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To understand wetland self-organization and to prevent pollution of groundwater
and coral reef on the calcareous east coast of Yucatan, Mexico, a wetland mesocosm
system was developed for treatment and recycle of saline, septic-tank wastewater. High
diversity wetland ecosystems were developed in two concrete-lined chambers, using
subsurface flow through limestone gravel, arranged in series with discharge to backbeach
mangroves.

Evapotranspiration in the wetlands averaged 35% o.f design influent during
summer months and 20% during winter months. Tall wetland vegetation developed with
66 plant species in 131 mZ. Shannon diversity of vegetation was 5.01 (logarithm base 2),
far greater than that of the mangrove wetland (1.49), but less than the inland Yucatan

forest (5.35). Leaf area index increased over 13 months from 3.96 +0.28 to 6.05 £0.49.



In wastewater passing through the systems, biochemical oxygen demand was reduced
85%, suspended solids 40%, phosphorus 78% and nitrogen 75%. Coliform bacteria were
reduced 99.8+%. Limestone gravel in the treatment system removed 5.75 + 1.68 mg/kg
phosphorus per year. Nutrients in mangrove water and soil sediments increased 5-10%
from discharge of treated wastewater. Water budgets in treatment system and mangrove
were studied with simulation model.

On a per-capita basis, the wetland systems for 40 people cost approximately $160
per person to construct, vs. over $400 for alternative treatment technologies. Operation
and maintenance costs were 10% that of conventional treatment. Emergy in purchased
inputs for construction were less than 1/3 of free environmental inputs; empower density
was 2.5 E19 sej/ha/yr (one third that of conventional treatment).

The potential for economic development using the new treatment systems was
evaluated. Treatment systems would require 0.3% of the annual monetary flow (vs. 1.1%
for conventional sewage treatment) and 2.4% of total emergy while contributing 71,000
emdollars (the monetary equivalent of useful work contributed by nature and by humans).
The new systems conserve mangroves, reduce eutrophication, prevent pollution of
groundwater, protect marine resources, and contribute aesthetic values.

Research results indicate high biodiversity can be achieved in sewage treatment
wetlands, use of limestone gravel augments phosphorus uptake and such systems can be

integrated into the larger environmental setting.



CHAPTER 1
INTRODUCTION 1

A central question in ecological engineering is how to organize the hydrological
cycle of the human economy symbiotically with that of the supporting ecosystems and
geological substrate so as to maximize their joint performance. This dissertation reports
the development and evaluation of an ecologically engineered wastewater interface
between saline municipal wastewater and a tropical coastal zone with limestone substrate,
mangrove wetlands, tourist beaches and coral reefs. Potential for this wetland system was
evaluated by estimating its role in the water, nutrient, and emergy budgets of the
emerging coastal economy.

To achieve the performance observed in ecosystems in nature, an ecologically
engineered system may need to be coupled to the geological setting and cycles as
organized with groundwater. This project uses a human-assisted self-organization
and structure to innovate a union of wastewater treatment with the larger ecosystem
context.

Ecological engineering seeks a symbiotic mix of man-made and ecological self-
design that maximizes productive work of the entire system (including the human
economy and the larger-scale environmental system). Allowing this process to self-
organize may develop better adapted ecosystems that prevail because of their greater

empower (Odum, 1991). By such minimal human manipulation and management,



materials are recycled, efficiency is enhanced, costs are reduced, and ecological
processes contribute more.

An important application of ecological engineering is the design of interface
ecosystems to handle byproducts of the human economy and to maximize the
performance of both the human economy and natural ecosystems (Mitsch and Jorgensen,

1991).

Scientific Questions in Ecological Engineering of Wastewater

Treatment and release of wastewater from coastal development in Quintana Roo,
in the Yucatan Peninsula of Mexico, involve new scientific questions..

