of nXtrients from tKe riYer is neJliJiEle compareG to contriEXtions from XpZelleG Zaters �HicNey 
anG %anas �����.  7KXs� Kypoxia off WasKinJton anG 2reJon is XniTXe in tKat it is GXe to natXral soXrces 
ratKer tKan antKropoJenic soXrces.  

(conomically� XpZellinJ�inGXceG proGXctiYity in 2reJon�WasKinJton SKelf Zaters sXpports a 
��� million fisKery for GXnJeness craEs.  7Kis is a pot fisKery� so craEs trappeG in tKe pot fisKinJ Jear are 

NilleG GXrinJ sXmmertime Kypoxic eYents.  7Ke YalXe 
of tKe salmon fisKery is on tKe orGer of ������ million� 
KoZeYer� tKe impact of Kypoxia on tKe lanGinJs of 
tKe craEs anG salmon Kas not yet Eeen eYalXateG 
economically.  

History of Hypoxia (issue, 
causes, economic and 
ecosystem impacts)

(YiGence of Kypoxia on tKe 2reJon�WasKinJton 
continental sKelf inGicates tKat it is a seasonal 
occXrrence �)iJXre �� tKat Kas Eeen present since at 
least tKe ����s �)iJXre ��.  HoZeYer� tKere Kas not 
Eeen a consistent samplinJ proJram GeYelopeG to 

Figure	1.		Seasonal	change	in	bottom	water	oxygen	
concentration at a station 5 miles from shore off Newport, OR.  
The horizontal line at 1.4 ml/L represents hypoxic waters.  Note 
that hypoxic waters appear only during the upwelling season 
�May�October�.	Source�	Bill	Peterson,	NOAA	NWFSC.

Figure	2.		Oxygen	concentration	�ml�L�	within	10m	of	the	
bottom at a station 5 miles offshore of Newport, OR.  The 
thick, red line indicates hypoxic waters (1.4 ml/L).  Although 
hypoxia	was	observed	in	the	1960s,	it	has	been	observed	
more frequently in this century.  Source: Bill Peterson, 
NOAA	NWFSC.
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assess tKe GeJree anG maJnitXGe of Kypoxia oYer time �note tKe lacN of any Gata EetZeen ���� anG ���� 
in )iJXre ��.  'ata KaYe Eeen collecteG tKree to foXr times per year since ���� GXrinJ EroaG�scale sXrYeys 
of ]ooplanNton anG salmon anG EiZeeNly since late ���� �)iJXre ��.    

Cross�sKelf transects �)iJXre �� sKoZ tKat tKe Kypoxic Eottom Zaters can extenG at least �� 
to �� meters off tKe Eottom anG occXpy Xp to ��� of tKe Zater colXmn.  /oZ oxyJen Zater 
moYes onto tKe sKelf in early sprinJ �April or 0ay� GXrinJ tKe onset of XpZellinJ.  7KroXJKoXt tKe 
sXmmer� tKe oxyJen leYel of Eottom Zaters is reGXceG tKroXJK tKe EioloJical GeJraGation of orJanic 
matter.  

WiGer reJions of tKe sKelf� ZKere circXlation patterns retain Zater for lonJer perioGs of time� tenG to 
KaYe more persistent anG seYere oxyJen Gepletion �)iJXre ��.  ,n SeptemEer ����� ����� Nm� of tKe sKelf 
KaG Kypoxic Eottom Zaters� coYerinJ ��� of tKe sKelf area sXrYeyeG �)iJXre ��� maNinJ tKe 2reJon�
WasKinJton sKelf tKe seconG larJest Kypoxic reJion in tKe continental UniteG States� seconG only to tKe 
*Xlf of 0exico �ZKicK aYeraJes roXJKly ������ Nm��.  

SeYere Kypoxia eYents Zere oEserYeG in ���� �*rantKam et al. ����� anG ���� �CKan et al. �����.  
)rom tKese eYents� it is clear tKat in some areas� sXcK as Heceta %anN �MXst soXtK of 1eZport�� oxyJen 
concentrations fall to Yery loZ YalXes anG can persist tKroXJK mXcK of tKe sXmmer� Xltimately NillinJ or 
GisplacinJ nearly all of tKe Eottom�GZellinJ orJanisms.  5ecent ZorN on tKe impacts of Kypoxic Zaters 
on tKe GeYelopment of copepoGs inGicate tKat oxyJen concentrations EeloZ � ml�/ �or �.�� mJ�/� Jreatly 
reGXces tKe KatcKinJ rate of copepoG eJJs �3eterson XnpXElisKeG�.  ,n instances ZKere copepoGs are 
not aEle to moYe oXt of Kypoxic ]ones� tKe reGXceG KatcKinJ rate may also Ee accompanieG Ey reGXceG 
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Figure	3.		Oxygen	concentration	along	a	46	km	�25	mile�	transect	across	the	Oregon	shelf	�NH	Line	off	Newport,	Oregon�.		
The thick, red contour indicates the region of hypoxia (1.4 ml/L).  The gray shaded area is the bottom bathymetry. Source: 
Jay Peterson, NOAA/OSU CIMRS.
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eJJ proGXction �0arcXs ����� SeGlaceN anG 0arcXs ������ seYerely impactinJ recrXitment of species 
critical to tKe fooG ZeE of many commercially important fisK species. 

7Ke caXse of tKe Kypoxia is GriYen primarily Ey an interaction EetZeen circXlation anG EioloJical 
actiYity.  7Ke typical XpZellinJ season extenGs from April to 2ctoEer.  'XrinJ tKis time� perioGs of stronJ 
ZinGs from tKe nortK ErinJ nXtrient�ricK� loZ�oxyJen Zaters onto tKe sKelf.  7Ke nXtrient�ricK Zaters 
are mixeG into tKe sXrface layer anG fXel a KiJKly proGXctiYe planNtonic fooG cKain.  HoZeYer� Yertical 
transport of fecal pellets of Jra]ers anG sinNinJ of nXtrient�GepleteG pKytoplanNton Elooms resXlts in tKe 
GeJraGation of massiYe amoXnts of orJanic matter on tKe sea Àoor.  'epenGinJ on tKe Yertical ÀXx anG on 
tKe retention time of tKe Zater mass� tKe oxyJen consXmption can rapiGly leaG to Kypoxic anG eYen anoxic 
conGitions.

Science and Management Actions (to date and planned)
7o Gate� no specific scientific proJrams KaYe Eeen estaElisKeG to monitor tKe statXs of Kypoxic ]ones 

alonJ tKe 2reJon�WasKinJton sKelf.  7Ke GeYelopment of Kypoxic reJions alonJ tKe coast is primarily 
GriYen Ey natXrally occXrrinJ pKysical anG EioloJical processes.  CKanJes in tKe amoXnt of nXtrients 
XpZelleG to sXrface Zaters� Zater temperatXres� anG retention of Zater masses on tKe sKelf liNely 
contriEXte to tKe persistence� si]e� anG seYerity of Kypoxic ]ones.  7Ke loZ oxyJen ]ones KaYe Eeen 
sKoZn to Jreatly impact Eottom�GZellinJ fisKes� sKellfisK� anG otKer orJanisms inKaEitinJ tKe sKalloZ 
EanNs �i.e.� Heceta %anN�.

Future Outlook
A coorGinateG researcK anG monitorinJ effort aimeG at informinJ resoXrce manaJers is neeGeG.  7Ke 

comEination of increaseG aZareness of tKe spatial extent of Kypoxia� its impact on tKe sKelf ecosystem� 

Figure	4.		Distribution	and	extent	of	hypoxic	waters	�bold	1.4	ml�L	contour�	along	the	Oregon�Washington	shelf.	Shown	is	
the minimum oxygen value regardless of the depth it occurred (but the minimum values was almost always at the deepest 
sampling�.		Panels	show	the	extent	in	September	2006	�far	left�,	and	the	seasonal	progression	during	200�	�May,	-une	and	
Sept�.		The	dashed	line	along	the	coast	represents	the	200	m	isobath.		Data	Source�	Cheryl	Morgan	�OSU	and	CIMRS�	
and	Bill	Peterson	�NOAA	NWFSC�,	proMect	supported	by	Bonneville	Power	Administration.
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anG tKe aYailaEility of instrXments tKat can easily Ee inteJrateG into cXrrent scientific proJrams Zill 
proYiGe aGGitional Gata on tKe timinJ anG extent of Kypoxia alonJ tKe 2reJon�WasKinJton sKelf.  7Kis 
improYeG XnGerstanGinJ may also leaG to an aEility to forecast tKe extent anG seYerity of loZ GissolYeG 
oxyJen alonJ tKe sKelf ZKicK coXlG Ee a XsefXl tool for fisKery manaJers.

5esearcK proJrams²sXcK as tKose carrieG oXt tKroXJK tKe 3acific Coastal 2cean 2EserYinJ System 
�12AA�� tKe 3artnersKip for ,nterGisciplinary StXGies of Coastal 2ceans �2reJon State UniYersity� et 
al.�� tKe 2reJon Coastal 2cean 2EserYinJ System �2reJon State UniYersity�� tKe 2lympic Coast 1ational 
0arine SanctXary �12AA�1ational 0arine SanctXaries�� anG tKe %onneYille 3oZer AGministration 
�2reJon State UniYersity� 12AA�²collect KyGroJrapKic Gata� inclXGinJ GissolYeG oxyJen� pKysical� 
anG EioloJical Gata alonJ tKe 2reJon�WasKinJton sKelf.  ComEineG ZitK reJional anG EroaG�scale 
KyGroJrapKic Gata� it Zill Ee possiEle to Jain a Eetter XnGerstanGinJ of tKe potential mecKanisms GriYinJ 
tKe YariaEility of tKe Kypoxic ]one.  UnGerstanGinJ KoZ natXral YersXs antKropoJenically inGXceG cKanJes 
in climate inÀXence tKe spatial extent anG seYerity of Kypoxic ]ones alonJ tKe sKelf reTXires consistent� 
lonJ�term oEserYations across tKe entire reJion of interest.  
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Yaquina Bay
Physical Description of the System

<aTXina (stXary is a small� GroZneG� riYer 
Yalley estXary locateG alonJ tKe central 2reJon 
coast of tKe UniteG States �)iJXre �� ZitK an 
estXarine sXrface area of �� sTXare Nilometers 
�Nm�� anG a ZatersKeG area of ��� Nm�  �/ee et 
al. �����.  Approximately ��� of tKe estXarine 
area is intertiGal.  1oYemEer tKroXJK April 
�Zet season� is a perioG of KiJK precipitation 
alonJ tKe 2reJon coast ZKen tKe estXary is 
riYer GominateG.  )rom 0ay tKroXJK 2ctoEer 
�Gry season� tKe estXary sZitcKes from riYerine 
to marine Gominance anG a saltZeGJe extenGs 
fairly far XpriYer.  7Zo triEXtaries� tKe <aTXina 
5iYer anG %iJ (lN CreeN� ZitK similarly si]eG 
GrainaJe areas� contriEXte approximately 
eTXally to tKe lonJ�term meGian fresKZater 
inÀoZ of �.� cXEic meters per seconG �m��s�.  
7Ke estXary is Zell mixeG XnGer loZ ÀoZ 
conGitions� anG partially� to Zell�mixeG GXrinJ Zinter KiJK inÀoZ conGitions.  7iGes are semiGiXrnal ZitK 
a mean tiGal ranJe of approximately �.� m �SKir]aG et al. �����.  7Ke estXary is GiYiGeG into tZo ]ones� 
one of ZKicK is GominateG Ey ocean inpXt �=one �� anG tKe otKer ZKicK is more inÀXenceG Ey ZatersKeG 
anG point soXrce inpXts �=one ��. 

'Xe to tKe small YolXme of tKe estXary anG tKe stronJ tiGal forcinJ� tKere is close coXplinJ EetZeen tKe 
estXary anG tKe coastal ocean.  Approximately ��� of tKe YolXme of tKe estXary is excKanJeG ZitK tKe 
coastal ocean GXrinJ eacK tiGal cycle �from %roZn et al. ����� %ricNer et al. �����.  /iNe otKer estXaries in 
tKe 3acific 1ortKZest tKat are aGMacent to tKe California CXrrent System� <aTXina (stXary is inÀXenceG Ey 
seasonal ZinG�GriYen XpZellinJ ZKicK moYes relatiYely cool� nXtrient�ricK Zater into tKe estXary GXrinJ 
April tKroXJK SeptemEer. 

History of Hypoxia (issue, causes, economic and 
ecosystem impacts)

7Ke <aTXina ZatersKeG is KeaYily foresteG ZitK GeciGXoXs� eYerJreen� anG sKrXE lanG�Xse classes 
constitXtinJ ��� of tKe ZatersKeG �/ee et al. ����� EaseG on 12AA ���� Coastal CKanJe Analysis 
3roJram Gata�.  AltKoXJK primarily foresteG anG sKoZinJ little ³XrEan footprint�´ tKe ZatersKeG Kas Eeen 
impacteG Ey a Yariety of GistXrEances� inclXGinJ loJJinJ ZKicK EeJan in tKe miG�����s anG continXes 
to tKe present.  ,n aGGition to tKe Girect effects of loJJinJ on erosion anG Zater TXality� raftinJ of loJs 
can also affect aTXatic KaEitats Ey pKysical GistXrEance� alteration of ÀoZ reJimes� anG accXmXlation of 
ZooG anG EarN GeEris anG saZGXst ZKicK can smotKer tKe EentKos anG resXlt in loZ GissolYeG oxyJen 
anG�or eleYateG KyGroJen sXlfiGe �SeGell et al. �����.  7Kere are tKree otKer nXtrient soXrces inÀXencinJ 
loZ GissolYeG oxyJen in tKe <aTXina (stXary� seZaJe from mXnicipal GiscKarJes� inGXstrial GiscKarJes� 
anG nonpoint seZaJe inpXts specifically from septic systems.  7Ke <aTXina (stXary ZatersKeG contains 

Figure	1.		Location	map	of	<aTuina	Estuary	in	Oregon.	The	estuary	
is divided into “marine dominated” (Zone 1) and “riverine dominated” 
�=one	2�	segments	�Lee	et	al.	2006�	based	on	the	relative	proportion	
of oceanic-derived nutrients versus terrestrially derived nutrients (from 
Brown	et	al.	200��.
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tKe cities of 7oleGo anG 1eZport� KoZeYer� only tKe ³%ay )ront´ of 1eZport lies ZitKin tKe ZatersKeG 
EoXnGaries.

AltKoXJK tKe 1ational (stXarine (XtropKication Assessment �%ricNer et al. ����� reporteG tKat 
<aTXina Kas only loZ leYel proElems ZitK GissolYeG oxyJen� tKere are stronJ seasonal patterns ZitKin 
tKe estXary �)iJXre ��.  2xyJen leYels in tKe estXary are comparatiYely staEle GXrinJ tKe Zet season� EXt 
sKoZ a Gecline GXrinJ tKe Gry season.  7Ke Zet season GissolYeG oxyJen YalXes KaYe an oYerall mean of 
�.� mJ�/� ZKicK is Zell aEoYe tKe tKresKolG consiGereG to Ee Kypoxic� inGicatinJ no siJnificant proElems.  
7Ke Gry season Gata sKoZ a Gecline to an oYerall mean YalXe of �.� mJ�/ EXt it increases aJain to Zet 
season YalXes.  =one � �marine�GominateG� anG =one � �riYerine�GominateG� folloZ tKe same pattern� EXt 
=one � appears to KaYe tKe loZer YalXes oYerall.  7Ke loZest YalXes GXrinJ tKe Gry season are approacKinJ 
Kypoxic conGitions �� � mJ�/�.  HoZeYer� eYen GXrinJ tKe Gry season� most YalXes are aEoYe tKe 
tKresKolG consiGereG to Ee Kypoxic� inGicatinJ minimal proElems ZitK GissolYeG oxyJen in tKis system. 

