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Abstract

This contribution is based on a previous technical report in Science and Information 
Technology for Sustainable Management of Aquatic Ecosystems. Universidad de 
Concepción, International Water Association, 7th ISE & 8th HIC Chile, pp. 90–99, 
2009. In the Mississippi basin (USA) and Grijalva-Usumacinta basin (México), 
there has been a large-scale loss of wetlands and water quality deterioration over 
the past 50 years. Wetland loss is due to reclamation, mainly for agriculture, urban 
development, oil and gas industry, and isolation of rivers by levees from their 
fl oodplains and deltas. Water quality has deteriorated throughout the basin due to 
several factors including heavy use of fertilizers, effi cient drainage, wetland loss, 
erosion, and reduced diversity of crops. Habitat loss and poor water quality are the 
results of cumulative impacts of actions throughout the basin. Wetlands promote 
nitrogen removal, not only through de-nitrifi cation, but also through burial and 
plant uptake, which offer a sound ecotechnological solution. There are additional 
benefi ts of restoration of wetland and riverine ecosystems such as fl ood control, 
reduction in public health threats, enhanced landscape, wildlife and fi sheries, 
increased accretion rates to help offset subsidence, and fi nancial and energy  saving 
of capital not invested in conventional tertiary treatment systems.
Keywords: Residual waters, eco-technology, ecological engineering, wetlands, 
Gulf of Mexico.
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1 Introduction

In this paper, we address ecological approaches to solving water quality and 
habitat deterioration in coastal ecosystems and their watersheds. We focus on 
the Mississippi (US) and Grijalva-Usumacinta (Mexico) basin and delta. Human 
impacts are occurring from local to global scales. This is especially important in 
large river basins where there has been large-scale loss of habitat degradation, 
especially wetlands and riparian areas, and water quality deterioration. We use the 
Mississippi basin and delta and Grijalva-Usumacinta basin and delta as a model 
for both environmental impact and holistic management. Many wetland and ripar-
ian ecosystems have been isolated from rivers and streams and there has been  
widespread loss of wetlands, both in the Mississippi basin and elsewhere.

Wetlands improve water quality in a number of ways. Both phosphorus and 
nitrogen can be assimilated via plant uptake and burial and nitrate can be lost to the 
atmosphere via de-nitrifi cation. At the level of the drainage basin, changes in farm-
ing practices and use of wetlands for nutrient assimilation can reduce nutrients in 
rivers. Postel [1], Vitousek [2], Mitsch et al. [3], and Mitsch and Day [4] discussed 
how wetlands could be used to reduce fertilizer runoff to streams and showed that 
a return to more traditional farming practices, what they called multifunctional 
agriculture, would also promote lower fertilizer runoff from farm fi elds. Restoration 
of wetland and riparian ecosystems also results in improved fl ood control, reduc-
tion in public health threats such as blue baby syndrome, and more habitats for 
wildlife and fi sheries. Reconnection of the river to the fl oodplain and delta is an 
integral part of restoration of river basins. The use of river diversions can address 
both problems of coastal land loss and water quality deterioration; nitrate levels in 
river water can be removed in wetlands by the process of de-nitrifi cation; wetlands 
are being used throughout the Mississippi basin to assimilate nutrients in munici-
pal wastewater and agricultural runoff; this approach is costeffective and results in 
improved water quality, enhanced wetland productivity, and increased accretion 
[3, 4].

2 The coastal zone under severe risk

The problems described earlier for the Mississippi basin occur unfortunately 
throughout the world. During the 20th century, the effects of human activities 
affected ecological and biogeochemical processes at the global level (United 
Nations Environment Program, 2006, Millennium Ecosystem Assessment, www.
millenniumassessment.org). For example, humans directly or indirectly use about 
40% of net terrestrial primary productivity and about 30% of the accessible renew-
able fresh water runoff, and in the upper Mississippi basin, up to 90% of natural 
habitat has been converted to other uses, mostly agriculture [2–4]. About 55% 
of tropical forests have been cut with strong impacts on biodiversity [5]. Even 
greater losses have occurred in the vast bottomland forests of the lower Mississippi 
fl oodplain and the lower Grijalva-Usumacinta fl oodplain. There is widespread 
land degradation due to soil erosion, salt intrusion, and desertifi cation [6] and 
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persistent fl ooding in low-lands due to subsidence. Human activity has affected 
the global nitrogen cycle and in many of the world’s rivers, nutrient levels in rivers 
are increasing [7–9]. As a result, hypoxia is a common phenomenon in many shal-
low continental shelf areas that receive signifi cant fresh water input, such as the 
Mississippi and Grijalva-Usumacinta deltas. To solve the problem, a basin-wide 
approach using ecotechnology and ecological engineering is required [4, 10].

