
Hypoxia and Anoxia, By Dr. Robert Diaz 1 

Hypoxia and Anoxia 
By Dr. Robert Diaz 

Summary 
Over the last 50 to 75 years, due primarily to human modifications of terrestrial landscapes, low dissolved oxygen (hypoxia and 

anoxia) has become a serious problem in coastal areas around the globe (Diaz and Rosenberg 2008).  It is a problem of large (Baltic 
Sea, Karlson et al. 2002) and small (Pepper Creek, Tyler et al. 2009) systems.  There is also growing evidence that global warming is 
negatively effecting the dissolved oxygen content of the oceans and that naturally occurring oceanic oxygen minimum zones are 
expanding into shallower water (Keeling and Garcia 2002, Helly and Levin 2004).  The interaction of physical and biological processes 
that lead to the formation of low dissolved oxygen is complex with a broad range of system-dependent responses (Boesch 2002, Cloern 
2001, Breitburg et al. 2009).  Hypoxia and anoxia pose a serious threat to estuarine and coastal ecosystem function and the ability of 
these systems to sustain high value fisheries (Caddy 1993, Baird et al. 2004, Turner et al. 2008).  Other recent reviews and summaries 
that provided good introductions to how hypoxia and anoxia came to be such a large and serious problem are: Gray et al. 2002, 
Galloway et al. 2008, Rabalais and Gilbert 2008, and Levin et al. 2009. 
 At the organism level, there are a variety of behavioral and physiological strategies employed to survive hypoxia (Diaz and 
Rosenberg 1995, Richards et al. 2009).  There are also similarities and differences in responses of ecosystems to natural and human-
induced low dissolved oxygen (Levin et al. 2009, Vaquer-Sunyer and Duarte 2008).  The interplay and synergy of multiple stressors in 
shaping an ecosystem’s response to hypoxia are also important (Mee 1992, Rabalais and Turner 2001, Breitburg 2002). 
 
References Cited 
Baird, D., Christian, R.R., Peterson, C.H., and Johnson, G.A. 2004. Consequences of hypoxia on estuarine ecosystem function: Energy 

diversion from consumers to microbes. Ecological Applications 14:805-822. 
Boesch, D.F. 2002. Challenges and opportunities for science in reducing nutrient over-enrichment of coastal ecosystems. Estuaries 

25:886–900. 
Breitburg, D. 2002. Effects of hypoxia, and the balance between hypoxia and enrichment, on coastal fishes and fisheries. Estuaries 

25:767-781. 
Breitburg, D.L., D.W. Hondorp, L.W. Davias, and R.J. Diaz. 2009. Hypoxia, nitrogen and fisheries: Integrating effects across local and 

global landscapes. Annual Reviews in Marine Science 1:329-350. 
Caddy, J. F. 1993. Toward a comparative evaluation of human impacts on fishery ecosystems of enclosed and semi-enclosed seas. 

Reviews in Fisheries Science 1:57-95. 
Cloern, J. E. 2001. Our evolving conceptual model of the coastal eutrophication problem. Marine Ecology-Progress Series 210:223-

253. 
Diaz, R.J. and R. Rosenberg. 1995. Marine benthic hypoxia: a review of its ecological effects and the behavioral responses of benthic 

macrofauna. Oceanography and Marine Biology, An Annual Review 33:245-303. 
Díaz, R.J. and R. Rosenberg. 2008. Spreading dead zones and consequences for marine ecosystems. Science 321:926-928. 

http://www.esajournals.org/doi/abs/10.1890/02-5094
http://www.esajournals.org/doi/abs/10.1890/02-5094
http://www.springerlink.com/index/H52G4V232328HM67.pdf
http://www.springerlink.com/index/P2306P145N4765L1.pdf
http://arjournals.annualreviews.org/doi/abs/10.1146/annurev.marine.010908.163754
http://arjournals.annualreviews.org/doi/abs/10.1146/annurev.marine.010908.163754
http://www.csa.com/partners/viewrecord.php?requester=gs&collection=ENV&recid=3539859
http://www.int-res.com/articles/meps/210/m210p223.pdf
http://cat.inist.fr/?aModele=afficheN&cpsidt=2080793
http://cat.inist.fr/?aModele=afficheN&cpsidt=2080793
http://www.sciencemag.org/cgi/content/abstract/321/5891/926


Hypoxia and Anoxia, By Dr. Robert Diaz 2 

Galloway, J.N., A.R. Townsend, J.W. Erisman, M. Bekunda, Z. Cai, J.R. Freney, L.A. Martinelli, S.P. Seitzinger and M.A. Sutton. 2008. 
Transformation of the nitrogen cycle: Recent trends, questions, and potential solutions. Science 320:889-892. 