'XrinJ ����±����� tKere Zas a noteG improYement in GissolYeG oxyJen concentrations in =one � 
�riYerine�GominateG�� EXt it is not clear if tKe caXse of tKe oEserYeG trenG Zas from tKe Gecrease in loJJinJ 
or tKe improYeG seZaJe treatment.  5ecent ����������� GissolYeG oxyJen leYels in =one � are similar 
to GissolYeG oxyJen leYels GXrinJ tKe miG�����s� sXJJestinJ tKat tKere KaYe Eeen no recent cKanJes in 
GissolYeG oxyJen leYels. 

Since ����� tKere Kas Eeen an increase in tKe inciGence of Kypoxic eYents on tKe 2reJon sKelf 
�*rantKam et al. ����� tKat KaYe tKe potential to inÀXence GissolYeG oxyJen leYels ZitKin tKe estXary� 
especially GXrinJ perioGs of loZ oxyJen Zater XpZellinJ �anG particXlarly in =one ��.  'ata collecteG �.� 
Nm from tKe moXtK of tKe estXary sKoZ tKat Kypoxic sKelf Zater is importeG into <aTXina (stXary GXrinJ 

Figure	2.	Seasonal	pattern	�1960�1984�	of	dissolved	oxygen	at	all	locations		in	the	<aTuina	Estuary	and	River	with	sTuares	
and	triangles	representing	samples	from	=ones	1	�oceanic	dominated�	and	2	�river	dominated�,	respectively.	Solid	line	is	
nonlinear	least�sTuares	fit	to	data,	which	was	modeled	as	a	constant	during	wet	season	and	a	cosine	function	of	date	during	
the	dry	season		�n	 	869�	from	Brown	et	al.	200��.
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ÀooG tiGes.  A time series of GissolYeG 
oxyJen anG salinity Gata measXreG 
GXrinJ -Xly ����� ����� coinciGinJ ZitK 
a GocXmenteG Kypoxic eYent on tKe 
2reJon sKelf off of 1eZport� 2reJon 
�*rantKam et al. ������ sKoZs tKe 
import of Kypoxic sKelf Zater into tKe 
estXary �)iJXre �a�.  0inimXm GissolYeG 
oxyJen leYels occXrreG GXrinJ maximXm 
salinities� coinciGent ZitK ÀooGinJ tiGes.  
,n aGGition� minimXm GissolYeG oxyJen 
leYels occXr GXrinJ minimXm Zater 
temperatXres �a � GeJrees C�� ZKicK is 
inGicatiYe of recently XpZelleG Zater. 

7Kese resXlts sKoZ tKat� liNe otKer 
3acific Coast estXaries� GissolYeG oxyJen 
conGitions in tKe loZer portion of tKe 
estXary are stronJly inÀXenceG Ey ocean 
conGitions GXe to close coXplinJ EetZeen 
tKe sKelf anG tKe estXary resXltinJ from 
stronJ tiGal forcinJ anG XpZellinJ GXrinJ 
tKe Zet season.  AltKoXJK tKis Kas Eeen 
reporteG ZitK increasinJ freTXency recently� it is not a neZ pKenomenon.  A stXGy of tKe <aTXina (stXary 
attriEXteG loZ GissolYeG oxyJen concentrations �� mJ�/� in tKe loZer estXary to coastal XpZellinJ GXrinJ 
-Xly ���� �*iEson �����.

Science and Management Actions (to date and planned) 
,n response to oEserYeG proElems ZitK seZaJe in tKe early ����s� a comEineG stormZater�seZaJe 

system tKat GiscKarJeG raZ seZaJe into tKe <aTXina 5iYer Zas constrXcteG in 7oleGo in ����� anG tKen 
XpJraGeG in ���� to a primary treatment facility to KanGle tKe mXnicipal Zaste from tKe city of 7oleGo.  
7Kis facility� ZKicK GiscKarJes into tKe <aTXina (stXary �aEoXt �� Nm from tKe moXtK of tKe estXary�� 
Zas XpJraGeG to seconGary treatment in ����.  ,n tKe late ����s anG early ����s� tKe city of 7oleGo maGe 
improYements to tKeir stormZater collection system� reGXcinJ tKe EypassinJ of tKe treatment plant GXrinJ 
KiJK ÀoZ perioGs.  ,n ����� tKe 7oleGo plant KaG a GiscKarJe of �.��� million Jallons per Gay ZitK a 
GesiJn capacity of �.� million Jallons per Gay �ZZZ.epa.JoY�2W�2W0.Ktml�mtE�cZns�����report��
or.Ktm�.

,n aGGition to tKe 7oleGo mXnicipal GiscKarJe� a nXmEer of KoXses alonJ tKe <aTXina (stXary anG 5iYer 
KaYe on�site septic systems� some ZKicK Zere preYioXsly failinJ.  7Ke primary enYironmental impact of 
tKese septic systems appears to Ee microEial contamination anG tKey KaYe all Eeen repaireG.  A comEineG 
seZaJe GiscKarJe ZitK a pXmp station Zas constrXcteG for 1eZport in tKe miG�����s� ZKicK eliminateG 
tKe Girect GiscKarJe of seZaJe from 1eZport into <aTXina (stXary �%roZn et al. �����.  A mXnicipal 
seZaJe system ZitK primary treatment anG an offsKore GiscKarJe Zas constrXcteG in 1eZport in ����� 
ZKicK Kas since Eeen XpJraGeG to seconGary treatment.

AGGressinJ issXes associateG ZitK ocean inpXt of nXtrients anG tKe seasonal sKift in Gominance of 
riYerine anG oceanic loaGinJ is critical in tKe process of GeYelopinJ nXtrient criteria for estXaries in 
tKe 3acific 1ortKZest reJion.  SeYeral stXGies KaYe Eeen conGXcteG to try to XnGerstanG soXrces anG 
YariaEility in orGer to GeYelop appropriate nXtrient criteria anG manaJement measXres.

Figure	3.	a�	Time�series	of	dissolved	oxygen	and	salinity	and	b�	salinity	
versus dissolved oxygen showing import of hypoxic ocean water at a station 
3.�	km	from	mouth	of	estuary	�from	Brown	et	al.	200��.

http://www.epa.gov/OW-OWM.html/mtb/cwns/1996report2/or.htm
http://www.epa.gov/OW-OWM.html/mtb/cwns/1996report2/or.htm
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Future Outlook
AltKoXJK presently Kypoxia is not a siJnificant proElem in tKis estXary� it may Zorsen in tKe fXtXre 

since tKe popXlation of /incoln CoXnty� ZKere 7oleGo anG 1eZport are locateG� is preGicteG to increase 
Ey ��� Ey ����.  ,t is possiEle tKat conGitions Zill remain tKe same� if ZasteZater treatment anG otKer 
lanG�EaseG nXtrient manaJement measXres are maintaineG anG improYeG.  HoZeYer� Kypoxia anG 
otKer nXtrient�relateG proElems may Zorsen GXe to tKe aGGitional nXtrient loaGs associateG ZitK tKe 
popXlation increase if nXtrient manaJement infrastrXctXres are oYerloaGeG.  7Kis is particXlarly trXe in 
=one � �riYerine�GominateG�� since tKis ]one is more inÀXenceG Ey lanG�EaseG soXrces of nXtrients tKan 
=one �.  Historical reGXction of GissolYeG oxyJen in =one � sXJJests tKat tKis system can Ee impacteG 
Ey ZatersKeG actiYities eYen in tKe presence of stronJ ÀXsKinJ.  HoZeYer� if tKe popXlation of 1eZport 
increases� Zater TXality in tKe loZer estXary may also Zorsen as a resXlt.  7Ke import of loZ GissolYeG 
oxyJen Zater into tKe estXary from tKe coastal ocean may resXlt in tKis system EeinJ sXsceptiEle to 
Kypoxia in tKe fXtXre.
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Hood Canal
Physical Description of the System

'espite its name� HooG Canal is a natXral formation ZKicK 
Kas experienceG Kypoxia perioGically GatinJ EacN centXries 
�%ranGenEerJer et al. �����.  ,t is a sXE�Easin of 3XJet SoXnG� 
WasKinJton� ZitK a fMorG�liNe strXctXre �)iJXre ��� inclXGinJ a 
natXral sill at tKe moXtK ZKicK restricts circXlation ZitK Jreater 
3XJet SoXnG� it Kas a sXrface area of ��� sTXare Nilometers �Nm�� 
�.inJ CoXnty �����.  5estricteG anG sloZ circXlation coXpleG 
ZitK a stronJ salinity stratification anG KiJK proGXctiYity maNe it 
conGXciYe to loZ GissolYeG oxyJen conGitions �1eZton �����. 

History of Hypoxia (issue, causes, 
economic and ecosystem impacts)

Hypoxic eYents KaYe increaseG in intensity� GXration� anG 
spatial extent since tKe ����s� caXsinJ fisK Nills tKat prompteG tKe 
WasKinJton State 'epartment of )isK anG WilGlife to close many 
fisKeries in HooG Canal in ����.  SoXtKern HooG Canal� toZarGs /yncK CoYe �)iJXre ��� Kas experienceG 
more Kypoxia tKan tKe rest of tKe canal� anG tKe measXreG GissolYeG oxyJen concentrations are noZ loZer 
in tKis area tKan tKey Zere in tKe ����s anG ����s �1eZton �����.  Hypoxia also GeYelops seasonally 
alonJ tKe main stem of HooG Canal� anG transient XpZellinJ of tKese Zaters caXseG Ey ZinG eYents Kas 
caXseG fisK Nills tKat JarnereG consiGeraEle pXElic attention.  0ortality eYents of liYinJ resoXrces KaYe 
Eeen reporteG EacN to tKe ����s �)aJerJren et al. �����. (cosystem impacts sXcK as tKese� KoZeYer� 
KaYe increaseG in freTXency since ���� inclXGinJ an extensiYe eYent in SeptemEer ���� �1eZton �����.  

1itroJen inpXts� especially from tKe /yncK CoYe area� 
KaYe Eeen implicateG� EXt nitrate from inÀoZinJ seaZater 
�3aXlson et al. ������ cKanJes in circXlation anG ÀXsKinJ 
�e.J.� moGifieG riYer ÀoZs�� stratification� anG alJal Elooms 
are also important �HC'23 �����.

Science and Management Actions 
(to date and planned)  

As a resXlt of KeiJKteneG attention to HooG Canal 
enYironmental Geterioration� tZo siJnificant GeYelopments 
may leaG to improYements in Kypoxia in tKe fXtXre.  )irst� 
tKe HooG Canal 'issolYeG 2xyJen 3roJram �Kttp���ZZZ.
KooGcanal.ZasKinJton.eGX�inGex.Msp�� a partnersKip of �� 
orJani]ations� inclXGinJ 12AA� (3A� US*S� USAC(� 
anG tKe U.S. 1aYy� Zas createG in ���� to stXGy oxyJen 
Gynamics tKroXJK EroaG�scale commXnity inYolYement� 
concerteG assessments� anG GeYelopment of moGels.  ,n 
aGGition to tKe HooG Canal 'issolYeG 2xyJen 3roJram� 
EXt operatinJ on a larJer scale� tKe 3XJet SoXnG 3artnersKip 
�Kttp���ZZZ.psp.Za.JoY��� a neZ state aJency� Zas 

Figure	1.		Diagram	of	Cross	Section	of	Hood	
Canal with prevailing geography and physical 
conditions	�Newton	200��.

Figure	2.		August	2006	interpolation	reflecting	typical	
pattern of low DO concentrations in Hood Canal 
�Newton	200��.

http://www.hoodcanal.washington.edu/index.jsp
http://www.hoodcanal.washington.edu/index.jsp
http://www.psp.wa.gov/
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estaElisKeG in ���� to GeYelop a coorGinateG� reJion�ZiGe response to tKe Geterioration of tKe SoXnG.  7Ke JroXp 
aGopteG an amEitioXs action plan in ����.   

Future Outlook
7Ke factors GriYinJ Kypoxia in HooG Canal are still EeinJ clarifieG� especially tKe role of nXtrients GeriYeG from 

KXman actiYities.  Creation of tKe 3XJet SoXnG 3artnersKip in ����²ZKicK represents a EroaG coalition of citi]en� 
)eGeral� state� anG triEal aJencies anG interests²sKoXlG alloZ GeYelopment of GeliEerate protection actions for 
3XJet SoXnG� anG HooG Canal specifically.  ,t is important to GeYelop a compreKensiYe manaJement plan Eefore 
tKe sitXation Zorsens JiYen tKe expecteG JroZtK in tKe coastal popXlation aroXnG 3XJet SoXnG. 
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State System Condition

Decade 
Condition 

First 
Recorded

Faunal 
Response

Trends and Other 
Comments Reference

Great Lakes Region
0icKiJan /aNe HXron� 

Central %asin
1one 1990 AKrnsEraN anG WinJ 

1998
0icKiJan /aNe 0icKiJan� 

Central %asin
1one 1990 AKrnsEraN anG WinJ 

1998
0icKiJan /aNe SXperior� 

Central %asin
1one 1990 AKrnsEraN anG WinJ 

1998
1eZ <orN /aNe 2ntario� 

.inJston %asin
'ocXmenteG 1990 AKrnsEraN anG WinJ 

1998
1eZ <orN /aNe 2ntario� 

0ain %asin
1one 1990 AKrnsEraN anG WinJ 

1998
1eZ <orN /aNe 2ntario� 

3rince (GZarG 
%ay

Concern 1990 AKrnsEraN anG WinJ 
1998

2Kio /aNe (rie� 
Central %asin

'ocXmenteG 1700 SXitaEle ZKitefisK 
KaEitat reGXceG 
Ey loZ GissolYeG 
oxyJen.  %entKos 
reGXceG.

3erioGic Kypolimnetic anoxia 
prior to (Xropean settlement.  
*loEal ZarminJ Zill loZer 
GissolYeG oxyJen from KiJKer 
microEial metaEolism. ,ncrease 
in anoxia from ����s to ����s.

Hartman ����� 
.rieJer ����� 5osa 
anG %Xrns ����� 
'elorme ����� 
(GZarGs et al. 
����� %lXmEerJ anG 
'i7oro ����� .rieJer 
et al. ����

2Kio /aNe (rie� 
(astern %asin

1one 1990 AKrnsEraN anG WinJ 
1998

2Kio /aNe (rie� 
Western %asin

'ocXmenteG ���� 0ortality of 
mayÀies in ����.  
0ayÀy popXlations 
partially recoYereG 
in ����s.

2ccasional Kypoxia� improYeG 
in ����s.

%ritt ����� .rieJer 
����� *erlofsma anG 
CiEoroZsNi ����

Gulf of Mexico Region
AlaEama AlaEama ,nner 

SKelf
'ocXmenteG 1990 Area off 'aXpKin ,slanG 

Kypoxic.  'issolYeG oxyJen 
GeclineG from ����s to ����s.

5aEalais et al. ����� 
5aEalais ����� 
%yrnes et al. ����

AlaEama %on SecoXr %ay 'ocXmenteG ���� 0ortality of EentKos 
anG loss of oysters.