Global climate and the availability and cost of energy will make coastal and 
drainage basin restoration much more challenging [11]. Climate change is leading 
to increased temperature, sea level rise, and changes in rainfall patterns [12, 13]. 
Eustatic SLR was about 15 cm (1.5 mm/year) during the 20th century. The IPCC 
predicts the sea level rise of about 40 cm in the 21st century, but recent satellite 
measurements indicate that it is already about 3 mm/year. Information from the 
arctic on decreasing sea ice and snow cover, decreasing albedo, and more rapid 
melting of the Greenland ice mass has suggested to some climate scientists that sea 
level rise will be higher, perhaps a meter [14]. Thus, RSLR in deltaic areas with 
high levels of subsidence will be considerably higher than a meter in this century. 
Recent evidence also suggests that there is a trend toward stronger, more frequent 
hurricanes in the Gulf. Energy scarcity will likely become an important factor 
affecting delta management. Recent analyses suggest that world oil production 
will soon peak implying that demand will consistently be greater than supply and 
that the cost of energy will increase signifi cantly [15]. Some argue that the peak is 
occurring now while others argue it is 2–3 decades away. But the planning horizon 
for coastal and basin protection and restoration is 50 to 100 years, so energy scar-
city will certainly affect how we manage the coast. Levees, barrier island restora-
tion, and pumping of sediments are energy intensive both in construction and 
maintain. River diversions and wetlands for water quality improvement have rela-
tively low long-term maintenance costs.

3  Eco-technology and ecological engineering: toward a 
sustainable future

It is clear that in the coming decades, society will be faced with restoring valuable 
ecosystems in a time of climate change and energy scarcity. This restoration will 
be necessary for the services they provide because in the time of declining energy, 
services from ecosystems will become relatively more important in supporting the 
human economy. In order to be able to carry out ecological restoration in the time 
of energy scarcity, energy effi cient ecotechnologies will be necessary [16, 17].

This kind of ecotechnology is ecological engineering [4, 10, 11], and the con-
cepts and tools for dealing with such as problems are explained in [4, 16, 17]. 
Ecological engineering is defi ned as ‘the design of sustainable ecosystems that 
integrate human society with its natural environment for the benefi t of both’ [18]. 
Ecological engineering involves creating and restoring sustainable ecosystems 
that have value to both humans and nature. Ecological engineering combines basic 
and applied science for the restoration, design, and construction of aquatic and 
terrestrial ecosystems. Ecological engineering uses mainly the energies of nature 
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with human energy used in design and control of the key process. This will become 
extremely important in a time of energy scarcity. The goals of ecological engineer-
ing are 1) the restoration of ecosystems that have been substantially disturbed by 
human activities such as environmental pollution or land disturbance and 2) the 
development of new sustainable ecosystems that have both human and ecological 
value. The primary components of ecological engineering are self-designing eco-
systems with their biological species and biogeochemical processes.

Restoration ecology and the restoration fi elds (e.g. terrestrial, aquatic, and wet-
lands) have many features in common with ecological engineering. Ecosystem 
restoration is ‘ecological engineering of the best kind’ because we are putting back 
ecosystems that use to exist.