Wastewater Interface Ecosystems in the Tropics

Tropical coastlines have dry and wet season properties, frequent hurricanes and
high temperatures year-round. There has been increasing interest in using wetlands as
interface ecosystems for wastewater treatment since early studies demonstrated their
effectiveness at removal of nutrients and suspended solids. These included use of cypress
swamps in Florida (Odum et al., 1977; Ewel and Odum, 1984) and peatlands in northern
Michigan (Kadlec, 1979).

Constructed wetlands using surface-flow or subsurface flow emergent vegetation
or aquatic plant systems have gained increasing acceptance (Hammer, 1989; Mitsch and
Gosselink, 1993; Reed et al, 1995). Since such natural or constructed wetlands are often
limited by solar insolation and show increased rates of uptake in warmer climates, such
systems may be expected to operate even more efficiently in tropical regions. In addition,
wastewater interface ecosystems may benefit from the high species diversity found in

tropical regions since diversity at the biotic and metabolic level increases the efficiency



of ecosystems (Jorgensen and Mitsch, 1991). Plant diversity may benefit wastewater
treatment by providing 1/ greater variety of root systems, allowing for greater penetration
of the limestone gravel and supporting a wider range of associated microorganisms;
2/differing metabolic needs (e.g. nutrient uptake) may lead to greater capacity for
absorbing wastewater constituents; 3/differing seasonal cycles of activity which may
increase plant productivity year-round; 4/ greater ability to utilize the full spectrum of
incident solar radiation by the inclusion of shade-tolerant as well as top canopy species
and 5/ differing “specialist™ capabilities (e.g. C; and C, photosynthetic pathways, or
quantity of aerenchyma tissue in saturated conditions) allowing for greater system
response to changing environmental conditions such as light, heat, and nutrient levels.
Greater diversity also buffers against system failure should disease or herbivory decimate
selected plant species in the constructed wetland. There is evidence that allowing self-
organization to develop cooperative mechanisms enhances the ability of adapted
ecosystems to handle pollution and toxicity (Odum, 1991).

Wastewater Interactions in Landscapes with Soil Substrate of Limestone

Landscapes on limestone platforms offer special challenges and opportunities for
ecologically engineered wastewater treatment. Calcium carbonate, the predominant
mineral compound, has the ability to react with phosphorus and thus offers the potential
for enhanced nutrient retention. On the other hand, such karstic landscapes are
characterized frequently by relatively poor or shallow soil depth. In addition, the presence
of rock such as limestone, which is dissolved by water, at ground surface permits rapid

infiltration and lateral movement of wastewater (Bogli, 1980; Milanovic, 1981).



Studies in similar subtropical and tropical limestone coastlines (e.g. the Florida
Keys and Caribbean islands such as Jamaica) have indicated that they are especially
susceptible to eutrophication through flow of septic tank effluent through porous
calcareous strata since retention time does not allow for sufficient plant uptake or
microbial decomposition (Bright et al, 1981; Pastorok and Bilyard, 1985).

Salty Wastewater

Wastewater with appreciable salt content has only rarely been studied in sewage
treatment. It is an especially important vector in ecologically engineered wetland
treatment systems as salinity is frequently a controlling factor in determining the types of
organisms that will best self-organize such systems. In addition, salinity is important in
coastal regions as groundwater salinity varies depending on factors such as tidal
interchange, rainfall and evapotranspiration. Saltwater ecosystems such as estuaries,
mangrove and salt marsh are amongst the world’s most productive (Day et al, 1989).
Previous work with mangroves (Sell, 1977) and with marine ponds receiving treated
sewage have demonstrated their treatment effectiveness and capacity to self-organize to
the input of eutrophic wastewater (Odum, 1985).

Using Small-Scale Mesocosm Tests to Evaluate Regional Potentials

The two small constructed wetlands (total area 130 m?) evaluated in this research
may be viewed as a mesocosm study of the impact of such interface ecosystems if more
widely applied to the coastal regions of karstic tropical countries. A growing body of
literature has demonstrated the applicability of such mesocosm studies to evaluate
processes and potentials at higher spatial and energetic levels (Beyers and Odum, 1993).