5iNarG et al. ����

Appendix III.  Table of U.S. Systems 
Impacted by Hypoxia
 
Table A1.  Systems in the United States by region and their dissolved oxygen condition.  
Regions are based on Bricker et al. 2007. Analysis current through December 2008. 
Documented indicates systems with low dissolved oxygen measurements leading to hypoxia and 
evidence that hypoxia was caused, at least in part, by human activity—mainly related to eutrophica-
tion, but also hydraulic modifications such as dams and canal construction. 
Concern indicates systems that exhibit primary or secondary effects of eutrophication, including 
elevated nutrient levels, elevated chlorophyll levels, or harmful algal blooms.  These systems are 
impaired by nutrients and are possibly at risk of developing hypoxia.  Some of the systems classified 
as areas of concern may already be experiencing hypoxia, but there is a lack dissolved oxygen data.   
None indicates systems with no measured low dissolved oxygen and with low expression of primary 
or secondary effects of eutrophication.
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Appendix III. Table of Systems

State System Condition

Decade 
Condition 

First 
Recorded

Faunal 
Response

Trends and Other 
Comments Reference

AlaEama 0eaKer 3arN 'ocXmenteG ���� 'ata is from Zater TXality 
monitorinJ stations.

0oEile %ay 1(3 
����

AlaEama 0oEile %ay 'ocXmenteG 1860 2ccasional 
sKoreZarG miJration 
of Kypoxia stresseG 
fisK anG crXstaceans 
�-XEilees�.

0ay KaYe Eeen Kypoxic in 
����s.  Has Zinter Kypoxia.  
Stratification a maMor factor. 
Some improYement in 
GissolYeG oxyJen EetZeen 
����s anG ����s.

3ennocN et al. ����� 
0ay� ����� /oescK 
����� (nJle anG 
SXmmers ����� 
5aEalais et al. ����� 
%ricNer et al. ����� 
����

AlaEama 0oEile 5iYer Concern 1980 5aEalais et al. ����
AlaEama 7ensaZ 5iYer Concern 1980 5aEalais et al. ����
AlaEama WeeNs %ay 'ocXmenteG 1990 0anJroYe area. SanJer et al. ����
AlaEama Wolf %ay 'ocXmenteG 1980 3art of reJional Zater TXality 

monitorinJ proJram.
(nJle et al. ����� 
5aEalais et al. ����

)loriGa Alafia 5iYer 'ocXmenteG 1980 WinGsor ����
)loriGa AlaTXa CreeN 1one 1980 WinGsor ����
)loriGa Allen CreeN Concern 1980 WinGsor ����
)loriGa AlliJator Alley 

Canal
'ocXmenteG 1970 WinGsor ����

)loriGa AlliJator CreeN Concern 1980 WinGsor ����

)loriGa ApalacKee %ay 'ocXmenteG 1970 /ocali]eG Kypoxia anG 
anoxia in ����s attriEXteG 
to pXlp mills in (confina 
anG )enKolloZay 5iYers� 
some GissolYeG oxyJen 
improYements from����s to 
����s.

WinGsor ����� 
%ricNer et al. 
����� HecN ����� 
/iYinJston ����

)loriGa ApalacKicola 
%ay

'ocXmenteG 1990 1o Kypoxia in ����s� oEserYeG 
in ����s. Some improYement 
in GissolYeG oxyJen in ����s.

/oZery ����� SanJer 
et al. ����� WinGsor 
����� %ricNer et al. 
1999

)loriGa ApalacKicola 
5iYer

1one 1980 WinGsor ����

)loriGa AXcilla 5iYer Concern 1980 WinGsor ����
)loriGa %ayoX CKico 'ocXmenteG 1990 SXmmers et al. ����
)loriGa %ayoX 0arcXs 

CreeN
'ocXmenteG 1980 WinGsor ����

)loriGa %ear CreeN Concern 1980 WinGsor ����
)loriGa %iJ /aJoon 'ocXmenteG 1990 1ot Kypoxic in ����s. 3art 

of reJional Zater TXality 
monitorinJ proJram.

WKitleGJe ����� 
(nJle et al. ����

)loriGa %iJ /ostman
s 
%ay

Concern 1980 WinGsor ����

)loriGa %lacNZater 5iYer 1one 1980 WinGsor ����
)loriGa CaloosaKatcKee 

5iYer
'ocXmenteG 1990 WinGsor ����� 

%ricNer et al. ����� 
����

)loriGa Carpenters 
CreeN�%ayoX 
7exar

Concern 1980 WinGsor ����

)loriGa CarraEelle 5iYer 1one 1980 WinGsor ����
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State System Condition

Decade 
Condition 

First 
Recorded

Faunal 
Response

Trends and Other 
Comments Reference

)loriGa CKarlotte HarEor 'ocXmenteG 1980 ����s to ����s 
improYement 
in Zater TXality 
from nXtrient 
manaJement� ����s 
Gecline in Zater 
TXality as popXlation 
expanGeG.

'issolYeG oxyJen GeclineG 
from ����s to ����s� tKan 
increaseG to ����s leYels Ey 
enG of ����s� GeclineG aJain in 
����s.  AssociateG Zet season 
anG stratification� KXrricane 
GistXrEance resXlteG in more 
loZ GissolYeG oxyJen.

7omasNo et al ����� 
7Xrner et al. ����� 
WinGsor ����

)loriGa CKatKam %ay�
5iYer

Concern 1980 WinGsor ����

)loriGa CKoctaZKatcKee 
%ay

'ocXmenteG 1980 Some improYement in 
GissolYeG oxyJen EetZeen 
����s anG ����s.

/oZery ����� 
WinGsor ����� 
%ricNer et al. ����� 
����

)loriGa CKoctaZKatcKee 
5iYer

1one 1980 WinGsor ����

)loriGa CloZers CreeN 'ocXmenteG 1980 WinGsor ����
)loriGa Cross %ayoX 

Canal
'ocXmenteG 1980 WinGsor ����

)loriGa Crystal %ay Concern 1980 WinGsor ����
)loriGa Crystal 5iYer Concern 1980 WinGsor ����
)loriGa 'eaGman %ay 1one 1980 WinGsor ����
)loriGa 'eerpoint /aNe Concern 1980 WinGsor ����
)loriGa 'elaney CreeN 'ocXmenteG 1990 WinGsor ����
)loriGa (ast %ay� 

3ensacola
'ocXmenteG 1980 Some improYement in 

GissolYeG oxyJen EetZeen 
����s anG ����s.  ,mproYeG 
from nXtrient manaJement� 
mXnicipal anG inGXstrial.

WinGsor ����

)loriGa (ast %ay� 
ApalacKicola

1one 1980 WinGsor ����

)loriGa (confina CreeN 1one 1980 WinGsor ����
)loriGa (confina 5iYer 'ocXmenteG 1970 Some Kypoxia in ����s� 

GissolYeG oxyJen improYeG 
ZitK efÀXent control.  Winter 
anG sXmmer Kypoxia.

WinGsor ����� 
/iYinJston ����

)loriGa (leYen 0ile 
CreeN

'ocXmenteG 1980 WinGsor ����

)loriGa (scamEia %ay 'ocXmenteG 1960 /oss of fisKeries 
species� fisK Nills.

SXmmers et al. �����  
WinGsor ����

)loriGa (scamEia 5iYer 1one 1980 WinGsor ����
)loriGa (YerJlaGes *AC 

Canal
'ocXmenteG 1970 WinGsor ����

)loriGa )enKolloZay 
5iYer

'ocXmenteG 1970 Hypoxia anG anoxia in 
���� attriEXteG to pXlp mill 
efÀXents. 'issolYeG oxyJen 
improYeG ZitK efÀXent control.  
Winter anG sXmmer Kypoxia 
anG anoxia.

WinGsor ����� 
/iYinJston ����
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Comments Reference

)loriGa )loriGa %ay 'ocXmenteG ���� Some improYement in 
GissolYeG oxyJen EetZeen 
����s anG ����s EXt Kypoxic 
eYents may Ee more freTXent 
in ����s.

%ricNer et al. ����� 
����� 7,(( ����

)loriGa *orGon 5iYer 'ocXmenteG 1980 WinGsor ����
)loriGa HillsEoroXJK 

%ay
'ocXmenteG 1970 Almost complete 

mortality of EentKos 
in late sXmmer.

,mproYeG from nXtrient 
manaJement.

Santos anG Simon 
����� WinGsor ����� 
%ricNer et al. ����

)loriGa HillsEoroXJK 
5iYer

'ocXmenteG 1980 WinGsor ����

)loriGa ,nner Continental 
SKelf

'ocXmenteG ���� 0ortality of 
EentKos. 0ortality 
of fisKes from 
comEineG effects 
of HA% anG loZ 
GissolYeG oxyJen.

/oZ GissolYeG oxyJen from 
HA% �toxic GinoÀaJellate 
.arenia EreYis� in AXJXst 
����.  0Xltiple stressors 
inYolYeG in mortalities.

/anGsEerJ ����

)loriGa -ones anG 
-acNson CreeNs

'ocXmenteG 1980 WinGsor ����

)loriGa /aNe 
3anasoffNee

1one 1980 WinGsor ����

)loriGa /aNe 5oXsseaX 1one 1980 WinGsor ����
)loriGa /ittle AXcilla 

5iYer
'ocXmenteG 1980 WinGsor ����

)loriGa /onJ %ayoX 'ocXmenteG 1980 WinGsor ����
)loriGa /ooe .ey 'ocXmenteG 1980 0ortality of EentKos 

anG corals.
*eneral eXtropKication 
affectinJ Zater TXality� 
GissolYeG oxyJen conGitions 
ZorseneG from ����s to ����s.  
5ainfall eYents folloZeG 
Ey loZ GissolYeG oxyJen in 
seaJrass anG coral reef areas.

/apointe anG 0at]ie 
����� WKitleGJe 
����� %ricNer et al. 
����

)loriGa 0artin %ayoX Concern 1980 WinGsor ����
)loriGa 0Xlatto anG 

,nGian %ayoXs
'ocXmenteG 1980 WinGsor ����

)loriGa 0Xnson SloXJK 'ocXmenteG 1980 WinGsor ����
)loriGa 0yaNNa 5iYer 'ocXmenteG 1980 ComEination of aJricXltXral 

rXnoff anG sZamp GrainaJe.
WinGsor ����

)loriGa 1ortK %ay Concern 1980 WinGsor ����
)loriGa 2cKlocNonee 

%ay
1one 1980 WinGsor ����

)loriGa 2cKlocNonee 
5iYer

1one 1980 WinGsor ����

)loriGa 2lG 5iYer 'ocXmenteG 1990 3art of reJional Zater TXality 
monitorinJ proJram.

(nJle et al. ����

)loriGa 2tter CreeN 1one 1980 WinGsor ����
)loriGa 3atcK 5eef 'ocXmenteG 1990 0ortality of 

EentKos.
5ainfall eYents folloZeG 
Ey loZ GissolYeG oxyJen in 
seaJrass anG coral reef areas.

/apointe anG 0at]ie 
1996

)loriGa 3eace 5iYer 'ocXmenteG 1980 HXrricanes 
ZorseneG Kypoxia in 
����.

Worse after KXrricanes in ����.  
AlJal Elooms from nXtrients 
anG seZaJe.

WinGsor ����� 
7omasNo et al. ����� 
7Xrner et al. ����
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)loriGa 3ensacola %ay 'ocXmenteG 1960 /oss of fisKeries 
species� fisK Nills. 
5eGXction in sKrimp 
catcK startinJ in 
����s attriEXteG to 
mXltiple stressors 
inclXGinJ loZ 
GissolYeG oxyJen.

Some improYement in 
GissolYeG oxyJen EetZeen 
����s anG ����s.

/oZery ����� HaJy 
et al. ����� WinGsor 
����� HaJy anG 
0Xrrell ����

)loriGa 3erGiGo %ay 'ocXmenteG 1960 'issolYeG oxyJen poor in 
����s� EXt improYeG ����s 
to ����s. 'issolYeG oxyJen 
GeclineG from ����s to ����s.  
Stratification anG inGXstrial 
efÀXents KiJKly siJnificant 
factors� KiJK nXtrient loaGs.

)lemer et al. ����� 
WKitleGJe ����� 
%ricNer et al. ����� 
����

)loriGa 3erGiGo 5iYer 'ocXmenteG 1960 WinGsor ����
)loriGa 3Kilippi CreeN 'ocXmenteG 1980 WinGsor ����
)loriGa 3ine CKannel 'ocXmenteG 1990 0ortality of 

EentKos.
5ainfall eYents folloZeG 
Ey loZ GissolYeG oxyJen in 
seaJrass anG coral reef areas.

/apointe anG 0at]ie 
1996

)loriGa 3ort 3ine 'ocXmenteG 1990 0ortality of 
EentKos.

5ainfall eYents folloZeG 
Ey loZ GissolYeG oxyJen in 
seaJrass anG coral reef areas.

/apointe anG 0at]ie 
1996

)loriGa 5ocNy CreeN 1one 1980 WinGsor ����

)loriGa 5ooNery %ay 'ocXmenteG 1990 'issolYeG oxyJen leYels 
GeclineG from ����s to ����s.

5aEalais ����� 
SanJer et al. ����� 
%ricNer et al. ����� 
����

)loriGa Santa 5osa 
SoXnG

1one 1980 WinGsor ����

)loriGa Sarasota %ay 'ocXmenteG 1980 SA9 recoYerinJ. 'issolYeG oxyJen leYels 
improYeG from ����s to ����s.

WinGsor ����� 
%ricNer et al. ����� 
����

)loriGa SopcKoppy 5iYer 1one 1980 WinGsor ����
)loriGa SprinJ Warrior 

CreeN
1one 1980 WinGsor ����

)loriGa St. AnGreZ %ay 'ocXmenteG 1970 Hypoxia reGXceG from nXtrient 
manaJement� mXnicipal anG 
inGXstrial.

WinGsor ����

)loriGa St. *eorJe 
SoXnG

'ocXmenteG 1990 1o GissolYeG 
oxyJen proElem in 
����s.

3art of reJional Zater TXality 
monitorinJ proJram.

(nJle et al. ����� 
WinGsor ����

)loriGa St. -osepK %ay 'ocXmenteG 1990 AYoiGance Ey 
moEile faXna anG 
Erittlestar miJration.

Was not Kypoxic in ����s. WinGsor ����� 
/eonarG anG 
0cClintocN ����

)loriGa St. 0arNs 5iYer 1one 1980 WinGsor ����
)loriGa SteinKatcKee 

5iYer
1one 1980 WinGsor ����

)loriGa SXZannee 5iYer Concern 1980 WinGsor ����
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)loriGa 7ampa %ay 'ocXmenteG 1980 SA9 recoYerinJ. ,mproYeG conGitions for 
GissolYeG oxyJen from ����s 
to ����s� GissolYeG oxyJen 
ZorseneG from ����s to 
����s.  ,mproYeG from nXtrient 
manaJement.