Self-design and the related concepts of self-organization are important properties 
of ecosystems in the context of their creation and restoration. Self-organization is 
the property of systems to reorganize themselves, given an unstable and non- 
homogeneous environment. Self-organization applies well to ecosystems where spe-
cies are continually introduced and deleted; species interactions (e.g. predation and 
mutualism) change in dominance and the environment itself changes. All of these 
activities go on to some extent continuously. Self-organization is a characteristic of 
the system itself. The species that succeed in an ecosystem are those that reinforce 
other species through nutrient cycles, aids to reproduction, control of spatial diver-
sity, population regulation, and other means [19]. Self-organization develops fl exible 
networks with a higher potential for adaptation to new situations. Thus, self-design 
is desirable for solving many ecological problems, particularly in coastal river basin 
wetlands. When biological systems are involved, the ability for the ecosystems to 
change, adapts, and grow is very important. Self-design is defi ned by Odum [19] as 
‘the application of self-organization in the design of ecosystems’. Self-design is an 
ecosystem, which functions in a way where the chance introduction of species is 
analogous to chance mutations in evolution. In the concept of the ecosystem devel-
opment, self-design means that if an ecosystem is open to allow ‘seeding’, of enough 
species, the system itself will optimize its design by selecting for the assemblage of 
species and processes that is best adapted for existing conditions.

4  Wetland habitat loss and water quality deterioration in the 
Gulf of Mexico

4.1 The Mississippi basin and delta

The Mississippi basin has a 3.2 million km2 watershed that includes about 40% 
of the landmass of the lower 48 United States and delivers about 90% of the 
freshwater discharge to the Gulf of Mexico. The mean discharge is slightly larger 
than 18,000 m3/s. The Mississippi delta is a large regional coastal ecosystem that 
encompasses about 25,000 km2 of wetlands, shallow inshore water bodies, and 
low elevation upland areas, mainly ridges associated with current and former 
channels of the river. About 25% of the coastal wetlands of the delta were lost 
during the 20th century [20]. There were also large losses of wetlands in the basin, 
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as high as 90% in some states, mostly due to agricultural reclamation. A marked 
deterioration of water quality occurred at the same time as the wetland loss. One 
of the most well-known water quality problems is the large zone of low oxygen in 
the near shore Gulf of Mexico adjacent to the Mississippi delta. But water quality 
has declined throughout the basin due mainly to agricultural runoff. The decline in 
water quality is due to a number of cumulative impacts including loss of wetlands, 
effi cient drainage of the landscape, heavy fertilizer use, and a reduction of agricul-
tural diversity to that dominated by corn and soybeans [3].

Seven states in the upper Mississippi River basin (e.g. Indiana, Illinois, Iowa, 
Minnesota, Missouri, Ohio, and Wisconsin) have collectively had about 18.6 mil-
lion ha (46 million acres) of land drained [21], much of which was wetland. The 
landscape has lost much its ability to maintain a biogeochemical balance and the 
streams are no longer buffered from agricultural areas. The environmental services 
associated with these wetlands have also been lost.

In the Mississippi delta, 25% of wetlands present at the beginning of the 20th 
century are gone with rates of loss as high as 150 km2/year, and a total loss of 
about 3900 km2 of coastal wetlands has been lost [22]. Coastal wetland loss is the 
result of several interacting impacts, including: 1) elimination of riverine input to 
most of the coastal zone due to construction of fl ood control levees along the 
Mississippi River, 2) reduction of the suspended sediment in the Mississippi River, 
3) alteration of the internal hydrology of the delta, mostly due to canal construc-
tion, 4) saltwater intrusion resulting from lower freshwater input and canals, 5) 
wave erosion of marsh shorelines, and 6) high relative sea level rise (RSLR) result-
ing from geologic subsidence [23, 24]. Thus, wetland loss is a complex interaction 
of different factors acting at different spatial and temporal scales, but the loss of 
riverine input to most of the delta is probably the most important factor [20, 25]. 
Hypoxia conditions (low dissolved oxygen conditions in bottom waters, generally 
<2 mg/l) on the continental shelf of the northern Gulf of Mexico [26, 27], is related 
to land use changes and high fertilizer use in the Mississippi basin [28]. A reduc-
tion of nutrients in the Mississippi river can help reduce the problem of hypoxia.