Frequently distinctive patterns of self-organization result from interface mesocosms



exposed to extreme forcing functions such as high nutrient and hydrological subsidies

(Odum, 1991) that can then be evaluated for scaling-up and application at regional levels.

Problems of Fitting Water Systems to the Landscape

Unique Characteristics of Tropical Coastal Development

Over half the world’s population live along coasts and adjoining rivers, and the
rate of population increase in coastal areas exceeds those of inland regions (NRC, 1995).
Especially in tropical developing countries, such issues have gained increasing attention
due to recent accelerated growth of tourism and land development, exploitation of natural
resources and the vulnerability of marine ecosystems, such as coral reefs, and coastal
ecosystems, such as mangrove wetlands, to the effects of pollution and eutrophication
(U.N., 1995).

At present, lack of effective and affordable means of sewage disposal is
widespread through the tropical developing world. This leads to chronic disease through
human contact with polluted water and environmental damage to sensitive ecosystems.
Coastal tourist development has been pursued by some developing tropical countries as a
method of economic progress, utilizing their resources of warm climates, beautiful
beaches and eco-tourism if they have attractive marine or terrestrial ecosystems. All too
frequently, this tourist development exacerbates the problems of water contamination by
placing large demands on available freshwater, adding new permanent and transient
populations to an area, and converting land from natural ecosystems.

Tropical areas are frequently characterized by extremely high biological diversity.
The Yucatan, because of its tropical climate and isolation, has been able to sustain to date

some of the most widespread and undamaged stands of tropical forest. The coastline



around Akumal and this portion of the eastern Yucatan coast is an important breeding
ground for loggerhead and green sea turtles, which come ashore annually to lay their
eggs.

In areas like the eastern Yucatan, the environmental hazard is especially great
because of the highly permeable karstic geology and the presence of coral reefs offshore
that are particularly sensitive to eutrophication. It is critical to not only evaluate current
development, but to develop ecologically engineered solutions. The subsurface flow
constructed wetlands, constructed as part of the present research effort in Akumal, will be
evaluated as one strategy for sustaining water quality both for people and for
environmental preservation in tropical coastal regions.

Eutrophication Impacts on Coral Reefs

Economic development results in the release of nutrients in coastal waters causing
replacement of ecosystems such as coral reefs important to tourism. The impact of
nutrients in coastal regions is greater than that of deeper waters because of the interplay
between sediments and the water column, due to the strong vertical mixing by tidal
currents and wind in the shallow water depths (Nixon and Pilson, 1983). Thus coastal
regions are unlike deeper oceanic areas where deposited materials are “lost™ to surface
ecosystems. Thus coral reef ecosystems and other mature ecosystems are dependent on
internal nutrient recycling for a large portion of their gross productivity (Laws, 1983),
new growth requiring added nutrients. Nitrogen is sometimes a limiting factor for coral
reefs (D’Elia and Wiebe, 1990), normally supplied by zooplankton captured by coral

polyps. Excessive nutrients displace mature ecosystems with low diversity growths.



Thus nutrient retention by the interface ecologically engineered wastewater wetland is an
important criterion for maintenance of optimal environmental health at the higher level.

A growing body of research indicates that coral reefs and other marine
ecosystems such as seagrass can be rapidly degraded due to pollution from inadequately
treated sewage. Seagrass ecosystems are normally mesotrophic and are vulnerable to
shading, disease, and excessive epiphytic growth in eutrophied waters (Pastorok and
Bilyard, 1985). Caribbean coral reefs, despite their high gross productivity, are adapted to
oligotrophic waters where they maintain themselves using high nutrient retention and
recycling. Corals are vulnerable to sewage pollution due to the following causes:
1/ stress; 2/ decrease of available light and dissolved oxygen due to higher rates of
sedimentation and enhanced growth of phytoplantkon and other microorganisms in the
water column; 3/ overgrowth and bio-erosion of corals by fleshy macro-algae and benthic
filter-feeding invertebrates that outcompete corals in high-nutrient waters; 4/ diseases
resulting from bacterial growth stimulated by mucus-production by eutrophied corals;
and 5/ direct chemical toxic effects (Hallock and Schlager, 1986; Pastorok and Bilyard,
1985; Lapointe and Clark, 1992; and Hughes, 1994).
Issues of Human Health