/eYerone ����� 
/oZery ����� 
%ricNer et al. ����� 
����

)loriGa 7en 0ile CreeN 1one 1980 WinGsor ����
)loriGa 7en 7KoXsanG 

,slanGs 1ortK
'ocXmenteG ���� %ricNer et al. ����� 

����
)loriGa 7en 7KoXsanG 

,slanGs SoXtK
'ocXmenteG ���� %ricNer et al. ����� 

����
)loriGa 7XrNey CreeN 1one 1980 WinGsor ����
)loriGa Useppa ,slanG 'ocXmenteG ���� Some fisK mortality. /oZ GissolYeG oxyJen from 

HA% �*ymnoGiniXm�.
*Xnter et al. ����

)loriGa Waccasassa %ay 1one 1980 WinGsor ����
)loriGa WaNXlla 5iYer Concern 1980 WinGsor ����
)loriGa Watson %ayoX 'ocXmenteG 1980 3art of reJional Zater TXality 

monitorinJ proJram.
WinGsor ����� (nJle 
et al. ����

)loriGa WeeNi WacKee 
SprinJs

'ocXmenteG 1980 WinGsor ����

)loriGa West %ay Concern 1980 WinGsor ����
)loriGa WKitaNer %ayoX 'ocXmenteG 1980 WinGsor ����
)loriGa WitKlacoocKee 

5iYer
Concern 1980 WinGsor ����

)loriGa <elloZ 5iYer 1one 1980 WinGsor ����
/oXisiana Amite 5iYer 'ocXmenteG 1990 5eGXceG EentKos 

anG loss of larJe 
clams.

3enlanG et al. ���� 
�Kttp���pXEs.XsJs.JoY�
of������of�������
inGex.Ktml�

/oXisiana AtcKafalaya %ay 'ocXmenteG ���� 1ot Kypoxic in ����s. 
Stratification KiJKly siJnificant 
factor.

5aEalais et al. ����� 
%ricNer et al. ����

/oXisiana AtcKafalaya 
5iYer

1one 1980 5aEalais et al. ����� 
%ricNer et al. ����

/oXisiana %ali]e 'elta 'ocXmenteG ���� /oZ GissolYeG oxyJen present 
in ����s EaseG on foraminifera 
proxies.

%rXnner et al. ����

/oXisiana %arataria %ay 'ocXmenteG ���� 1ot Kypoxic in ����s. 5aEalais et al. ����� 
%ricNer et al. ����� 
(nJle et al. ����

/oXisiana %linG %ay Concern 1990 (nJle et al. ����
/oXisiana %reton SoXnG 'ocXmenteG 1990 1ot Kypoxic in ����s. 5aEalais et al. ����� 

%ricNer et al. ����� 
(nJle et al. ����

/oXisiana CailloX %ay 1one 1980 5aEalais et al. ����
/oXisiana CalcasieX 

(stXary
Concern 1980 WKitleGJe ����

/oXisiana CalcasieX /aNe Concern 1980 Some improYement in 
GissolYeG oxyJen leYels 
EetZeen ����s anG ����s.

5aEalais et al. ����� 
%ricNer et al. ����� 
����
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/oXisiana CalcasieX 3ass�
CKannel

Concern 1980 5aEalais et al. ����� 
%ricNer et al. ����

/oXisiana CKanGeleXr 
SoXnG

'ocXmenteG 1990 1ot Kypoxic in ����s. 5aEalais et al. ����� 
%ricNer et al. ����� 
(nJle et al. ����

/oXisiana (ast Cote 
%lancKe %ay

1one 1980 5aEalais et al. ����

/oXisiana *raGen ,slanG 
%ay

'ocXmenteG 1990 3art of reJional Zater TXality 
monitorinJ proJram.

(nJle et al. ����

/oXisiana *ranG %ay 'ocXmenteG 1990 3art of reJional Zater TXality 
monitorinJ proJram.

(nJle et al. ����

/oXisiana /aNe %oXGreaXx 1one 1980 5aEalais ����
/oXisiana /aNe 

CataoXatcKe
'ocXmenteG 1970 )isK Nills. 5aEalais ����

/oXisiana /aNe 0aXrepas 1one 1970 5aEalais ����
/oXisiana /aNe 3encKant Concern 1980 /oZ GissolYeG 

oxyJen may KaYe 
caXseG Eass to leaYe 
tKe laNe.

5aEalais et al. ����

/oXisiana /aNe 
3ontcKartrain

'ocXmenteG 1970 5eGXceG species 
GiYersity. /oss of 
larJe clams.

��� Nm� US*S estimate. AEaGie anG 3oirrier 
����� 5aEalais et al. 
����� 3enlanG et al. 
����

/oXisiana /aNe 7amEoXr 1one 1980 5aEalais ����
/oXisiana 0ermentaX 

5iYer
1one 1990 %ricNer et al. ����

/oXisiana 0ississippi�
AtcKafalaya 
5iYer 3lXmes

'ocXmenteG 1970 AYoiGance Ey 
moEile faXna.  
0ortality of 
EentKos ZitK annXal 
recoloni]ation� /oss 
of Eiomass.

Area coinciGes ZitK Kistoric 
ZKite anG EroZn sKrimp 
fisKinJ JroXnGs.  AnnXal 
Kypoxia GeYelopeG in ����s� 
is noZ tKe larJest Kypoxic 
area in US.  0aMor eYents in 
0ississippi ZatersKeG may 
KaYe leG to loZ GissolYeG 
oxyJen prior to ����s.

7Xrner anG 5aEalais 
�����  -Xstic et al. 
����� Sen *Xpta et 
al. ����� 5aEalais et 
al. ����� 5aEalais 
anG 7Xrner ����� 
2sterman et al. ����� 
CraiJ anG CroZGer 
����

/oXisiana 0oss %ay 1one 1980 5aEalais ����
/oXisiana 7erreEonne %ay Concern 1980 5aEalais et al. ����
/oXisiana 7imEalier %ay 1one 1980 5aEalais et al. ����
/oXisiana 9ermilion %ay 'ocXmenteG ���� 1ot Kypoxic in ����s. 

Stratification KiJKly siJnificant 
factor.

5aEalais et al. ����� 
%ricNer et al. ����

/oXisiana Wax /aNe 'ocXmenteG 1990 3art of reJional Zater TXality 
monitorinJ proJram.

(nJle et al. ����

/oXisiana West Cote 
%lancKe %ay

1one 1980 5aEalais et al. ����

/oXisiana West HacNEerry 'ocXmenteG 1980 0ortality 
ZitK annXal 
recoloni]ation.

AssociateG ZitK Erine seep. *aston ����

0ississippi %acN %ay 'ocXmenteG 1970 /oZ GissolYeG oxyJen occXrs 
EXt not a recXrrinJ proElem in 
����s.  3art of reJional Zater 
TXality monitorinJ proJram.

(nJle et al. ����� 
5aEalais et al. ����
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0ississippi %ayoX Casotte�
CKico

'ocXmenteG 1970 5aEalais ����

0ississippi %ayoX /a %atre Concern 1980 5aEalais ����

0ississippi %iJ /aNe 'ocXmenteG 1980 (pisoGic alJal Elooms. 5aEalais et al. ����� 
5aEalais ����

0ississippi %iloxi %ay Concern 1970 /oZ GissolYeG oxyJen occXrs 
EXt not a recXrrinJ proElem in 
����s.

(nJle et al. ����� 
5aEalais et al. ����

0ississippi %iloxi 5iYer Concern 1990 5aEalais ����
0ississippi (scataZpa 5iYer 'ocXmenteG 1970 5aEalais et al. ����
0ississippi -oXrGan 5iYer Concern 1990 5aEalais ����
0ississippi /aNe %orJne Concern 1980 5aEalais et al. ����
0ississippi /ittle 5iYer Concern 1980 5aEalais ����
0ississippi 0ississippi ,nner 

SKelf� 'eeper
1one ���� %aseG on foraminifera proxies� 

tKere Zas no loZ GissolYeG 
oxyJen in Geeper areas !�� m.

%rXnner et al. ����

0ississippi 0ississippi ,nner 
SKelf� SKalloZ

'ocXmenteG ���� SporaGic loZ GissolYeG oxyJen 
in ����s associateG ZitK 
ÀooG eYents� Ey ����s loZ 
GissolYeG oxyJen increaseG 
anG intensifieG in ����s EaseG 
on foraminifera proxies.

5aEalais et al. ����� 
%rXnner et al. ����

0ississippi 0ississippi 
5iYer� /oZer

1one 1980 5aEalais et al. ����

0ississippi 0ississippi 
SoXnG (ast

'ocXmenteG 1980 'issolYeG oxyJen improYeG 
from ����s to ����s.  
Stratification KiJKly siJnificant 
factor.

5aEalais et al. ����� 
%ricNer et al. ����� 
����

0ississippi 0ississippi 
SoXnG West 

'ocXmenteG ���� /oZ GissolYeG oxyJen in 
����s� intensifieG in ����s 
EaseG on foraminifera proxies.

5aEalais et al. ����� 
%ricNer et al. ����� 
%rXnner et al. ����

0ississippi 3ascaJoXla %ay Concern 1980 'issolYeG oxyJen GeclineG 
from ����s to ����s.

5aEalais et al. ����� 
5aEalais ����

0ississippi 3ascaJoXla 5iYer 'ocXmenteG 1970 Hypoxic from 0arcK to 
2ctoEer.

5aEalais ����

0ississippi 3earl 5iYer 1one 1980 5aEalais et al. ����� 
5aEalais ����

0ississippi St. /oXis %ay 1one 1980 5aEalais et al. ����
0ississippi 7cKoXtacaEoXffa 

5iYer
Concern 1990 5aEalais ����

0ississippi West )oZl 5iYer Concern 1980 5aEalais ����
0ississippi Wolf 5iYer 1one 1990 5aEalais ����
7exas Ala]an %ay Concern 1980 5aEalais ����
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7exas Aransas %ay 'ocXmenteG ���� 'iel Kypoxia alters 
nXrsery YalXe of 
SA9 EeGs.  /arYal 
reG GrXm� Sciaenops 
ocellatXs� JroZtK 
reGXceG ZKen 
exposeG to Kypoxia 
!� KoXrs.

2pen %ay KaG little loZ 
GissolYeG oxyJen in ����s.  
,ncreaseG nXtrient loaGs loZer 
GissolYeG oxyJen in SA9 EeGs.

/oZery ����� 
5aEalais et al. ����� 
3ere]�'ominJXes et 
al. ����

7exas Arroyo ColoraGo 'ocXmenteG 1980 Hypoxia or anoxia occXr year�
roXnG.

(nJle et al. ����� 
5aEalais et al. ����

7exas %affin %ay 'ocXmenteG 1980 5aEalais et al. ����� 
%ricNer et al. ����

7exas %ra]os 5iYer 'ocXmenteG 1980 5aEalais et al. ����� 
%ricNer et al. ����

7exas %ra]os SantiaJo 
3ass

1one 1980 5aEalais ����

7exas %roZnsYille SKip 
CKannel

'ocXmenteG 1980 5aEalais ����

7exas %ryan 0oXnG� 
Geep

'ocXmenteG 1980 'ecreaseG GiYersity 
anG aEXnGance of 
moEile species at tKe 
onset of Kypoxia.  
0ortality of 
EentKos ZitK annXal 
recoloni]ation.

Harper et al. ����� 
1991

7exas %ryan 0oXnG� 
sKalloZ

'ocXmenteG 1970 StresseG fisKes� mass 
mortality of EentKos 
ZitK mXlti�year 
recoYery.

Harper et al. ����� 
1991

7exas Cayo Gel *rXllo Concern 1980 5aEalais ����
7exas CeGar %ayoX 'ocXmenteG 1980 5aEalais et al. ����
7exas CKocolate %ay 'ocXmenteG 1990 3art of reJional Zater TXality 

monitorinJ proJram.
(nJle et al. ����

7exas ColoraGo 5iYer 1one 1980 5aEalais et al. ����
7exas Copano %ay 1one 1980 5aEalais ����
7exas CorpXs CKristi 

%ay
'ocXmenteG 1980 5eGXceG� Eiomass 

at Kypoxic stations 
is ��� less tKan at 
stations ZitK normal 
oxyJen leYels.

Hypoxia expanGeG in tKe 
����s. /oZ Eottom GissolYeG 
oxyJen ZKen Eottom salinity 
Zas KiJK.

5itter anG 0ontaJna 
����� 0ontaJna 
anG 5itter ����� 
0ontaJna anG .alNe 
����� AppleEaXm et 
al. ����

7exas Cox %ay 1one 1980 5aEalais ����
7exas 'icNinson %ayoX 'ocXmenteG 1980 5aEalais et al. ����
7exas (ast %ay 'ocXmenteG 1980 WKitleGJe ����
7exas (spiritX Santo 

%ay
1one 1980 5aEalais ����

7exas )reeport 'ocXmenteG 1970 AYoiGance� some 
mortality of fisKes.  
0ortality of EentKos 
ZitK mXlti�year 
recoYery.

Harper anG 5aEalais 
����
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7exas )reeport SKip 
CKannel

1one 1980 5aEalais et al. ����

7exas *alYeston %ay Concern 1970 /oZery ����� 
5aEalais et al. ����

7exas *XaGalXpe 
(stXary

1one 1980 /oZest freTXency of loZ 
GissolYeG oxyJen of all 7exas 
estXaries in ����s.

5aEalais et al. ����� 
5aEalais ����

7exas .eller %ay 1one 1980 5aEalais ����
7exas /aJXna 0aGre� 

/oZer
'ocXmenteG 1980 SeZaJe anG sKrimp farminJ�  

most loZ GissolYeG oxyJen 
in Geeper areas� Giel loZ 
GissolYeG oxyJen in sKalloZ 
areas.

=ieJler anG %enner 
����� 5aEalais et al. 
����� %ricNer et al.  
����

7exas /aJXna 0aGre� 
Upper

'ocXmenteG 1980 Stratification KiJKly siJnificant 
factor� most loZ GissolYeG 
oxyJen in Geeper areas.

5aEalais et al. ����� 
%ricNer et al. ����

7exas /aJXna SalaGa Concern 1980 5aEalais ����
7exas /aYaca %ay 'ocXmenteG 1990 3art of reJional Zater TXality 

monitorinJ proJram.
(nJle et al. ����

7exas 0ataJorGa %ay 'ocXmenteG 1980 /oZery ����� 
5aEalais et al. ����� 
%ricNer et al. ����

7exas 0ataJorGa SKip 
CKannel

'ocXmenteG 1980 5aEalais ����

7exas 0esTXite %ay 1one 1980 5aEalais ����
7exas 0ission %ay 1one 1980 5aEalais ����
7exas 0ission�Aransas 

(stXary
'ocXmenteG 1980 5aEalais et al. ����� 

5aEalais ����
7exas 1Xeces %ay 'ocXmenteG 1980 5aEalais ����
7exas 1Xeces (stXary Concern 1980 5aEalais ����
7exas 2ffatts %ayoX 'ocXmenteG ���� 0ass mortality of 

EentKos anG fisKes.
)irst occXrrence ����. 3art 
of reJional Zater TXality 
monitorinJ proJram.

*Xnter ����� (nJle 
et al. ����� WKite et 
al. ����

7exas 2so %ay Concern 1980 5aEalais ����
7exas 3ort ArtKXr 

Canal
Concern 1980 5aEalais et al. ����

7exas 5eGfisK %ay 1one 1980 5aEalais ����
7exas 5io *ranG 7iGal Concern 1980 5aEalais et al. ����
7exas SaEine /aNe Concern 1980 5aEalais et al. ����
7exas SaEine 3ass Concern 1980 5aEalais et al. ����
7exas SaEine�1ecKes 

(stXary
'ocXmenteG 1980 5aEalais et al. ����

7exas San Antonio %ay 'ocXmenteG 1980 'issolYeG oxyJen GeclineG 
from ����s to ����s.  
Stratification KiJKly siJnificant 
factor.

/oZery ����� 
5aEalais et al. ����

7exas San Antonio 
5iYer

1one 1980 5aEalais ����

7exas San %ernarG 
5iYer

'ocXmenteG 1990 3art of reJional Zater TXality 
monitorinJ proJram.