4.2 The Grijalva-Usumacinta basin and delta

The ecosystem characterization has been well documented [10, 29, 30]. A typical 
tropical rain feature in the upper basin of this region is more than 3,000 mm/year, 
with a minimum of 1200 mm/year. The torrential rains during summer time are 
associated with cyclones (hurricanes). Almost 35% to 40% of the cyclones origi-
nating in the Caribbean Sea affect the Mexican coast in the Gulf of Mexico. The 
watershed of the Grijalva and Usumacinta rivers encompass a total of 118,500 km2 
remaining from its historical extension of 186,000 km2 due to land conversion to 
agriculture (for a 36% of the original total), and gas pipelines and other petroleum- 
industry-related activities. The delta prairies are assemblages of Mescalapa, 
Grijalva, Chilapa, and Usumacinta Rivers, and together they have constituted 
a large delta with more than 20,000 km2. The delta comprises a main river, the 
Usumacinta, and a major tributary, the Grijalva River. The watershed drains one of 
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the largest areas of contiguous tropical forest in the region, including 177,987 ha 
in Campeche, 724,547 ha in Tabasco, 2,175,718 ha in Chiapas (all of three states 
in Mexico), and 4,241,271 ha in Guatemala. The Usumacinta River begins a mean-
dering course through the swampy low lands of the southern shores to the Bay of 
Campeche in the Southern Gulf of Mexico and the main branch joins the Grijalva 
River before emptying into the Bay of Campeche. The eastern arm, known as the 
Palizada River, empties into the Terminos Lagoon in the State of Campeche.

The combined discharge is 3000 m3/s to 4700 m3/s or 120,000 × 106 m3/year. 
Recently the Comisión Nacional del Agua (CONAGUA México) reported a com-
bined discharge of 4402 m3/s, and [29, 30] reported 4700 m3/s, and an extreme 
combined river discharge of 7500 m3/s (October 1999) after El Niño1998 and La 
Niña 1999. Total combined discharge is about 30 × 106 m3/year. The main physi-
cal factors for explaining the extensive wetlands area are 1) rains, 2) fl oods, and 3) 
the extensive coastal plain of Tabasco and Campeche states. Because of high river 
input, extensive wetlands, and the semienclosed nature of the shallow shelf, this 
area has very high primary and fi shery productivity.

4.3 Perspectives for both Deltaic Systems

Water quality deterioration is a result of point (e.g. inadequately treated sewage) 
and non-point (e.g. agricultural and urban runoff) pollutants. High nutrient input 
and altered hydrology both contribute to poor water quality. Most upland runoff 
used to fl ow through wetlands before reaching water bodies, leading to a reduc-
tion of nutrients. The use of wetlands to improve water quality is an economical 
and environment friendly approach to improving water quality and the application 
of ecotechnology offers an ecologically sound and cost-effective method to their 
solution. The benefi ts of restoring wetland habitat include improved water quality, 
increased accretion rates to balance sea level rise in coastal wetlands affected by 
the sea level rise, improved plant production and habitat quality, and decreased cost 
compared to conventional approaches. Wetland assimilation can be designed and 
operated to restore deteriorating wetlands and maintain existing wetlands. Wetlands 
are appropriate for receiving municipal and some types of industrial (e.g. non-toxic 
effl uent such as for fi sh processing plants) effl uents (Fig. 1). In many coastal deltaic 
wetlands, geologic subsidence results in a rate of relative sea level rise that is more 
than the eustatic sea level rise. It is also likely that tropical storms will signifi cantly 
increase in intensity in the coming decades. Fresh water in effl uent can help offset 
salinity intrusion due to storms. The use of wetlands to assimilate nutrients should 
be incorporated into comprehensive management plans designed to increase sedi-
ment and nutrient input into coastal wetlands in the Gulf of Mexico.

5 The use of wetlands for water quality improvement

Numerous studies have shown that both natural and constructed wetlands can be 
effective tertiary processors of wastewater effl uent and agricultural runoff [10, 
18, 25, 31]. Wetlands are effi cient at removing excess nutrients and pollutants 
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by physical settling and fi ltration, chemical precipitation and adsorption, and 
biological metabolic process that result in burial, storage in vegetation, and de- 
nitrifi cation (Fig. 1). These wetland functions can be especially critical for coastal 
regions affected by degraded water quality. It is important that the size of the 
wetland be matched with the amount of effl uent or agricultural runoff entering the 
wetland so that signifi cant nutrient reduction can take place. It is also important to 
note that wetlands should not be used to treat raw sewage.