Contamination of water resources is one of the leading causes of disease in
tropical countries (U.N., 1995). Coastal areas with their shallower water tables are
especially vulnerable to groundwater pollution. Water pollution includes pathogens
carried by improperly treated sewage and potentially toxic chemicals. Pathogens include

disease-causing bacteria, protozoa, viruses and helminths. Chemical hazards include



heavy metals, organic chemicals, and nitrates in sufficient concentrations to cause illness

(Krishnan and Smith, 1987).

Previous Studies

Coral reef deterioration caused by eutrophication was studied in Kaneohe Bay,
Oahu, Hawaii, which received sewage effluent from a treatment plant. In parts of the bay,
coral loss stemmed from a buildup of organic matter, causing anaerobic conditions that
released hydrogen sulfide, overgrowth from the explosive growth of “green bubbly
algae” (Dictosphaeria cavernosa), sedimentation, and loss of light and competition by
filter-feeders in increasingly turbid waters (DiSalvo, 1969; Laws, 1983; Grigg and
Dollar; 1990). There was a proliferation of filter-feeders that bore into the corals. Benthic
organisms outcompete water column plankton and filter-feeders in oligotrophic waters,
but the reverse is true in nutrient-rich conditions (Laws, 1983).

Previous studies of subsurface flow wetlands for sewage treatment have
demonstrated their advantages in situations of small, on-site sewage loading in areas
where land is scarce, or in situations where avoidance of malodor and mosquito-breeding
are important (Kadlec and Knight, 1996). These are all the case in Akumnal because of the
high visibility of the treatment site, the need to create a nuisance-free and aestheticaily
attractive system, and the potential of a well-designed subsurface flow wetland of
providing an inexpensive but highly effective degree of sewage treatment. As is the case
in the U.S. and Europe where this approach is rapidly spreading, the advantages of
constructed wetlands are that, because they rely on more natural methods, they are less
expensive to build and operate than conventional sewage treatment plants

(Tchonbanoglous, 1991). Constructed wetlands also can produce a standard of treatment



equivalent to tertiary or advanced wastewater treatment. This is far better than a typical
“package plant” or municipal sewage plant that produces effluent at secondary sewage
standards quality, requires high capital investment and technical expertise and is energy-
intensive (Reed et al, 1995). Subsurface wetlands use little or no electricity and
technology and require little technical supervision once installed (Cooper, 1992, Steiner
and Freeman, 1989; Green and Upton, 1992; Steiner, 1992). However, there is little prior
research with these systems in tropical, karstic, coastal conditions.

Wetland systems have long hydraulic residence times and through a variety of
mechanisms (sedimentation, antibiotics, filtration, natural die-off etc.) have shown
promise in achieving large reductions in coliform bacteria without the use of disinfectants
like chlorine used in conventional sewage treatment (Reed et al., 1995). Chlorine has the
potential to form toxic byproducts, such as chloramine, when released into marine
environments (Berg, 1975). Bacteria can break down chlorinated hydrocarbons into
compounds that may be far more dangerous than the original ones (Gunnerson, 1988),
and sometimes de-chlorination has been required by regulatory agencies, further adding
to the expense of such approaches (Kott, 1975).

The dynamics of limestone in subsurface flow wetlands is also largely unknown.
Theory suggests that limestone should increase phosphorus retention since calcium and
magnesium are the primary agents of phosphorus fixation in alkaline conditions (Reddy,
1997). A previous study with subsurface flow wetlands in Canada examined the efficacy
of dolomite [CaMg (CO;3),] substrate containing 55% CaCO;. The substrate was found to
be effective at removal of P in influent wastewater handling secondary wastewater, but

when primary wastewater with higher P levels were used, P retention capacity proved
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inadequate, and P-retention capacity decreased by 77% over 45 months of operation

(Reddy, 1997).