(nJle et al. ����

7exas SoXtK %ay 1one 1980 5aEalais ����



Scientific Assessment of Hypoxia in U.S. Coastal Waters���

Appendix III. Table of Systems

State System Condition

Decade 
Condition 

First 
Recorded

Faunal 
Response

Trends and Other 
Comments Reference

7exas 7exas ,nner 
SKelf

Concern 1980 5aEalais et al. ����

7exas 7res 3alacios 
%ay

1one 1980 5aEalais ����

7exas 7rinity %ay Concern 1980 WKitleGJe ����
7exas 7rinity�San 

-acinto (stXary
Concern 1990 5aEalais ����

7exas Upper *alYeston 
%ay CKannel

'ocXmenteG 1980 3art of reJional Zater TXality 
monitorinJ proJram.

(nJle et al. ����� 
5aEalais et al. ����

7exas West %ay Concern 1980 5aEalais et al. ����

Mid-Atlantic Region
ConnecticXt AsK CreeN 'ocXmenteG 1980 WKitleGJe ����
ConnecticXt %lacN 5ocN 

HarEor
1one 1980 WKitleGJe ����

ConnecticXt %riGJeport 
HarEor

1one 1980 WKitleGJe ����

ConnecticXt %Xrr CreeN 'ocXmenteG 1980 WKitleGJe ����
ConnecticXt ConnecticXt 

5iYer 
'ocXmenteG 1980 (pisoGic eYents in tiGal 

fresKZater ]one.
WKitleGJe ����� 
%ricNer et al. ����

ConnecticXt HoXsatonic 5iYer 1one 1980 WKitleGJe ����
ConnecticXt -oKnson CreeN Concern 1980 WKitleGJe ����
ConnecticXt 1aXJatXcN 5iYer Concern 1980 WKitleGJe ����
ConnecticXt 3aZcatXcN 5iYer Concern 1980 WKitleGJe ����
ConnecticXt 4Xinnipiac 5iYer Concern 1980 WKitleGJe ����
ConnecticXt 7Kames 5iYer 1one 1980 WKitleGJe ����
ConnecticXt <elloZ 0ill 

CKannel
Concern 1980 WKitleGJe ����

'elaZare %alG (aJle 
CreeN

'ocXmenteG ���� )isK Nills. (XtropKication anG limiteG 
tiGal excKanJe ZitK aGMacent 
EoGy of Zater.

/XtKer et al. ����

'elaZare %lacNZater 
/anGinJ

'ocXmenteG 1990 SanJer et al. ����

'elaZare 'eaG�enG canals�
,nlanG Eays

'ocXmenteG 1990 'eaG�enG canals KaYe limiteG 
tiGal excKanJe ZitK aGMacent 
EoGy of Zater.

0axteG et al. ����

'elaZare 'elaZare %ay 1one 1980 WKitleGJe ����
'elaZare 'elaZare 5iYer 'ocXmenteG 1910 5ecoYerinJ 

American sKaG anG 
stripeG Eass fisKery.

/oZ GissolYeG oxyJen first 
recorGeG in ����.  5ecoYereG 
from loZ GissolYeG oxyJen 
tKroXJK nXtrient manaJement.

WeisEerJ et al. ����� 
SXmmers et al. ����� 
3atricN ����

'elaZare ,nGian 5iYer %ay 'ocXmenteG 1980 WKitleGJe ����
'elaZare /ittle 

AssaZoman %ay
Concern 1980 )isK Nills. WKitleGJe ����� 

%ricNer et al. ����
'elaZare 0XrGerNill 5iYer 'ocXmenteG 1960 CaXseG Ey seZaJe GiscKarJe. GeWitt anG 'aiEer 

����
'elaZare 3epper CreeN 'ocXmenteG ���� )isK miJrate in 

anG oXt of creeN 
GepenGinJ on 
GissolYeG oxyJen 
leYels.

'aily cycle of GissolYeG 
oxyJen from sXpersatXrateG to 
Kypoxic.

7yler ����� 7yler anG 
7arJett ����

'elaZare 5eKoEotK %ay 'ocXmenteG 1980 WKitleGJe ����
0arylanG Anacostia 5iYer Concern 1980 WKitleGJe ����
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0arylanG AssaZoman %ay 'ocXmenteG 1980 1o Kypoxia in ����s. WKitleGJe ����� 
%ricNer et al. ����� 
%oynton et al. ����

0arylanG %acN CreeN 1one 1980 WKitleGJe ����
0arylanG %acN 5iYer 'ocXmenteG 1980 WKitleGJe ����
0arylanG %altimore 

HarEor
'ocXmenteG 1980 WKitleGJe ����

0arylanG %iJ Annemessex 
5iYer

1one 1980 WKitleGJe ����� 
C%3 ����

0arylanG %irG 5iYer 1one 1980 WKitleGJe ����

0arylanG %oGNin CreeN 'ocXmenteG 1980 WKitleGJe ����
0arylanG %oKemia 1one 1990 C%3 ����
0arylanG %XsK 5iYer 1one 1980 WKitleGJe ����

0arylanG CaEin -oKn 
CreeN

Concern 1980 WKitleGJe ����

0arylanG CKesapeaNe %ay 
0ainstem

'ocXmenteG ���� /oZ GissolYeG 
oxyJen NilleG 
craEs in craE 
pots.  0ortality of 
EentKos ZitK annXal 
recoloni]ation.

Seasonal anoxia GetecteG in 
seGiment recorG as far EacN 
as ���������. /oZ GissolYeG 
oxyJen eYents in tKe ����s.  
/oZ GissolYeG oxyJen 
occXrrence Kas increaseG from 
���� to ����� area of Kypoxia 
anG anoxia Kas increaseG.

=immerman anG 
CanXal ����� 
1eZcomEe anG 
Horne ����� 2fficer 
et al. ����� SeliJer 
et al. ����� HollanG 
et al.� ����� %oescK 
et al. ����� HaJy et 
al. ����� .emp et al. 
����

0arylanG CKester 5iYer 'ocXmenteG 1980 AYoiGance anG 
some mortality of 
fisKes.  0ortality of 
EentKos ZitK annXal 
recoloni]ation.

/oZ GissolYeG oxyJen eYents 
occXr in -Xne�AXJ.  'issolYeG 
oxyJen GeclineG from ����s 
to ����s

WKitleGJe ����� 
%ricNer et al. ����� 
����. C%3 ����

0arylanG CKincoteaJXe 
%ay

Concern 1980 1o Kypoxia in ����s. WKitleGJe ����� 
%ricNer et al. ����� 
%oynton et al. ����

0arylanG CKoptanN 5iYer 'ocXmenteG 1980 /oZ GissolYeG oxyJen eYents 
occXr in -Xne�Sept.

WKitleGJe ����� 
%ricNer et al. ����

0arylanG Corsica 5iYer 'ocXmenteG ���� )isK Nill from 
comEineG stress of 
HA% toxins anG loZ 
GissolYeG oxyJen.

%ricNer et al. ����

0arylanG 'eaG�enG canals 'ocXmenteG 1990 'eaG�enG canals KaYe limiteG 
tiGal excKanJe ZitK aGMacent 
EoGy of Zater.

0axteG et al. ����

0arylanG (astern %ay 1one 1990 C%3 ����
0arylanG (lN 5iYer 1one 1980 WKitleGJe ����
0arylanG )isKinJ %ay 1one 1990 C%3 ����

0arylanG *XnpoZGer 
5iYer

1one 1980 WKitleGJe ����� 
C%3 ����
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0arylanG HonJa 1one 1990 C%3 ����

0arylanG ,sle of WiJKt 
%ay

'ocXmenteG 1980 1o Kypoxia in ����s. WKitleGJe ����� 
%ricNer et al. ����� 
%oynton et al. ����

0arylanG -XJ %ay 'ocXmenteG 1990 SanJer et al. ����
0arylanG /ittle CKoptanN 1one 1990 C%3 ����

0arylanG /ittle 5iYer�
%roZns CreeN

1one 1980 WKitleGJe ����

0arylanG 0aJotKy 'ocXmenteG 1990 C%3 ����

0arylanG 0anoNin 1one 1990 C%3 ����

0arylanG 0anoNin 5iYer Concern 1980 WKitleGJe ����
0arylanG 0attaZoman 

CreeN
1one 1980 WKitleGJe ����� 

C%3 ����
0arylanG 0iGGle 1one 1990 C%3 ����

0arylanG 0iles 5iYer 1one 1980 WKitleGJe ����
0arylanG 1anMemoy CreeN 1one 1980 WKitleGJe ����
0arylanG 1anticoNe 5iYer 1one 1980 WKitleGJe ����
0arylanG 1assaZanJo 

CreeN
1one 1980 WKitleGJe ����

0arylanG 1eZport %ay 1one 1980 1o Kypoxia in ����s. WKitleGJe ����� 
%ricNer et al. ����� 
%oynton et al. ����

0arylanG 1ortKeast 5iYer 1one 1980 WKitleGJe ����
0arylanG 2xon 5Xn Concern 1980 WKitleGJe ����
0arylanG 3atapsco 5iYer 'ocXmenteG 1990 5ieGel et al. ����� 

C%3 ����
0arylanG 3atXxent 5iYer 'ocXmenteG ���� AYoiGance� loZ 

eJJ KatcKinJ�
larYal mortality� 
Eay ancKoYy eJJs 
NilleG Ey Kypoxia.  
0ortality of 
EentKos ZitK annXal 
recoloni]ation.

'Xration anG spatial extent 
of loZ GissolYeG oxyJen 
Kas increaseG from �������. 
'issolYeG oxyJen GeclineG 
from ����s to ����s.  
,nGications tKat Kypoxia 
occXrreG in ����s from 
ZatersKeG moGifications anG 
Zet perioGs.  5ise in anoxia in 
����s linNeG to nXtrient rXnoff 
anG Zet ZeatKer.

.eister et al. ����� 
%reitEXrJ et al. ����� 
����� %ricNer et al. 
����� ����� Cronin 
anG 9ann ����

0arylanG 3iscataZay 
CreeN

Concern 1980 WKitleGJe ����

0arylanG 3ocomoNe 5iYer 1one 1980 WKitleGJe ����
0arylanG 3ort 7oEacco 

5iYer
Concern 1980 WKitleGJe ����

0arylanG 3otomac 5iYer 'ocXmenteG 1910 0ortality of 
EentKos ZitK annXal 
recoloni]ation.

/oZ GissolYeG oxyJen in 
0ay�Sept� increaseG spatial 
coYeraJe of Kypoxia from 
����s.  Some improYement in 
GissolYeG oxyJen leYels from 
����s to ����s.

Sale anG SNinner 
����� WKitleGJe 
����� %ricNer et al. 
����� ����� C%3 
����
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0arylanG 5KoGe 5iYer 1one 1990 C%3 ����
0arylanG 5ocN CreeN Concern 1980 WKitleGJe ����
0arylanG Sassafras 5iYer 1one 1980 WKitleGJe ����
0arylanG Seneca CreeN Concern 1980 WKitleGJe ����
0arylanG SeYern 5iYer 'ocXmenteG 1990 C%3 ����

0arylanG SinepXxent %ay Concern 1980 1o Kypoxia in ����s. WKitleGJe ����� 
%ricNer et al. ����� 
%oynton et al. ����

0arylanG St. /eonarG 
CreeN

'ocXmenteG 1990 SXmmers et al. ����

0arylanG St. 0artin 5iYer 1one 1970 1o Kypoxia in ����s. %oynton et al. ����
0arylanG St. 0arys 5iYer Concern 1980 WKitleGJe ����
0arylanG SXsTXeKanna 

5iYer
Concern 1980 WKitleGJe ����

0arylanG SZan CreeN 1one 1980 WKitleGJe ����

0arylanG 7anJier SoXnG Concern 1990 5aEalais ����� 
%ricNer et al. ����

0arylanG 7XrYille CreeN 1one 1970 1o Kypoxia in ����s. %oynton et al. ����
0arylanG Wicomico 5iYer 1one 1990 C%3 ����
0arylanG Wye 5iYer 1one 1980 WKitleGJe ����
0assacKXsetts AcXsKnet 5iYer Concern 1970 )isK Nill� mayEe 

GissolYeG oxyJen 
relateG AXJXst ����.

WKitleGJe ����

0assacKXsetts ApponaJanset 
%ay

1one 1970 WKitleGJe ����

0assacKXsetts %X]]arGs %ay 'ocXmenteG 1980 SXmmer Kypoxia. WKitleGJe ����� 
%ricNer et al. ����� 
%X]]arGs %ay 1(3 
����

0assacKXsetts ClarNs CoYe 1one 1970 WKitleGJe ����
0assacKXsetts 1eZ %eGforG 

HarEor
'ocXmenteG ���� /oss of fisKes anG 

sKellfisK.
/oZ GissolYeG oxyJen may 
KaYe occXrreG in ����s 
associateG ZitK ZKalinJ anG 
textile inGXstries� Ey ���� 
Zater TXality poor.

WKitleGJe ����� 
12AA ����

0assacKXsetts 7aXton 5iYer 'ocXmenteG 1970 WKitleGJe ����
1eZ -ersey %arneJat %ay 'ocXmenteG 1980 0ass mortality of 

EentKos ZitK annXal 
recoloni]ation.

WKitleGJe ����� 
0oser ����

1eZ -ersey *reat (JJ 
HarEor 5iYer

'ocXmenteG 1980 WKitleGJe ����� 
*lenn et al. ����

1eZ -ersey ,nlanG %ays Concern ���� %ricNer et al. ����
1eZ -ersey /ittle (JJ ,nlet 'ocXmenteG 1970 *arlo et al. ����
1eZ -ersey 0eteGeconN 

5iYer
1one 1980 WKitleGJe ����

1eZ -ersey 0Xllica 5iYer 
(stXary

'ocXmenteG 1990 'issolYeG oxyJen loZ in 
����s� Kypoxic in ����s.

WKitleGJe ����� 
*lenn et al. ����

1eZ -ersey 1eZarN %ay Concern 1980 WKitleGJe ����
1eZ -ersey 3assaic 5iYer Concern 1980 WKitleGJe ����
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1eZ -ersey 5aritan %ay 'ocXmenteG 1970 Some improYement in 
GissolYeG oxyJen from ����s 
to ����s. ,mproYeG from 
nXtrient manaJement. 

CKristensen anG 
3acNarG ����� 
WKitleGJe ����� 
%ricNer et al. ����� 
����

1eZ -ersey 5aritan 5iYer 'ocXmenteG 1970 WKitleGJe ����
1eZ -ersey SanGy HooN %ay 1one 1980 WKitleGJe ����
1eZ -ersey 7oms 5iYer 1one 1980 WKitleGJe ����
1eZ -ersey 7oZnsenG�

HereforG ,nlet
'ocXmenteG 1990 *lenn et al. ����� 

����
1eZ -ersey 7XcNaKoe 5iYer 1one 1980 WKitleGJe ����
1eZ -ersey WaGinJ 5iYer Concern 1980 WKitleGJe ����
1eZ <orN ArtKXr .ill 'ocXmenteG 1970 WKitleGJe ����
1eZ <orN %erJer %asin 'ocXmenteG 1970 5KoaGs et al. ����
1eZ <orN Carmans 5iYer 'ocXmenteG 1990 'iel Kypoxia present at times. =aiNoZsNi et al. ����
1eZ <orN (ast 5iYer 'ocXmenteG ���� 'ecline in GissolYeG oxyJen 

recorGeG in ���������. 1oZ 
GissolYeG oxyJen improYeG 
from nXtrient manaJement.