Sewage should be treated to a certain extent before discharge to wetlands. 
Wastewater effl uent may also serve as a restoration tool in fl ood plain systems and in 
coastal wetlands impacted by high rates of the relative sea level rise (RSLR). Coastal 
wetlands have been shown to persist in the face of RSLR when vertical accretion and 
elevation gain equals or exceed the rate of water level rise [32]. Historically, seasonal 
over bank fl ooding from river such as the Mississippi River deposited sediments and 
nutrients into wetlands of delta plains [21]. Not only did fl oods provide an allochtho-
nous source of material or mineral sediments, which contributed directly to vertical 
accretion, but the nutrients associated with these sediments promoted vertical accre-
tion through organic matter production as well as deposition. In such stressed wet-
land systems, there are several benefi ts derived from the discharge of treated effl uent: 
1) improved water quality, 2) increased accretion rates, 3) increased productivity of 
vegetation, and 4) fi nancial and energy savings [33].

Figure 1:  A conceptual model of wastewater assimilation by wetlands showing 
the three main pathways of permanent nutrient uptake (e.g. vegetative 
uptake, de-nitrifi cation, and burial). The global positive ‘feedback’ on 
the effects of effl uent application to wetland is shown in a fl ow from 
effl uent, to primary producers, to accretion (elevation). N = nitrogen, 
P = phosphorous, TSS = total suspended sediments.
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6 Conclusions

Result from numerous studies of wetland assimilation systems indicate that they 
are achieving the ecological goals of enhancing water quality, stimulating accre-
tion, and increasing productivity. At low loading rates, nutrient reductions are 
high, often greater than 80%, due to plant uptake, de-nitrifi cation, and burial. 
There are substantial economic and energy saving for communities and non-toxic 
industrial processors and wetland assimilation offers an ecologically sensitive way 
to deal with agricultural runoff. Properly designed regulatory review and permit 
processes ensure that projects comply with State and Federal clean water laws. 
Wetland wastewater treatment can provide an economically viable, effective, and 
sustainable alternative to expensive conventional tertiary treatment. In combina-
tion with improved agronomic practices, wetland assimilation also offers a practi-
cable way of dealing with agricultural runoff.

Acknowledgments

This research was supported by the following Projects: INECOL 902-19-752, 
PEMEX-Centla 91- 41, Mexico; GIWA GEF/UNEP Sub Region 2 Gulf of Mexico, 
Kalmar Sweden; and the CREST Program at Louisiana State University, the NOAA 
Coastal Ocean Program and the Sea Grant Louisiana, and the Olentangy River 
Wetland Research Park at Ohio State University, USA. This contribution is under 
the Research Project No. 10368 from INECOL, to produce the book ‘Ecological 
Dimensions for Sustainable Socio Economic Development’ in a contract signed 
in October 5, 2011 (WIT Press Ltd, Southampton UK) and September 15, 2011 
(Alejandro Yáñez-Arancibia and Raymundo Dávalos, invited Editors).

References

 [1] Postel, S.L., Daily, G.C. & Ehrlich, P.R., Human appropriation of renewable 
fresh water. Science, 271, pp. 785–788, 1996.

 [2] Vitousek, P., Mooney, H., Lubchenko, J. & Melillo, J., Human domination of 
earth’s ecosystems. Science, 277, pp. 494–499, 1997.

 [3] Mitsch, W.J., Day, J.W., Gilliam, J.W., Groffman, P.M., Hey, D.L. & 
Randall, G.W., Reducing nitrogen loading to the Gulf of Mexico from the 
Mississippi River basin: strategies to counter a persistent ecological prob-
lem. BioScience, 51, pp. 373–388, 2001.

 [4] Mitsch W.J. & Day J.W., Restoration of wetlands in the Mississippi- Ohio-
Missouri (MOM) river basin: experience and needed research. Ecological 
Engineering, 26, pp. 55–69, 2006.

 [5] Goodland, R. & Daly, H., Environmental sustainability: universal and non-
negotiable. Ecological Applications, 6, pp. 1002–1017, 1996.