Study Sites in the Yucatan

Regional Study Area: Akumal Coastline

The research site is the coastal region around Akumal, Quintana Roo, Mexico
(Figure 1-1), about 90 kilometers south of Cancun on the eastern coast of the Yucatan
Peninsula, and 10 km north of the town and Mayan ruins at Tulum. Like many tropical
coastlines, the eastern Yucatan is underlain by permeable limestone that, in a kilometer-
wide area adjacent to the coast, is believed to be the remains of Pleistocene coral reef
communities (Shaw, in press). The hydrogeology of the coastal region around our study
site in Mexico was studied during the 1960s and 1970s (Ward and Weidie, 1976; Ward et
al, 1985), and water budgets for the region were developed by Lesser (1976).

In the northern third of the Yucatan (which includes the study site at Akumal),
maximum elevation is about 40 m though most of the land surface is in a very flat plain
of rough, pitted terrain, caused by weathering of the very permeable limestone, which is
exposed over most of the surface. Because of the general absence of other sediments or
soil, no surface drainage system exists. Cenotes (sinkholes) are the main bodies of fresh
water, and almost all water movement is subsurface through the fractured limestone.

Shaw (in press) has described the area’s geologic profile and how the modern
topographic features have been derived from their Pleistocene predecessors (Figure 1-2).
About one kilometer inland is an Upper Pleistocene (Sangamon) beach ridge, with a
maximum elevation of 8 m, which is segmented by triangular spits that extend up to 750

m towards the sea. Modern, sandy, rounded bays have been formed by Holocene flooding
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of the Pleistocene ones. Behind the headlands several hundred meters is a mixing zone
where the mix of fresh and saltwater have led to dissolution of limestone, the collapse
creating lagoons such as Yal-Ku in Akumal (Figure 1-3). While this collapse has been
attributed solely to the CaCO; solution kinetics in the mixing zone (Back et a/, 1979),
this area is associated with mangrove wetlands and biological activity may have been at
least partly responsible for the limestone dissolution (Odum, pers. comm.).

Akumal, which attracts tourists for its beaches, diving and snorkeling, has
experienced growth, from dozens of permanent residents in 1970 to around 500 currently,
with yearly tourist stays in the tens of thousands of days. There is evidence, from water
quality monitoring done by the Centro Ecologico Akumal (CEA), that there is growing
pollution of the terrestrial and marine environments. Shaw (1997) has documented a
pollution plume in Akumal as high as 2000 coliform colonies/100 ml in groundwater.
The finding of pollution correlates with the movement of this water through reef rock of
high porosity and permeability (Figures 1-4, 1-5, 1-6).

This pollution poses dangers both for people, due to contamination of
groundwater supplies and recreational contact with improperly treated sewage, and for
natural ecosystems such as the coral reef system offshore. Pollution and beach
development also are of concern in the study area because the coastline around Akumal is
an important breeding ground for leatherback and green sea turtles, which come ashore
annually to lay their eggs.

Growth and Development in the Yucatan

The rapid growth of the Yucatan Peninsula as an international and Mexican

tourist destination followed the selection of the area by the national government because
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Salinity, % SW
October 21-22, 1994
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Figure 1-4 Salinity contours in Akumal during a period of no rain. Contours are
compressed on the highly porous and permeable limestone. At the 20% contour, mixing
of saltwater and freshwater below ground surface makes the gradients steeper (Shaw, 1997),
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Salinity, % SW storm surge
May 16, 1995
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Figure 1-5 Salinity contours in Akumal area after a heavy rain. Compared to Figure |4,

salinity gradient is displaced inland due to dilution by rain and groundwater flow (Shaw
1997) )} ’
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Figure 1-6 Map of study area showing groundwater flow in relation to porous limestone
rock (indicated by crosses) and coliform contours from studies conducted in May-August
1997 (Shaw, 1997) .
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of its excellent beaches, beautiful off-shore coral reefs, and Mayan ruins. Cancun now
receives over two million visitors per year and Quintana Koo close to three million
annually. The entire population of the state of Quintana Roo was less than 25,000 in
1950, but grew to around 200,000 by 1980 (Edwards, 1986). Evidence from tourism
development in other countries indicates that intensity of negative environmental and
cultural impact are related to scale (Jenkins, 1982, Rodenburg, 1980).