Gray, J.S., R.S.-S. Wu and Y.Y. Or. 2002. Effects of hypoxia and organic enrichment on the coastal marine environment. Marine 
Ecology Progress Series 238:249–279. 

Helly J.J. and L.A. Levin. 2004. Global distribution of naturally occurring marine hypoxia on continental margins. Deep-Sea Research I 
51:1159-1168. 

Karlson, K., Rosenberg, R. and Bonsdorff, E. 2002. Temporal and spatial large-scale effects of eutrophication and oxygen deficiency on 
benthic fauna in Scandinavian and Baltic waters - A review. Oceanography and Marine Biology, An Annual Review 40:427-489. 

Keeling, R. F. and H.E. Garcia. 2002. The change in oceanic O2 inventory associated with recent global warming. Proceedings of the 
National Academy of Sciences of the United States of America 99:7848-7853. 

Levin, L.A., W. Ekau, A.J. Gooday, F. Jorissen, J.J. Middelburg, W. Naqvi, C. Neira, N.N. Rabalais, and J. Zhang. 2009. Effects of 
natural and human-induced hypoxia on coastal benthos. Biogeosciences Discussion 6:3563–3654. 

Mee, L.D. 1992. The Black Sea in crisis: a need for concerted international action. Ambio 21, 278-286. 
Rabalais, N.N. and R.E. Turner (eds.). 2001. Coastal Hypoxia: Consequences for Living Resources and Ecosystems. Coastal and 

Estuarine Studies 58, American Geophysical Union, Washington, D.C. 
Rabalais, N.N. and D. Gilbert. 2008.  Distribution and consequences of hypoxia. Chapter 11, pp. 209-225 in E. R. Urban, Bjørn Sundby, 

P. Malanotte-Rizzoli, and Jerry Milello (eds),  Watersheds, Bay, and Bounded Seas: The Science and Management of Semi-
Enclosed Marine Systems. Island Press, Washington, D.C. 

Richards, J.G., A.P. Farrell and C.J. Brauner (eds.). 2009. Hypoxia. Fish Physiology Vol. 27, Burlington: Academic Press. 528 p. 
Turner, R.E., N.N. Rabalais and D. Justic. 2008. Gulf of Mexico hypoxia: alternate states and a legacy. Environmental Science and 

Technology 42: 2323–2327. 
Tyler, R.M., D.C. Brady and T.E. Targett. 2009. Temporal and spatial dynamics of diel-cycling hypoxia in estuarine tributaries. Estuaries 

and Coasts 32:123–145. 
Vaquer-Sunyer, R. and C.M. Duarte. 2008. Thresholds of hypoxia for marine biodiversity. Proceedings of the National Academy of 

Sciences of the United States of America 105:15452–15457. 
 
Other References 
Baden, S.P., Loo, L.O., Pihl, L. and Rosenberg, R. 1990. Effects of eutrophication on benthic communities including fish - Swedish west 

coast. Ambio 19, 113-122. 
Breitburg, D.L., T. Loher, C.A. Pacey and A. Gerstein. 1997. Varying effects of low dissolved oxygen on trophic interactions in an 

estuarine food web. Ecological Monographs 67:489-507. 
Brosnan, T. M., and O'Shea, M. L. 1996. Long-term improvements in water quality due to sewage abatement in the lower Hudson 

River. Estuaries 19:890-900. 
Burnett, L. E. 1997. The challenges of living in hypoxic and hypercapnic aquatic environments. American Zoologist 37:633-640. 
Craig, J. K., and Crowder, L. B. 2005. Hypoxia-induced habitat shifts and energetic consequences in Atlantic croaker and brown shrimp 

on the Gulf of Mexico shelf. Marine Ecology Progress Series 294:79-94. 

http://www.sciencemag.org/cgi/content/abstract/320/5878/889
http://www.int-res.com/articles/meps2002/238/m238p249.pdf
http://linkinghub.elsevier.com/retrieve/pii/S0967063704000639
http://cat.inist.fr/?aModele=afficheN&cpsidt=14868520
http://cat.inist.fr/?aModele=afficheN&cpsidt=14868520
http://www.pnas.org/content/99/12/7848.long
http://adsabs.harvard.edu/abs/2009BGD.....6.3563L
http://adsabs.harvard.edu/abs/2009BGD.....6.3563L
http://www.jstor.org/stable/4313943
https://www.agu.org/cgi-bin/agubooks?intro=CECE0582723&book=CECE0582723&topic=&search=
http://pubs.acs.org/doi/abs/10.1021/es071617k
http://www.springerlink.com/index/L523878417640256.pdf
http://www.pnas.org/cgi/content/abstract/105/40/15452
http://www.fao.org/agris/search/display.do?f=./1991/v1702/SE9110167.xml;SE9110167
http://www.fao.org/agris/search/display.do?f=./1991/v1702/SE9110167.xml;SE9110167
http://www.esajournals.org/doi/abs/10.1890/0012-9615(1997)067%5B0489:VEOLDO%5D2.0.CO%3B2
http://www.esajournals.org/doi/abs/10.1890/0012-9615(1997)067%5B0489:VEOLDO%5D2.0.CO%3B2
http://www.springerlink.com/index/4713124KR68L0427.pdf
http://www.springerlink.com/index/4713124KR68L0427.pdf
http://icb.oxfordjournals.org/cgi/content/abstract/37/6/633
http://www.int-res.com/articles/meps2005/294/m294p079.pdf
http://www.int-res.com/articles/meps2005/294/m294p079.pdf