 [6] Pimentel, D., Harvey, C., Rososudarmo, P., Sinclair, K., Kurz, D. & McNair, 
M., Environmental and economic cost of soil erosion and conservation ben-
efi ts. Science, 267, pp. 1117–1123, 1995.

 
 www.witpress.com, ISSN 1755-8336 (on-line) 
WIT Transactions on State of the Art in Science and Engineering, Vol 64, © 2013 WIT Press



Using Ecotechnology to Address Water and Habitat Loss Quality 515

 [7] Howarth, R., Billen, G., Swaney, D., Townsend, A., Jaworski, N. & Lajtha, 
K., Regional nitrogen budgets and riverine N and P fl uxes for the drainages 
to the North Atlantic Ocean: natural and human infl uences. Biogeochemistry, 
35, pp. 1995–2004, 1995.

 [8] Nixon, S.W., Ammerman, J.W., Atkinson, L.P., Berounsky, V.M., Billen, 
G. & Boicourt, W.C., The fate of nitrogen and phosphorous at the land-sea 
margin of the North Atlantic ocean. Biogeochemistry, 35, pp. 141–180, 
1996.

 [9] Downing, J.A., McClain, M., Twilley, R.R., Melack, J.M., Elder, J., Rabalais 
N.N., Lewis, W.M., Turner, R.E., Corredor, J., Soto, D., Yáñez-Arancibia, 
A., Kopaska, J.A. & Howarth, R.W., The impact of accelerating land-use 
change on the N-cycle of tropical aquatic ecosystems: current conditions and 
projected changes. Biogeochemistry, 46, pp. 109–148, 1999.

[10] Day, J.W., Yáñez-Arancibia, A., Mitsch, W.J., Lara-Dominguez, A.L., Day 
J.N., Ko, J.Y., Lane, R., Lindsey, J. & Zárate-Lomeli, D., Using ecotech-
nology to address water quality and wetland habitat loss problems in the 
Mississippi basin (and Grijalva-Usumacinta basin): a hierarchical approach. 
Biotechnology Advances, 22(1–2), pp. 135–159, 2003.

[11] Day, J.W., Barras, J., Clairain, E., Johnston, J., Justic, D., Kemp, P., Ko, 
J.Y., Lane, R., Mitsch, W.J., Steyer, G., Templet, P.H. & Yáñez-Arancibia, 
A., Implications of global climatic change and energy cost and availabil-
ity for the restoration of the Mississippi Delta. Ecological Engineering, 24, 
pp. 253–265, 2005.

[12] Wigley, T. & Raper, S., Implications for climate and sea level of revised 
IPCC emissions scenarios. Nature, 357, pp. 293–300, 1992.

[13] IPCC, Climate Change 2007: The Physical Science Basis, Summary for 
Policymakers, (Report Working Group 1 to the Fourth Assessment Report 
IPCC, Cambridge University Press: Cambridge UK, 2007.

[14] Rahmstorf, S., A semi-empirical approach to projecting future sea-level rise. 
Science, 315, pp. 368–370, 2007.

[15] Deffeyes, K.S., Hubbert’s Peak-The Impending World Oil Shortage, 
Princeton University Press: Princeton NJ, 2001.

[16] Boesch, D.F., Scientifi c requirements for ecosystem-based management 
in the restoration of Chesapeake Bay and Coastal Louisiana. Ecological 
Engineering, 26, pp. 6–26, 2006.

[17] Yáñez-Arancibia, A., Day, J.W., Twilley, R.R. & Mitsch, W.J., Enfoque de 
ecosistema para restaurar humedales costeros ante los cambios globales. 
Ambientico, 165, pp. 35–39, 2007.

[18] Mitsch, W.J. & Jorgensen, S.E., Ecological Engineering and Ecosystem 
Restoration, Wiley: New York, 2004.

[19] Odum, H.T., Ecological engineering and self-organization. Ecological 
Engineering: An Introduction to Ecotechnology, eds. W.J. Mitsch, S. 
Jorgensen, Wiley Interscience: New York, 1989.