3arNer anG 2
5eilly  
����� WKitleGJe 
����

1eZ <orN )lXsKinJ %ay 'ocXmenteG 1990 5KoaGs et al. ����
1eZ <orN *arGiners %ay 1one 1980 WKitleGJe ����
1eZ <orN *rassy %ay 'ocXmenteG 1970 Areas anoxic in -Xne�AXJXst. 5KoaGs et al. ����� 

%ricNer et al. ����
1eZ <orN *reat SoXtK %ay 'ocXmenteG 1980 ,mproYeG� EXt tiGal creeNs 

perioGically Kypoxic EetZeen 
-Xly anG SeptemEer. 'iel 
Kypoxia may occXr.

WKitleGJe ����� 
%ricNer et al. ����� 
=aiNoZsNi et al. ����

1eZ <orN HacNensacN Concern 1980 WKitleGJe ����
1eZ <orN Harlem 5iYer 'ocXmenteG 1970 WKitleGJe ����
1eZ <orN HXGson 5iYer 'ocXmenteG 1960 5ecoYereG from loZ GissolYeG 

oxyJen tKroXJK nXtrient 
manaJement.

%ronsnan anG 2
SKea 
����� WKitleGJe 
����

1eZ <orN .ill Yan .Xll 
5iYer

'ocXmenteG 1970 WKitleGJe ����

1eZ <orN /onJ ,slanG 
SoXnG

'ocXmenteG 1970 AYoiGance anG 
some mortality of 
fisKes. AEoXt ��� 
of SoXnG EentKos 
impacteG Ey 
Kypoxia. 

'issolYeG oxyJen GeclineG 
from ����s to ����s.  Area 
of Kypoxia Kas increaseG 
from ����s. Hypoxic -Xne 
to SeptemEer� GXration� 
freTXency� spatial coYeraJes all 
increaseG since ����.

HoZell anG Simpson 
����� WelsK et al. 
����� ScKimmel et 
al. ����� AnGerson 
anG 7aylor ����� /ee 
anG /Zi]a ����

1eZ <orN /oZer %ay Concern 1980 WKitleGJe ����
1eZ <orN 0ill %asin 'ocXmenteG 1990 AYoiGance Ey 

moEile faXna.
5KoaGs et al. ����

1eZ <orN 0oKaZN 5iYer Concern 1980 WKitleGJe ����
1eZ <orN 1arroZs 'ocXmenteG 1970 WKitleGJe ����� /ee 

anG /Zi]a ����
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1eZ <orN 1eZ <orN %iJKt 'ocXmenteG 1970 SXrf clam�
finfisK mortality� 
AYoiGance� 
nortKZarG miJration 
of ElXefisK ElocNeG.  
0ass mortality 
of EentKos ZitK 
mXlti�year recoYery.  
/arJe economic 
losses.

Calm ZeatKer leG to 
stratification anG Eloom of 
CeratiXm tripos� one time 
eYent. 0ay KaYe inYolYeG 
XpZellinJ on nXtrient�ricK 
Zater.

SeJar anG %erEerian 
����� *arlo et al. 
����� SinGermann 
anG SZanson ����� 
SZanson anG 3arNer 
����� )iJley et al. 
����� A]aroYit] et 
al. ����� %oescK anG 
5aEalais ����

1eZ <orN 1eZ <orN %iJKt 
SeZaJe 'Xmp

'ocXmenteG 1970 SXmmer Kypoxia associateG 
ZitK seZaJe GXmp site� ��� 
satXration at center of GXmp 
site.

SeJar anG %erEerian 
1976

1eZ <orN 1eZ <orN City 
HarEor

'ocXmenteG ���� StresseG fisKes. 
0ass mortality of 
EentKos ZitK annXal 
recoloni]ation.

'ecline in GissolYeG oxyJen 
recorGeG in ���������. 1oZ 
GissolYeG oxyJen improYeG 
from nXtrient manaJement.

3arNer anG 2
5eilly  
1991

1eZ <orN 1orton %asin 'ocXmenteG 1990 AYoiGance Ey 
moEile faXna.

5KoaGs et al. ����

1eZ <orN 3atcKoJXe 5iYer 'ocXmenteG 1990 %entKic species 
ricKness seYerely 
impacteG.

CKanneli]ation inGXceG 
stratification an important 
factor.  'eep areas Kypoxic 
year roXnG.

=aiNoZsNi et al. ����

1eZ <orN SKellEanN %asin 'ocXmenteG 1990 5KoaGs et al. ����
1eZ <orN SZan 5iYer 'ocXmenteG 1990 %entKic species 

ricKness moGerately 
to seYerely 
impacteG.

CKanneli]ation inGXceG 
stratification an important 
factor. 

=aiNoZsNi et al. ����

1eZ <orN 7iYolie SoXtK 'ocXmenteG 1990 SanJer et al. ����
1eZ <orN Upper %ay Concern 1980 WKitleGJe ����
5KoGe ,slanG *reenZicK %ay 'ocXmenteG ���� )isK Nill in ����. ���� of area ��.� mJ�l 

GissolYeG oxyJen.
'eacXtis et al. ����� 
0elrose et al. ����

5KoGe ,slanG 0oXnt Hope %ay 'ocXmenteG ���� �.���.�� of area ��.� mJ�l 
GissolYeG oxyJen.

'eacXtis et al. ����� 
0elrose et al. ����

5KoGe ,slanG 1arraJansett %ay 'ocXmenteG ���� 5eGXceG aEXnGance 
or aEsence of 
EentKos.

Hypoxic -Xne to SeptemEer� 
relateG to KiJK nXtrient loaGs.  
Hypoxia anG anoxia present in 
����s in Xpper part of Eay� loZ 
GissolYeG oxyJen ZiGespreaG 
Ey ����s. 'issolYeG oxyJen 
GeclineG from ����s to ����s.

WKitleGJe ����� 
%ricNer et al. ����� 
����� 0elrose et al. 
����� %erJonGo et 
al. ����� 'eacXtis et 
al. ����� CiccKetti et 
al. ����

5KoGe ,slanG 3ettaTXamscXtt 
5iYer

'ocXmenteG 1990 WilNin anG %arnes 
1997

5KoGe ,slanG 3otters CoYe 'ocXmenteG 1990 SanJer et al. ����
5KoGe ,slanG 3roYiGence 5iYer 'ocXmenteG 1980 5elateG to seZaJe GiscKarJes� 

������ of tKe riYer Zas ��.� 
mJ�l GissolYeG oxyJen.

WKitleGJe ����� 
%erJonGo et al. ����� 
'eacXtis et al. ����� 
0elrose et al. ����

9irJinia Appomattox 
5iYer

1one 1990 C%3 ����

9irJinia %acN %ay 1one 1980 WKitleGJe ����
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9irJinia CKesapeaNe %ay� 
loZer

'ocXmenteG 1980 /oZer EentKic 
GiYersity� loZer 
Eiomass� loZer 
proportion of Geep�
GZellinJ Eiomass 
at Kypoxia�affecteG 
areas.

'aXer et al ����

9irJinia CKicNaKominy 1one 1990 C%3 ����
9irJinia CKXcNatXcN 

5iYer
1one 1990 C%3 ����

9irJinia CoEE %ay 1one 1980 WKitleGJe ����
9irJinia Corrotoman 

5iYer
1one 1990 C%3 ����

9irJinia (ast 5iYer 1one 1990 C%3 ����
9irJinia (li]aEetK 5iYer� 

(astern %rancK
'ocXmenteG 1990 C%3 ����

9irJinia (li]aEetK 5iYer� 
SoXtKern %rancK

'ocXmenteG 1990 C%3 ����

9irJinia (li]aEetK 5iYer� 
Western %rancK

Concern 1990 C%3 ����

9irJinia *ooGZin ,slanG 'ocXmenteG 1990 /oZ GissolYeG oxyJen in 
sXEmerJeG aTXatic YeJetation 
EeG.

SanJer et al. ����

9irJinia *rays CreeN 1one 1990 C%3 ����
9irJinia HoJ ,slanG %ay 1one 1980 WKitleGJe ����
9irJinia -ames 5iYer 1one 1980 'issolYeG oxyJen improYeG 

from nXtrient manaJement.
WKitleGJe ����

9irJinia -ones�*illiJan 
CreeN

1one 1990 C%3 ����

9irJinia /afayette 5iYer Concern 1990 C%3 ����
9irJinia /ynnKaYen ,nlet 1one 1990 C%3 ����
9irJinia 0attaponi 5iYer 'ocXmenteG 1990 C%3 ����
9irJinia 0oEMacN %ay 'ocXmenteG 1990 C%3 ����
9irJinia 0XG CreeN 1one 1990 C%3 ����
9irJinia 1ansemonG 

5iYer
'ocXmenteG 1990 C%3 ����

9irJinia 1ortK 5iYer 1one 1990 C%3 ����
9irJinia 2nancocN CreeN 'ocXmenteG ���� WanJ ����
9irJinia 3aJan 5iYer 1one 1990 C%3 ����
9irJinia 3amXnNey 5iYer 1one 1990 C%3 ����
9irJinia 3araGise CreeN 1one 1990 C%3 ����
9irJinia 3ianNatanN 5iYer 1one 1990 C%3 ����
9irJinia 3ocomoNe SoXnG 1one 1980 WKitleGJe ����
9irJinia 3oropotanN 

5iYer
1one 1990 C%3 ����

9irJinia 4Xeen CreeN 1one 1990 C%3 ����
9irJinia 5appaKannocN 

5iYer
'ocXmenteG 1980 AYoiGance Ey 

moEile faXna.  
0ortality of 
EentKos ZitK annXal 
recoloni]ation.

Some anoxia in sXmmer. /lansy ����� .Xo et 
al. ����
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9irJinia 5oEinson CreeN 1one 1990 C%3 ����
9irJinia SaraK CreeN 1one 1990 C%3 ����
9irJinia ScXfÀetoZn 

CreeN
1one 1990 C%3 ����

9irJinia SeYern CreeN 1one 1990 C%3 ����
9irJinia SoXtK %ay 1one 1980 WKitleGJe ����
9irJinia 7asNinas CreeN 'ocXmenteG 1990 SanJer et al. ����
9irJinia 7imEernecN 

CreeN
1one 1990 C%3 ����

9irJinia 7otXsNey CreeN 1one 1990 C%3 ����
9irJinia UrEanna CreeN 1one 1990 C%3 ����
9irJinia Ware 5iYer 1one 1990 C%3 ����
9irJinia WarZicN 5iYer 1one 1990 C%3 ����
9irJinia WeeNs CreeN 1one 1990 C%3 ����
9irJinia WilloXJKEy %ay 1one 1990 C%3 ����
9irJinia <orN 5iYer 'ocXmenteG 1970 AYoiGance Ey 

moEile faXna ZitK 
reGXceG GiYersity 
folloZinJ loZ 
GissolYeG oxyJen 
eYents.  /ittle to 
no response in tKe 
EentKos.

Hypoxia associateG ZitK 
sprinJ�neap tiGal cycle.

Haas ����� 3iKl et al. 
����� ����� 'ia] et 
al. ����� SaJasti et al 
����� ����� Seit] et 
al. ����

Northeast Region
0aine AnGroscoJJin 

5iYer
1one 1980 WKitleGJe ����� 

%ricNer et al. ����
0aine %lXe Hill %ay 1one 1980 WKitleGJe ����
0aine Casco %ay 1one 1980 WKitleGJe ����� 

%ricNer et al. ����
0aine CoEscooN %ay 1one 1980 WKitleGJe ����
0aine 'amariscotta 

5iYer 
1one 1980 WKitleGJe ����

0aine (nJlisKman %ay 1one 1980 WKitleGJe ����
0aine )ore 5iYer 1one 1980 WKitleGJe ����
0aine )rencKman %ay 1one 1980 WKitleGJe ����
0aine *reat %ay Concern ���� (YiGence of Gecline in 

GissolYeG oxyJen leYels.
%ricNer et al. ����

0aine .enneEec 5iYer 1one 1980 WKitleGJe ����
0aine 0acKias %ay 1one 1980 WKitleGJe ����
0aine 0acKias 5iYer 

(stXary
1one 1980 WKitleGJe ����

0aine 0XsconJXs %ay 1one 1980 WKitleGJe ����
0aine 1arraJXaJXs %ay 1one 1980 WKitleGJe ����
0aine 1arraJXaJXs 

5iYer
Concern 1980 WKitleGJe ����

0aine 3assamaTXoGGy 
%ay

1one 1980 WKitleGJe ����

0aine 3enoEscot %ay�
5iYer 

1one 1980 WKitleGJe ����

0aine 3leasant %ay 1one 1980 WKitleGJe ����
0aine Saco %ay 1one 1980 WKitleGJe ����
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0aine SKeepscot %ay 1one 1980 WKitleGJe ����
0aine St. Croix 5iYer 1one 1980 WKitleGJe ����
0aine Wells %ay 'ocXmenteG 1990 SanJer et al. ����
0aine Wells ,nlet 'ocXmenteG 1990 'aily cycle of GissolYeG 

oxyJen from sXpersatXrateG to 
Kypoxic� SXEmerJeG aTXatic 
YeJetation EeG.

SanJer et al. ����

0aine WoKoa %ay 1one 1980 WKitleGJe ����

0assacKXsetts %oston HarEor 1one 1980 (ntire reJion recoYereG from 
loZ GissolYeG oxyJen tKroXJK 
nXtrient manaJement.

WKitleGJe ����� 
%ricNer et al. ����� 
����� 'ia] et al. 
����

0assacKXsetts Cape CoG %ay 'ocXmenteG 1990 %looms. WKitleGJe ����� 
5aEalais ����

0assacKXsetts CKarles 5iYer 'ocXmenteG 1980 7aylor ����

0assacKXsetts 'orcKester %ay 'ocXmenteG 1980 HaG poor Zater TXality in 
����s.  /oZ GissolYeG oxyJen 
in ����s noZ improYeG from 
nXtrient manaJement.

0acioleN et al. ����� 
'ia] et al. ����

0assacKXsetts 'XxEXry %ay 1one 1980 WKitleGJe ����
0assacKXsetts )ore 5iYer 'ocXmenteG 1980 1eponset 5iYer 

WatersKeG 
Association ����

0assacKXsetts HerrinJ 5iYer 'ocXmenteG 1980 )isK Nills� Gecline of 
aleZife fisKery.

Anoxia� ��� ZeeNs. 3ortnoy ����

0assacKXsetts 0assacKXsetts 
%ay

1one 1990 %ricNer et al. ����

0assacKXsetts 0errimacN 5iYer 'ocXmenteG 1970 WKitleGJe ����
0assacKXsetts 3lXm ,slanG 

SoXnG
1one 1990 5aEalais ����� 

%ricNer et al. ����
0assacKXsetts WaTXoit %ay 'ocXmenteG 1990 'aily cycle of GissolYeG 

oxyJen from satXrateG to 
Kypoxic.

)rit] et al. ����� 
'
AYan]o anG 
.remer ����� 
%ricNer et al. ����

1eZ 
HampsKire

*reat %ay 'ocXmenteG 1980 WKitleGJe ����� 
%ricNer et al. ����

1eZ 
HampsKire

Hampton HarEor 
(stXary

1one 1990 5aEalais ����

1eZ 
HampsKire

3iscataTXa 5iYer 1one 1980 WKitleGJe ����� 
%ricNer et al. ����

South Atlantic Region
)loriGa Amelia 5iYer 'ocXmenteG 1970 WinGsor ����
)loriGa %anana 5iYer Concern 1980 WinGsor ����



Scientific Assessment of  Hypoxia in U.S. Coastal Waters ���

Appendix III. Table of Systems

State System Condition

Decade 
Condition 

First 
Recorded

Faunal 
Response

Trends and Other 
Comments Reference

)loriGa %iscayne %ay 'ocXmenteG 1970 5elateG to releases of 
fresKZater from canals.  
'issolYeG oxyJen GeclineG 
from ����s to ����s.