Hypoxia and Anoxia, By Dr. Robert Diaz 3 

Cronin, T. M., and Vann, C. D. 2003. The sedimentary record of climatic and anthropogenic influence on the Patuxent estuary and 
Chesapeake Bay ecosystems. Estuaries 26:196-209. 

Cooper, S.R., G.S. Brush. 1991. Long-term history of Chesapeake Bay anoxia. Science 254:992-996. 
D'Avanzo, C. and Kremer, J.N. 1994. Diel oxygen dynamics in an eutrophic estuary of Waquoit Bay, Massachusetts. Estuaries 17:131-

139. 
Davis, J. C. 1975. Minimal dissolved oxygen requirements of aquatic life with emphasis on Canadian species: a review. J. Fish. Res. 

Board. Can. 32:2295-2332. 
Dauer D.M., A.J. Rodi, Jr., J.A. Ranasinghe. 1992. Effects of low dissolved oxygen events on the macrobenthos of the lower 

Chesapeake Bay. Estuaries 15:384-391. 
Eby, L. A., and Crowder, L. B. 2004. Effects of hypoxic disturbances on an estuarine nekton assemblage across multiple scales. 

Estuaries 27:342-351. 
Elmgren, R. 1989. Man's impact on the ecosystem of the Baltic Sea: energy flows today and at the turn of the century. Ambio 18:326-

332. 
Grantham, B.A., Chan, F., Nielsen, K.J., Fox, D.S., Barth, J.A., Huyer, A., Lubchenco, J. and Menge, B.A. 2004. Upwelling-driven 

nearshore hypoxia signals ecosystem and oceanographic changes in the northeast Pacific. Nature, 429:749–754. 
Hagy, J.D., W.R. Boynton, C.W. Keefe, K.V. Wood. 2004. Hypoxia in Chesapeake Bay, 1950-2001: Long-term change in relation to 

nutrient loading and river flow. Estuaries 27:634-658. 
Howarth, R. W., Billen, G., Swaney, D., Townsend, A., Jaworski, N., Lajtha, K., Downing, J. A., Elmgren, R., Caraco, N., Jordan, T., 

Berendse, F., Freney, J., Kudeyarov, V., Murdoch, P. and Zhu, Z. L. 1996. Regional nitrogen budgets and riverine N & P fluxes 
for the drainages to the North Atlantic Ocean: Natural and human influences. Biogeochemistry 35:75-139. 

Justic, D., T. Legovic and L. Rottini-Sandrini. 1987. Trends in oxygen content 1911-1984 and occurrence of benthic mortality in the 
northern Adriatic Sea. Estuarine Coastal Shelf Science 25:435-445. 

Kamykowski, D., and Zentara, S. J. 1990. Hypoxia in the world oceans as recorded in the historical data set. Deep Sea Research 
37:1861-1874. 

Lenihan, H.S., C.H. Peterson. 1998. How habitat degradation through fishery disturbance enhances impacts of hypoxia on oyster reefs. 
Ecol. Appl. 8:128-140. 

Llansó, R.J. 1992. Effects of hypoxia on estuarine benthos: the lower Rappahannock River (Chesapeake Bay), a case study. Estuarine, 
Coastal and Shelf Science 35:491-515. 

Loesch H. 1960. Sporadic mass shoreward migrations of demersal fish and crustaceans in Mobile Bay, Alabama. Ecology 41:292–98. 
Luther, G.W., S.F. Ma, R. Trouwborst, B. Glazer, M. Blickley, R.W. Scarborough, M.G. Mensinger. 2004. The roles of anoxia, H2S, and 

storm events in fish kills of dead-end canals of Delaware inland bays. Estuaries 27:551-560. 
Mee, L. 2006. Reviving dead zones. Scientific American 295:78-85. 
Montagna, P.A., C. Ritter. 2006. Direct and indirect effects of hypoxia on benthos in Corpus Christi Bay, Texas, USA. Journal of 