The geology of the coastal area of the eastern Yucatan is one of extreme
topographic flatness, underlain with carbonate rocks, predominantly limestone, of
Tertiary age. The soil is generally shallow (0-20 cm deep), which, coupled with high
permeability of the limestone, results in rapid infiltration of rain and high lateral
movement. The result is a thin lens of groundwater (less than 70 m thick) overlying
deeper groundwater that is close to the salinity of ocean water (Hanshaw and Back,
1980).

The Yucatan region is freshwater limited despite the ample rainfall (around 1100
mm of annual rainfall) and humid climate, and strategies for effective water utilization
have characterized human settlement in the region since the time of the Mayan
civilization (Back, 1995). These water limitations result from the nature of its aimost pure
limestone karstic geology without appreciable other sediments. When the limestone
dissolves, forming solution depressions, these channels are not filled, so retain high
permeability and porosity. This geology produces low hydraulic head, which results in
restricted freshwater aquifers since the freshwater/saltwater interface is quite close to the
ground surface near to the coast. The Yucatan also lacks rivers, except in its southern

portions, because with the nearly flat topography of a coastal plain, and absence of
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sediments, infiltration of rain to the water table is extremely rapid (Espejel, 1987).
Seasonal variability of rainfall is considerable, which also limits freshwater availability.
The region’s high permeability not only decreases the amount of freshwater avaiiable, but
also makes the water supply very vulnerable to contamination by sewage effluent,
agricultural runoff, and the products of litterfall decomposition from the inland forests.
The resulting pollution, exacerbated by tropical climate, which favors the growth of
disease bacteria, is widespread in the Yucatan (Back, 1995).
Sites of Mesocosm Tests

Two subsurface flow wetlands for sewage treatment were constructed off the
“main street” in Akumal to serve residences, offices and public toilets. These constructed
wetlands are located about 250 m inland from Akumal Bay, and in close proximity (5-50
m) to a natural mangrove wetland as can be seen in an aerial photo of Akumal (Figure 1-
7), a topographic map of the study area (Figure 1-8) and sketch of treatment wetland units
and mangrove areas of the study (Figure 1-9). Groundwater was encountered at less than
1 m below ground surface during construction in August 1996. There is a thin layer of
sandy soil (6-10 inches) below which limestone rock is encountered.

Receiving Wetland

The mangrove wetlands around Akumal are unusual in that most have a groundwater
connection to seawater rather than having surface tidal channels. But like all mangrove
ecosystems, their hydrologic and salinity environments are highly dependent on the
relative and shifting predominance of freshwater and seawater that they receive.

Productivity in mangroves typically increases as one moves from mangrove areas
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dominated by low-nutrient and high salinity seawater to ones enriched by freshwater
nutrient inputs and with decreased salinity (Day et al., 1989).

Mangroves have been shown to be effective in treating secondary wastewater. Sell
(1977) studied two South Florida tidal mangrove ecosystems enriched by effluent from a
sewage treatment plant. Mangrove growth was enhanced and there were no significant
differences in species composition, seedling survival or litterfall between mangroves
areas receiving enriched nutrient waters and control mangrove ecosystems.

Soils in the Akumal region are characterized by low nutrient status. Noguez-Galvez
(1991) studied nutrient levels near Carillo Puerto (19deg 16’N., 88 deg. 07° W) about 50
km inland from the coast and 75 km south of Akumal after differing ages of fallow
following slash-and-burn shifting agricultural use. Total N in the 0-5 cm layer was 0.437
+0.022% at 1 year fallow rising to 0.619 + 0.095% after 20 years fallow. In the 6-1 tcm
layer, the total nitrogen data were 0.316% = 0.044% after 1 year, and 0.478 + 0.076%
after 20 years. Phosphate levels were 12.16 + 1.75 mg/kg after 1 year in the 0-5 cm level,
rising to 16.72 + 4.61 mg/kg after 10 yrs, and 6.35 + 2.35 mg/kg in the 6-11 cm level after
1 year, and 11.33 + 7.7 mg/kg after 10 years of fallow.