%ricNer et al. ����� 
����� WinGsor ����� 
/eYerone ����

)loriGa Canal �� 'ocXmenteG 1980 WKitleGJe ����
)loriGa CeGar CreeN 'ocXmenteG 1980 WinGsor ����
)loriGa (ast HolloZay 

Canal
'ocXmenteG 1980 WinGsor ����

)loriGa (aX *allie 
HarEor

Concern 1980 WKitleGJe ����

)loriGa *Xlf anG West 
Canals

'ocXmenteG 1980 WinGsor ����

)loriGa Halifax 5iYer 'ocXmenteG 1980 WinGsor ����
)loriGa HaZ CreeN 'ocXmenteG 1980 WinGsor ����
)loriGa HillsEoro Canal 'ocXmenteG 1980 WinGsor ����
)loriGa ,nGian 5iYer 'ocXmenteG ���� ,mproYement in GissolYeG 

oxyJen leYels from ����s to 
����s.

%ricNer et al. ����� 
����� WinGsor ����

)loriGa /ofton CreeN Concern 1980 WinGsor ����
)loriGa /oxaKatcKee 

5iYer
Concern 1980 WinGsor ����

)loriGa 0atan]as 5iYer Concern 1980 WinGsor ����
)loriGa 0iami Canal 'ocXmenteG 1980 WinGsor ����
)loriGa 0osTXito 

/aJoon
Concern 1980 WinGsor ����

)loriGa 1aples %ay 'ocXmenteG 1980 WinGsor ����
)loriGa 1assaX 5iYer 1one 1980 WinGsor ����
)loriGa 1ortK anG SoXtK 

1eZ 5iYer 
Canals

'ocXmenteG 1980 WinGsor ����

)loriGa 1ortK 5iYer 'ocXmenteG 1980 WinGsor ����
)loriGa 2rteJa 5iYer 'ocXmenteG 1980 WinGsor ����
)loriGa 3ottsEXrJ CreeN 'ocXmenteG 1980 WinGsor ����
)loriGa 5iEaXlt 5iYer 'ocXmenteG 1980 WinGsor ����
)loriGa 5ice CreeN 'ocXmenteG 1980 WinGsor ����
)loriGa SeEastian CreeN 'ocXmenteG 1980 WinGsor ����
)loriGa Sisters CreeN Concern 1980 WinGsor ����
)loriGa SoXtK Amelia 

5iYer
Concern 1980 WinGsor ����

)loriGa SoXtK 5elief 
Canal

'ocXmenteG 1980 WinGsor ����

)loriGa SprXce CreeN 1one 1980 WinGsor ����
)loriGa St. -oKns 5iYer 'ocXmenteG 1970 0ortality of 

EentKos� massiYe 
fisK Nills ZitK 
XnNnoZn caXse� 
may Ee mXltiple 
stressors.

WinGsor ����� 
0ason ����

)loriGa St. /Xcie Canal Concern 1980 WinGsor ����
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)loriGa St. /Xcie 5iYer 'ocXmenteG 1980 CKamEerlain anG 
HayZarG ����� 
WinGsor ����

)loriGa St. 0arys 5iYer 'ocXmenteG 1970 Anoxia GeYelops in 
sXmmer.

1o siJnificant GeclininJ trenG 
in GissolYeG oxyJen from 
����s to ����s

WinGsor ����� 9erity 
et al. ����

)loriGa SyNes CreeN 'ocXmenteG 1980 WinGsor ����
)loriGa 7enmile CreeN 'ocXmenteG 1980 WinGsor ����
)loriGa 7olomato 5iYer Concern 1980 WinGsor ����
)loriGa 7omoNa 5iYer Concern 1980 WinGsor ����
)loriGa 7roXt 5iYer 'ocXmenteG 1980 WinGsor ����
)loriGa 7XrNey CreeN 'ocXmenteG 1980 WinGsor ����
)loriGa West 3alm %eacK 

Canal
'ocXmenteG 1980 WinGsor ����

)loriGa WKiteZater %ay Concern 1980 WinGsor ����
*eorJia AltamaKa SoXnG Concern ���� 'eclininJ trenG in GissolYeG 

oxyJen relateG to nXtrient 
loaGinJs.  1o Kypoxia in 
����s.

Stanley ����� 9erity 
et al. ����

*eorJia AltamaKa 5iYer 'ocXmenteG ���� SiJnificant GeclininJ trenG in 
GissolYeG oxyJen from ����s 
to ����s.  1o Kypoxia in 
����s.

Stanley ����� 9erity 
et al. ����

*eorJia %rXnsZicK 5iYer Concern 1970 Stanley ����
*eorJia %rXnsZicN 

HarEor
Concern 1970 Stanley ����

*eorJia CXmEerlanG 
SoXnG

'ocXmenteG ���� 'eclininJ trenG in 'issolYeG 
oxyJen relateG to nXtrient 
loaGinJs.

Stanley ����� 9erity 
et al. ����

*eorJia 'oEoy SoXnG 1one 1980 Stanley ����
*eorJia 'Xplin 5iYer 'ocXmenteG 1970 'aily cycle of GissolYeG 

oxyJen from sXpersatXrateG to 
Kypoxic.

)ranNenEerJ ����� 
Stanley ����

*eorJia 0eGZay 5iYer 1one 1970 Stanley ����
*eorJia 2JeecKee 5iYer 'ocXmenteG ���� SiJnificant GeclininJ trenG in 

GissolYeG oxyJen from ����s 
to ����s. 1o Kypoxia in ����s.

Stanley ����� 9erity 
et al. ����

*eorJia 2JeecKee SoXnG Concern ���� 'eclininJ trenG in GissolYeG 
oxyJen relateG to nXtrient 
loaGinJs.

Stanley ����� 9erity 
et al. ����

*eorJia 2ssaEaZ SoXnG 'ocXmenteG 1980 5elateG to orJanic matter 
ZasKinJ oXt of sZamps anG 
marsKes.  'issolYeG oxyJen 
GeclineG from ����s to ����s.

Stanley ����� 
%ricNer et al. ����� 
����

*eorJia Sapelo ,slanG 'ocXmenteG ���� 'aily cycle of GissolYeG 
oxyJen from sXpersatXrateG to 
Kypoxic.

SanJer et al. ����

*eorJia Sapelo SoXnG Concern 1990 1o Kypoxia in ����s� GeclininJ 
trenG is GissolYeG oxyJen for 
����s.

Stanley ����� 9erity 
et al. ����
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*eorJia Satilla 5iYer 'ocXmenteG ���� SiJnificant GeclininJ trenG in 
GissolYeG oxyJen from ����s 
to ����s.  1ot Kypoxic in 
����s.

Stanley ����� 9erity 
et al. ����

*eorJia SaYannaK 5iYer 'ocXmenteG 1980 1onpoint soXrces a factor.  
SiJnificant GeclininJ trenG in 
GissolYeG oxyJen from ����s 
to ����s.

Stanley ����� 9erity 
et al. ����� %ricNer et 
al. ����

*eorJia SNiGaZay 5iYer 
(stXary

Concern 1990 HiJK rate of microEial 
respiration caXses loZ 
GissolYeG oxyJen Gespite 
stronJ Yertical anG Kori]ontal 
mixinJ. 'eclininJ trenG in 
GissolYeG oxyJen relateG to 
nXtrient loaGinJs.

9erity et al. ����� 
%ricNer et al. ����

*eorJia St. AnGreZs 
SoXnG

Concern 1990 1o Kypoxia in ����s� GeclininJ 
trenG is GissolYeG oxyJen for 
����s.

Stanley ����� 9erity 
et al. ����

*eorJia St. CatKerine 
SoXnG

1one 1980 Stanley ����

*eorJia St. 0arys 5iYer Concern 1970 Stanley ����
*eorJia St. Simons 

SoXnG
1one 1980 Stanley ����� 

5aEalais ����� 
%ricNer et al. ����

*eorJia 7Xrtle 5iYer 'ocXmenteG 1970 Stanley ����
*eorJia 7yEee CreeN 1one 1970 Stanley ����
*eorJia WassaZ SoXnG 1one 1980 Stanley ����
*eorJia WilminJton 

5iYer
1one 1970 Stanley ����

1ortK Carolina Ace %asin 'ocXmenteG 1990 SanJer et al. ����
1ortK Carolina AlEemarle SoXnG 'ocXmenteG 1970 0ortality of EentKos 

anG moEile faXna.
HXrricane increaseG fresKZater 
anG nXtrient inpXt. Hypoxia 
Kas ZorseneG in ����s.

Stanley ����� 
%ricNer et al. ����� 
����� 3aerl et al. 
����

1ortK Carolina AlliJator 5iYer 1one 1980 Stanley ����
1ortK Carolina %arnarGs CreeN 'ocXmenteG ���� ComEination of aJricXltXral� 

XrEan� sXEXrEan rXnoff 
contriEXte to nXtrient loaGinJ.

0allin et al. ����

1ortK Carolina %lacN 5iYer 'ocXmenteG 1990 ComEination of aJricXltXral� 
XrEan� sXEXrEan rXnoff 
contriEXte to nXtrient loaGinJ.

0allin et al. ����

1ortK Carolina %oJXe SoXnG Concern 1980 Stanley ����
1ortK Carolina %roZns CreeN Concern ���� ComEination of aJricXltXral� 

XrEan� sXEXrEan rXnoff 
contriEXte to nXtrient loaGinJ.

0allin et al. ����

1ortK Carolina Cape )ear 5iYer 'ocXmenteG 1970 )isK Nills� reGXceG 
EentKos.

Stanley ����� 0allin 
et al. ����� ����� 
3osey et al. ����

1ortK Carolina Carolina %eacK 
/aNe

'ocXmenteG ���� ComEination of aJricXltXral� 
XrEan� sXEXrEan rXnoff 
contriEXte to nXtrient loaGinJ.

0allin et al. ����

1ortK Carolina CKoZan 5iYer 'ocXmenteG 1980 Stanley ����
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1ortK Carolina Colly CreeN Concern ���� ComEination of aJricXltXral� 
XrEan� sXEXrEan rXnoff 
contriEXte to nXtrient loaGinJ.

0allin et al. ����

1ortK Carolina Core SoXnG 1one 1980 Stanley ����
1ortK Carolina CXrritXcN SoXnG 1one 1980 Stanley ����
1ortK Carolina 'XtcKman CreeN Concern 1970 Stanley ����
1ortK Carolina )XtcK CreeN 'ocXmenteG ���� ComEination of aJricXltXral� 

XrEan� sXEXrEan rXnoff 
contriEXte to nXtrient loaGinJ.

0ac3Kerson et al. 
����� 0allin et al. 
����

1ortK Carolina *reat CoKarie 
CreeN

'ocXmenteG ���� ComEination of aJricXltXral� 
XrEan� sXEXrEan rXnoff 
contriEXte to nXtrient loaGinJ.

0allin et al. ����

1ortK Carolina HammonG CreeN 'ocXmenteG ���� ComEination of aJricXltXral� 
XrEan� sXEXrEan rXnoff 
contriEXte to nXtrient loaGinJ.

0allin et al. ����

1ortK Carolina HeZletts CreeN 'ocXmenteG ���� HeaYily GeYelopeG ZatersKeG. 0ac3Kerson et al. 
����� 0allin et al. 
����

1ortK Carolina /ittle CoKarie 
CreeN

Concern ���� ComEination of aJricXltXral� 
XrEan� sXEXrEan rXnoff 
contriEXte to nXtrient loaGinJ.

0allin et al. ����

1ortK Carolina /ittle 5iYer 1one 1980 Stanley ����

1ortK Carolina 0asonEoro ,nlet 'ocXmenteG 1990 SanJer et al. ����
1ortK Carolina 0otts CreeN 'ocXmenteG ���� ComEination of aJricXltXral� 

XrEan� sXEXrEan rXnoff 
contriEXte to nXtrient loaGinJ.

0allin et al. ����

1ortK Carolina 1eXse 5iYer 
(stXary

'ocXmenteG 1980 )isK Nills� mortality 
of oyster.  5eGXceG 
prey aEXnGance 
anG KaEitat TXality 
for fisK.  0ortality 
of EentKos 
ZitK GecreaseG 
aEXnGance.

Hypoxia may KaYe GeYelopeG 
earlier EaseG on 0acoma 
popXlations. ,mproYement in 
GissolYeG oxyJen from ����s 
to ����s.

3aerl et al. ����� 
����� /eniKan anG 
3eterson ����� 
/eniKan ����� 
WKitleGJe ����� 
%X]]elli et al. ����� 
%isKiop et al. ����� 
%ell anG (JJleston 
����� %airG et al. 
����� AXmann et al. 
����� 3oZers et al. 
����

1ortK Carolina 1eZ 5iYer 'ocXmenteG 1980 Stanley ����� 
%ricNer et al. ����

1ortK Carolina 1eZport 5iYer 1one 1980 Stanley ����
1ortK Carolina 1ortK 5iYer 1one 1980 Stanley ����
1ortK Carolina 1ortKeast Cape 

)ear 5iYer
'ocXmenteG 1990 ComEination of aJricXltXral� 

XrEan� sXEXrEan rXnoff 
contriEXte to nXtrient loaGinJ.

0allin et al. ����

1ortK Carolina 3aJes CreeN 'ocXmenteG ���� ComEination of aJricXltXral� 
XrEan� sXEXrEan rXnoff 
contriEXte to nXtrient loaGinJ.

0ac3Kerson et al. 
����� 0allin et al. 
����
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Decade 
Condition 

First 
Recorded

Faunal 
Response

Trends and Other 
Comments Reference

1ortK Carolina 3amlico 5iYer 'ocXmenteG 1960 0ortality of fisKes� 
mass mortality 
of EentKos� loZ 
macroEentKic 
GiYersity anG 
Gensity in sXmmer� 
recoloni]ation Ey 
Zinter.

Stanley ����� 7enore 
����� HoEEie et al. 
����� Stanley anG 
1ixon ����

1ortK Carolina 3amlico SoXnG 'ocXmenteG 1990 Common finfisK 
species �pinfisK� 
spot� croaNer� KaG 
sNin lesions anG 
siJns of systemic 
Eacterial infections.

1o Kypoxia in ����s tKroXJK 
tKe ����s� loZ GissolYeG 
oxyJen GeYelopeG in late 
����s. HXrricane increaseG 
fresKZater anG nXtrient inpXt.

3aerl et al. ����� 
Stanley ����

1ortK Carolina 3asTXotanN 
5iYer

1one 1980 Stanley ����

1ortK Carolina 3erTXimans 
5iYer

1one 1980 Stanley ����

1ortK Carolina 3XnJo 5iYer 1one 1980 Stanley ����

1ortK Carolina Six 5Xns CreeN 'ocXmenteG ���� ComEination of aJricXltXral� 
XrEan� sXEXrEan rXnoff 
contriEXte to nXtrient loaGinJ.

0allin et al. ����

1ortK Carolina SmitK CreeN 'ocXmenteG ���� ComEination of aJricXltXral� 
XrEan� sXEXrEan rXnoff 
contriEXte to nXtrient loaGinJ.