[20] Day, J.W., Boesch, D.F., Clairain, E.J., Kemp, G.P., Laska, S.B., Mitsch, 
W.J., Orth, K., Mashriqui, H., Reed, D.J., Shabman, L., Simenstad, C.A., 
Streever, B.J., Twilley, R.R., Watson, C.C., Wells, J.T. & Whigham, D.F., 

 
 www.witpress.com, ISSN 1755-8336 (on-line) 
WIT Transactions on State of the Art in Science and Engineering, Vol 64, © 2013 WIT Press



516 Ecological Dimensions for Sustainable Socio Economic Development

Restoration of the Mississippi Delta: lessons from hurricanes Katrina and 
Rita. Science, 315, pp. 1679–1684, 2007.

[21] Day, J.W., Shaffer, G., Britsch, L., Reed, D., Hawes, S. & Cahoon, D., Pattern 
and process of land loss in the Mississippi delta: a spatial and temporal anal-
ysis of wetland habitat change. Estuaries, 23, pp. 425–438, 2000.

[22] Barras, J.A., Burgeois, P.E. & Handley, L.R., Land Loss in Coastal Louisiana, 
1956–1990, National Biological Survey, National Wetlands Research Center 
Open File Report 94-01, Baton Rouge: Louisiana, 1994.

[23] Costanza, R., Mitsch, W.J. & Day, J.W., Creating a sustainable and desirable 
New Orleans. Ecological Engineering, 26, pp. 317–320, 2006.

[24] Costanza, R., Mitsch, W.J. & Day, J.W., A new vision for New Orleans and 
the Mississippi delta: applying ecological economics and ecological engi-
neering. Frontiers in Ecology, 4, pp. 465–472, 2006.

[25] Day, J.W., Ko, J.Y., Rybczyk, J., Sabins, D., Bean, R., Berthelot, G., Brantley, 
C., Cardoch, L., Conner, W., Day, J.N., Englande, A.J., Feagley, S., Hyfi eld, 
E., Lane, R., Lindsey, J., Mistich, J., Reyes, E. & Twilley, R.R., The use 
of wetlands in the Mississippi Delta for wastewater assimilation: a review. 
Ocean & Coastal Management, 47(11–12), pp. 671–691, 2004.

[26] Rabalais, N.N. & Turner, R.E. (eds.), Coastal Hypoxia: Consequences for 
Living Resources and Ecosystems, Coastal and Estuarine Studies, Vol. 58, 
American Geophysical Union: Washington, DC, 2001.

[27] Rabalais, N.N., Turner, R.E. & Scavia, D., Beyond science into policy: Gulf 
of Mexico hypoxia and the Mississippi River. BioScience, 52, pp. 129–142, 
2002.

[28] Turner, E.R. & Rabalais, N.N., Linking landscape and water quality in the 
Mississippi River basin for 200 years. BioScience, 53(6), pp. 563–572, 2003.

[29] Yáñez-Arancibia, A. & Day, J.W., Hydrology, water budget, and residence 
time in the Terminos Lagoon estuarine system, southern Gulf of Mexico. 
Coastal Hydrology and Processes, eds. V.P. Sing, Y. Jun-Xu, Water Resources 
Publ, LLC Highlands Ranch: Colorado, pp. 423–435, 2006.

[30] Yáñez-Arancibia, A. & Day, J.W., The Grijalva-Usumacinta river delta 
 functioning: challenge for coastal management, Ocean Yearbook, 23, 
pp. 473–501, 2009.

[31] Kadlec, R.H. & Knight, R.L., Treatment Wetlands, Lewis Publ. Inc: NY, 1996.
[32] Richardson, C.J. & Davis, D.S., Natural and artifi cial wetland ecosystems: 

ecological opportunities and limitations. Aquatic Plants for Water Treatment 
and Resource Recovery, eds. K.R. Reddy, W.H. Smith, Magnolia Publishing 
Inc.: Orlando, 1987.

[33] Ko, J.Y., Day, J.W., Lane, R. & Day, J.N., A comparative evaluation of 
cost-benefi t analysis and embodies energy analysis of terrestrial munici-
pal wastewater treatment using forested wetlands in Louisiana. Ecological 
Engineering, 49, pp. 331–347, 2004.

 
 www.witpress.com, ISSN 1755-8336 (on-line) 
WIT Transactions on State of the Art in Science and Engineering, Vol 64, © 2013 WIT Press