Experimental Marine Biology and Ecology 330:119-131. 
Officer, C.B., R.B. Biggs, J.L. Taft, L.E. Cronin, M.A. Tyler, W.R. Boynton. 1984. Chesapeake Bay anoxia: origin, development, and 

significance. Science 223:22-27. 
Parker, C.A., J.E. O'Reilly. 1991. Oxygen depletion in Long Island Sound: A historical perspective. Estuaries 14:248-264. 

http://www.springerlink.com/index/N2277H53746GN242.pdf
http://www.springerlink.com/index/N2277H53746GN242.pdf
http://www.sciencemag.org/cgi/content/abstract/sci;254/5034/992
http://www.springerlink.com/index/H7K6M83405361761.pdf
http://www.csa.com/partners/viewrecord.php?requester=gs&collection=ENV&recid=7712871
http://www.springerlink.com/index/DR2K575W3K86GN2W.pdf
http://www.springerlink.com/index/DR2K575W3K86GN2W.pdf
http://www.springerlink.com/index/N864614M2026M613.pdf
http://www.jstor.org/stable/4313603
http://www.nature.com/nature/journal/v429/n6993/abs/nature02605.html?lang=en
http://www.nature.com/nature/journal/v429/n6993/abs/nature02605.html?lang=en
http://www.springerlink.com/index/D0P2523XXN0V0623.pdf
http://www.springerlink.com/index/D0P2523XXN0V0623.pdf
http://www.springerlink.com/index/G913U054312M5G11.pdf
http://www.springerlink.com/index/G913U054312M5G11.pdf
http://www.csa.com/partners/viewrecord.php?requester=gs&collection=ENV&recid=1918395
http://www.csa.com/partners/viewrecord.php?requester=gs&collection=ENV&recid=1918395
http://linkinghub.elsevier.com/retrieve/pii/0198014990900827
http://www.esajournals.org/doi/abs/10.1890/1051-0761(1998)008%5B0128:HHDTFD%5D2.0.CO%3B2
http://adsabs.harvard.edu/abs/1992ECSS...35..491L
http://www.jstor.org/stable/1930218
http://www.springerlink.com/index/3H00788848L84786.pdf
http://www.springerlink.com/index/3H00788848L84786.pdf
http://www.sciamdigital.com/index.cfm?fa=ExtServices.GspDownloadIssueView&ARTICLEID_CHAR=193221E4-2B35-221B-6CD238FE6A0F31CE
http://linkinghub.elsevier.com/retrieve/pii/S0022098105006039
http://www.sciencemag.org/cgi/content/abstract/223/4631/22
http://www.sciencemag.org/cgi/content/abstract/223/4631/22
http://www.springerlink.com/index/E3044163T7L65846.pdf


Hypoxia and Anoxia, By Dr. Robert Diaz 4 

Rabalais, N.N., Turner R.E., Díaz R.J. and Justić D. 2009. Global change and eutrophication of coastal waters.  ICES Journal of Marine 
Science. doi:10.1093/icesjms/fsp047 

Rabalais, N.N., R.E. Turner, B.K. Sen Gupta, D.F. Boesch, P. Chapman and M.C. Murrell. 2007. Hypoxia in the Northern Gulf of 
Mexico: Does the science support the plan to reduce, mitigate, and control hypoxia? Estuaries and Coasts 30:753-772. 

Riedel, B., M. Zuschin, A. Haselmair and M. Stachowitsch. 2008. Oxygen depletion under glass: Behavioural responses of benthic 
macrofauna to induced anoxia in the Northern Adriatic. Journal of Experimental Marine Biology and Ecology 367:17–27. 

Rosenberg, R. 1990. Negative oxygen trends in Swedish coastal bottom waters. Marine Pollution Bulletin 21:335-339. 
Sagasti, A., L. C. Schaffner and J. E. Duffy. 2000. Epifaunal communities thrive in an estuary with hypoxic episodes. Estuaries 23: 474-

488. 
Tenore, K.R. 1972. Macrobenthos of the Pamlico River estuary, North Carolina. Ecological Monographs 42:51-69. 
Turner, R.E. and N.N. Rabalais. 1994. Coastal eutrophication near the Mississippi river delta. Nature 368:619-621. 
Verity, P.G., M. Alber and S.B. Bricker. 2006. Development of hypoxia in well-mixed subtropical estuaries in the southeastern USA. 

Estuaries and Coasts 29:665-673. 
Zimmerman, A.R. and E.A. Canuel. 2000. A geochemical record of eutrophication and anoxia in Chesapeake Bay sediments: 

anthropogenic influence on organic matter composition. Marine Chemistry 69:117-137. 
 
Web Resources 
To view global distribution and basic data from low dissolved oxygen areas go to Google Earth 5, Ocean Database, Condition of the 
Seas. 
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http://www.cop.noaa.gov/stressors/pollution/current/noaa_hyp_1pg.html 
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