0allin et al. ����

1ortK Carolina WKite 2aN 5iYer 1one 1980 Stanley ����

SoXtK Carolina AsKley 5iYer 1one 1980 Stanley ����

SoXtK Carolina %eresforG CreeN 'ocXmenteG 1990 /erEerJ et al. ����

SoXtK Carolina %roaG 5iYer 'ocXmenteG ���� 'issolYeG oxyJen improYeG 
from ����s to ����s.

%ricNer et al. ����� 
����

SoXtK Carolina %Xll CreeN 'ocXmenteG 1990 /erEerJ et al. ����

SoXtK Carolina %Xlls %ay 1one 1980 Stanley ����
SoXtK Carolina CKarleston 

HarEor
'ocXmenteG ���� ,mproYeG ZasteZater 

treatment� pKospKate Ean.  
,mproYement in GissolYeG 
oxyJen from ����s to ����s.

%ricNer et al. ����� 
����� WinGsor ����

SoXtK Carolina ComEaKee 5iYer 1one 1980 Stanley ����

SoXtK Carolina Cooper 5iYer Concern 1980 WKitleGJe ����
SoXtK Carolina CoosaZ 5iYer 1one 1980 Stanley ����
SoXtK Carolina Copper 5iYer Concern 1980 Stanley ����
SoXtK Carolina 'eep CreeN 'ocXmenteG 1990 /erEerJ et al. ����
SoXtK Carolina 'iesel CreeN 'ocXmenteG 1990 /erEerJ et al. ����
SoXtK Carolina )oster CreeN 'ocXmenteG 1990 /erEerJ et al. ����
SoXtK Carolina -ames ,slanG 

CreeN
'ocXmenteG 1990 AYoiGance Ey fisKes� 

mortality of EentKos.
%Xrnett ����

SoXtK Carolina .iaZaK 5iYer 1one 1980 Stanley ����
SoXtK Carolina /ittle 5iYer ,nlet 1one 1980 Stanley ����



Scientific Assessment of Hypoxia in U.S. Coastal Waters���

Appendix III. Table of Systems

State System Condition

Decade 
Condition 
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Recorded

Faunal 
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Trends and Other 
Comments Reference

SoXtK Carolina /onJ %ay 'ocXmenteG ���� 0ortality of 
ÀoXnGer.

5ecently GocXmenteG Kypoxia 
may Ee relateG to mXltiple 
factors inclXGinJ KiJK 
cKloropKyll a leYels.

.oepÀer et al. ����

SoXtK Carolina 0alinG CreeN 'ocXmenteG ���� *illett et al. ����
SoXtK Carolina 0Xrrells ,nlet 1one 1980 Stanley ����
SoXtK Carolina 1eZ 0arNet 

CreeN
'ocXmenteG 1990 /erEerJ et al. ����

SoXtK Carolina 1ortK (Gisto 
5iYer

Concern 1980 Stanley ����� 
%ricNer et al. ����

SoXtK Carolina 1ortK ,nlet 'ocXmenteG ���� Stanley ����� SanJer 
et al. ����

SoXtK Carolina 1ortK Santee 
5iYer

1one 1980 Stanley ����

SoXtK Carolina 2Natee CreeN 'ocXmenteG ���� *illett et al. ����
SoXtK Carolina 2ranJe *roYe 

CreeN
'ocXmenteG 1990 /erEerJ et al. ����

SoXtK Carolina 3ee 'ee 5iYer Concern 1980 Stanley ����
SoXtK Carolina 3ort 5oyal 

SoXnG
1one 1980 Stanley ����

SoXtK Carolina 5atKall CreeN 'ocXmenteG 1990 /erEerJ et al. ����
SoXtK Carolina Santee 5iYer Concern 1990 5aEalais ����� 

%ricNer et al. ����
SoXtK Carolina SKem CreeN 'ocXmenteG 1990 /erEerJ et al. ����

SoXtK Carolina SoXtK Atlantic 
%iJKt

Concern 1970 'issolYeG oxyJen aroXnG � 
mJ�l at ��� m GeptK in �����
��.

Stanley ����

SoXtK Carolina SoXtK (Gisto 
5iYer

1one 1980 Stanley ����

SoXtK Carolina SoXtK Santee 
5iYer

1one 1980 Stanley ����

SoXtK Carolina St. Helena SoXnG 'ocXmenteG 1980 Stanley ����� 
%ricNer et al. ����

SoXtK Carolina Stono 5iYer 'ocXmenteG 1990 1o Kypoxia in ����s� loZ 
GissolYeG oxyJen GeYelopeG in 
����s.

Stanley ����� 
%ricNer et al. ����� 
����

SoXtK Carolina WanGo 5iYer Concern 1980 Stanley ����� 
WKitleGJe ����

SoXtK Carolina WinyaK %ay 'ocXmenteG 1980 Stanley ����� 
%ricNer et al. ����

Pacific Coast Region and Hawaii
AlasNa WarG CoYe 'ocXmenteG ���� 3erioGic fisK Nill in 

����s.
5elateG to pXlp mill GiscKarJe 
���������� circXlation is pore 
in coYe� GissolYeG oxyJen still 
loZ in areas.

.arna ����

California Alamitos %ay 'ocXmenteG ���� 5aEalais ����
California AnaKeim %ay to 

%alsa CKica
Concern 1990 5aEalais ����

California A]eYeGo 3onG 'ocXmenteG 1990 'iel cyclinJ� loZ GissolYeG 
oxyJen relateG to KiJK primary 
proGXction.

%ecN anG %rXlanG 
����
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California %iJ /aJoon 'ocXmenteG 1980 Collias ����� (nJle 
et al. ����

California Coyote CreeN 'ocXmenteG 1970 )isKerman 
reporteG aEsence 
of fisK anG pelaJic 
inYerteErates� 
fisK retXrneG after 
Kypoxia enGeG.

SeZaJe spill. Cloern anG 2remlanG 
����

California 'raNes (stero 1one 1980 Collias ����
California (el 5iYer 1one 1990 5aEalais ����� 

%ricNer et al. ����
California (lNKorn SloXJK 'ocXmenteG 1990 'issolYeG oxyJen improYeG 

from ����s to ����s.
%ricNer et al. ����� 
����� SanJer et al. 
����

California (lNKorn SloXJK� 
Upper 3onG

'ocXmenteG ���� %ricNer et al. ����� 
����� SanJer et al. 
����

California HXmEolGt %ay�
Arcata %ay

1one 1980 Collias ����

California .lamatK 5iYer 1one 1990 5aEalais ����� 
%ricNer et al. ����

California /onJ %eacK 
HarEor

'ocXmenteG 1960 WKitleGJe ����

California /os AnJeles 
HarEor

'ocXmenteG ���� 0ass mortality of 
EentKos ZitK mXlti�
year recoYery.

,mproYeG from nXtrient 
manaJement.

5eisK ����� ����

California 0ission %ay 1one 1990 5aEalais ����� 
%ricNer et al. ����

California 0onteray %ay 'ocXmenteG ���� ComEination of antKropoJenic 
anG natXral factors.

2Ney ����

California 0orro %ay 1one 1990 5aEalais ����� 
%ricNer et al. ����

California 1eZport %ay 'ocXmenteG 1980 'issolYeG oxyJen improYeG 
from ����s to ����s.

Collias ����� 
5aEalais ����

California 1ortK San 
)rancisco %ay 
(stXary

'ocXmenteG ���� )isK .ill Anoxia GeYelops. /eKman et al. ����

California 3alos 9erGe 
SKelf

1one 1970 2rJanic content of seGiment 
enricKeG from seZaJe� EXt no 
Kypoxia.

SmitK et al. ����� 
WeisEerJ �3ersonal 
CommXnication�

California San 'ieJo %ay 'ocXmenteG 1980 Collias ����� 
5aEalais ����

California San )rancisco 
%ay 1ortK

Concern 1980 Collias ����

California San )rancisco 
%ay SoXtK

'ocXmenteG 1960 Hypoxia eliminateG ZitK 
seZaJe treatment plants.  
5ecoYereG from loZ GissolYeG 
oxyJen tKroXJK nXtrient 
manaJement.

1icKols et al. ����� 
%ricNer et al. ����
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California San -oaTXin 
5iYer

'ocXmenteG 1960 Salmon miJration 
ElocNeG ZKen 
GissolYeG oxyJen �� 
mJ�l. HiJK Eacterial 
respiration anG 
nitrification maNe 
GissolYeG oxyJen 
loZ� stratification is 
ZeaN.

SeZaJe GiscKarJe anG 
nonpoint rXnoff are soXrces 
of orJanic matter� primary 
proGXction also contriEXtes.  
)irst �� mJ�l GissolYeG oxyJen 
in ����.

/eKman et al. ����� 
%ricNer et al. ����� 
-assEy anG 9an 
1ieXZenKXyse ����

California San 3eGro %ay 1one 1990 5aEalais ����� 
%ricNer et al. ����

California Santa 0onica 
%ay

'ocXmenteG 1990 5aEalais ����� 
%ricNer et al. ����

California SmitK 5iYer 1one 1980 Collias ����
California 7iMXana (stXary 'ocXmenteG ���� 'issolYeG oxyJen improYeG 

from ����s to ����s.
%ricNer et al. ����� 
SanJer et al. ����

California 7omales %ay�
%oGeJa HarEor

Concern 1980 Collias ����

HaZaii 2
aKX� 2ff 
SoXtKern SKore

'ocXmenteG ���� 0ortality of EentKos 
ZitK loZ species 
ricKness anG 
aEXnGance.

)isK aTXacXltXre. /ee et al. ����

2reJon Alsea 5iYer 1one 1980 Collias ����
2reJon California 

CXrrent System
'ocXmenteG ���� 0ortality of fisKes 

anG mass mortality 
of EentKos.

SKiftinJ ZinG patterns leaG 
to extensiYe sKalloZ sKelf 
Kypoxia.  5elateG to XpZellinJ 
anG pKytoplanNton Eloom. 
Hypoxia GeYelopeG on inner 
sKelf in ����s.

*rantKam et al. ����� 
CKan et al. ����

2reJon ColXmEia 5iYer 1one 1980 Collias ����� .eefer 
et al. ����

2reJon Coos %ay 1one 1980 Collias ����
2reJon CoTXille 5iYer 1one 1980 Collias ����
2reJon 1eKalem 5iYer 1one 1980 Collias ����
2reJon 1estXcca %ay 1one 1980 Collias ����
2reJon 1etarts %ay 1one 1980 Collias ����
2reJon 5oJXe 5iYer 'ocXmenteG 1980 Collias ����� SanJer 

et al. ����
2reJon Silet] %ay 1one 1980 Collias ����
2reJon SiXslaZ 5iYer 1one 1980 Collias ����
2reJon SoXtK SloXJK 'ocXmenteG 1990 'aily cycle of GissolYeG 

oxyJen from sXpersatXrateG to 
Kypoxic.

SanJer et al. ����

2reJon 7illamooN %ay 1one 1980 Collias ����
2reJon UmpTXa 5iYer Concern 1970 ����s intrXsion of loZ 

GissolYeG oxyJen ��� mJ�l�. 
1o Kypoxia in ����s.

Collias ����� %roZn 
et al. ����

2reJon <aTXina %ay 'ocXmenteG ���� 1o Kypoxia in ����s.  /oZ 
GissolYeG oxyJen Zater at 
times aGYecteG into estXary 
from sKelf.

Collias ����� %roZn 
et al. ����



Scientific Assessment of  Hypoxia in U.S. Coastal Waters ���

Appendix III. Table of Systems

State System Condition

Decade 
Condition 

First 
Recorded

Faunal 
Response

Trends and Other 
Comments Reference

WasKinJton AGmiralty ,nlet Concern 1990 WasKinJton State 
'ept. (col. ����

WasKinJton %ellinJKam %ay Concern 1990 1o Kypoxia in ����s. Collias ����� 
WasKinJton State 
'ept. (col. ����

WasKinJton %XGG ,nlet 'ocXmenteG 1980 WKitleGJe ����� 
WasKinJton State 
'ept. (col. ����

WasKinJton Commencement 
%ay

Concern 1990 WasKinJton State 
'ept. (col. ����

WasKinJton 'ana 3assaJe 1one 1990 WasKinJton State 
'ept. (col. ����

WasKinJton 'iscoYery %ay 'ocXmenteG 1990 WasKinJton State 
'ept. (col. ����

WasKinJton '5A��� 1one 1990 WasKinJton State 
'ept. (col. ����

WasKinJton (/'��� 1one 1990 WasKinJton State 
'ept. (col. ����

WasKinJton (lliott %ay 'ocXmenteG 1990 WasKinJton State 
'ept. (col. ����

WasKinJton *25��� 1one 1990 WasKinJton State 
'ept. (col. ����

WasKinJton *rays HarEor Concern 1980 Collias ����
WasKinJton HooG Canal 'ocXmenteG ���� )isK GiG not enter 

GissolYeG oxyJen 
minimXm later in 
Zater colXmn ZKile 
inYerteErates GiG.

'issolYeG oxyJen GeclineG 
from ����s to ����s.

3aXlson et al. ����� 
%ricNer et al. ����� 
3arNer�Stetter anG 
Horne ����

WasKinJton /yncK CoYe 'ocXmenteG 1980 /oZ GissolYeG oxyJen all year 
roXnG.

WKitleGJe ����� 
WasKinJton State 
'ept. (col. ����

WasKinJton 2aNlanG %ay 1one 1990 WasKinJton State 
'ept. (col. ����

WasKinJton 3aGilla %ay 'ocXmenteG 1990 1o Kypoxia in ����s� /oZ 
GissolYeG oxyJen in sXEmerJeG 
aTXatic YeJetation EeG.

Collias ����� SanJer 
et al. ����

WasKinJton 3enn CoYe 'ocXmenteG ���� WasKinJton State 
'ept. (col. ����

WasKinJton 32'��� 1one 1990 WasKinJton State 
'ept. (col. ����

WasKinJton 3ort *amEle Concern 1990 WasKinJton State 
'ept. (col. ����

WasKinJton 3ort *arGner 1one 1980 Collias ����
WasKinJton 3ort 2rcKarG 

System
Concern 1980 Collias ����

WasKinJton 3ort SXsan 'ocXmenteG 1980 Collias ����
WasKinJton 3ossession 

SoXnG
Concern 1990 WasKinJton State 

'ept. (col. ����
WasKinJton 3XJet SoXnG 1one 1990 5aEalais ����� 

%ricNer et al. ����
WasKinJton SamisK %ay Concern 1980 1o Kypoxia in ����s. Collias ����
WasKinJton SaratoJa 3assaJe 'ocXmenteG 1990 WasKinJton State 

'ept. (col. ����
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WasKinJton SeTXim�
'iscoYery %ays

'ocXmenteG 1980 Collias ����

WasKinJton Sinclair ,nlet Concern 1990 WasKinJton State 
'ept. (col. ����

WasKinJton SNaJit %ay 'ocXmenteG 1990 5aEalais ����
WasKinJton SoXtK 3XJet 

SoXnG
'ocXmenteG 1980 Collias ����

WasKinJton StraiJKt of 
*eorJia

Concern 1990 WasKinJton State 
'ept. (col. ����

WasKinJton 727��� 1one 1990 WasKinJton State 
'ept. (col. ����

WasKinJton West 3oint 'ocXmenteG 1990 WasKinJton State 
'ept. (col. ����

WasKinJton WKiGEey %asin 'ocXmenteG 1980 Collias ����� 
5aEalais ����

WasKinJton Willapa %ay 1one 1980 Collias ����
WasKinJton Willapa 5iYer 'ocXmenteG 1990 WasKinJton State 

'ept. (col. ����
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