At Puerto Moreles, Mexico, about 70 km north of the study site, Feller (1998)
found autochtonous mangroves without external source of sediment, creating a highly
organic peat substrate in the saturated subsurface. These soils are classified as solonchaks
and histosols in view of their high organic content and salinity (McKee, 1998). The
overall environment is oligotrophic and dominated by calcium carbonate limestone.
Human impacts include road-making, clearing, diking, filling, and garbage dumping

associated with tourist development. Road impoundments have not severed hydrological
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connections since drainage is predominantly through groundwater connection with both
fresh and saltwater. Trejo-Torres et al (1993) found that Yucatan coastal mangroves
export freshwater during the rainy season and receive considerable seawater during drier
periods. In Belize, south of the study site, mangroves were primarily phosphorus limited,
and fertilization with phosphorus or a combination of nitrogen, phosphorus and
potassium (but not with nitrogen alone) produced sizeable increase of growth in
mangrove species (Feller, 1995).

Mangroves were found in five zones along the Yucatan coast depending on
distance from the coast. Highest biomass and basal areas were found in the mangrove
zone closest to the coast (Feller, 1998), which is the zone receiving the experimental

discharge of treated sewage effluent at Akumal.

Concepts

Aggregated Conceptual Model

Figure 1-10 is an aggregated systems diagram of the treatment unit within the
context of the coastal economy and environment. The sources of natural energy include
sun, wind, rain, inland groundwater flow, and wave and tidal activity of the sea.
Primary producing ecosystems are the inland forest, the mixed wetlands shaped by both
freshwater and saltwater near the coast, and the marine ecosystems (seagrass, coral reef
etc.). The human economy is supported by these natural ecosystems, local resources
(limestone, forest products), and imported goods and services. Tourism is the principal
source of monetary flow in the area; it pays for goods and services. The treatment

wetland units make an interface between the wastewater produced by the human
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economy before discharging treated water and nutrients to be recycled back into the
mixed wetlands.
Diversity vs. Trophic Conditions in the Interface Treatment System

These ecologically engineered systems provided an opportunity to investigate issues
of diversity vs. trophic state. Constructed wetlands have generally failed to maintain high
species numbers and diversity. This failure has been attributed to high nutrient waters
favoring the growth of species (such as Typha spp. or Phragmites spp.) that out-compete
other, less aggressive species. In the United States and Europe, many constructed
wetlands have not attempted to provide ecosystem attributes. They were designed as
monocultures or planted with only 2-3 species, but have nevertheless provided
satisfactory water treatment (Reed et al, 1995).

The relationship between nutrient status and species diversity is far from well
understood. Yount (1956 cited in Odum, 1996) correlated pulses of nutrient enrichment
with increased dominance, variation, competitive exclusion and loss or masking of rarer
species. However, natural conditions of steady-state, high eutrophication have also
promoted high diversity as contrasted to sudden conditions of eutrophication caused by
anthropogenic pollution (Odum, 1996). Some types of human disturbance (e.g. fire,
grazing and cutting in Mediterranean-climate Israel) enhance numbers of species
(Naveh and Whittaker, 1979 cited in Mooney, 1986).

Similarly, while the prevalent tendency is to regard high species diversification as
a sign of ecosystem development toward maturity (Margalef, 1968), there are other

circumstances in which high initial nutrient levels and species numbers are reduced as
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storages are consumed (Odum, 1968), leading to suggestions that maximum species
numbers may be maintained at intermediate successional stages (E.P. Odum, 1993).
Ecological Succession in the Treatment System

The research presented an opportunity to study ecological succession in the
wetland mesocosms and to investigate some of the theoretical relationships posited for
such self-organization.

Odum (1994) noted that succession is the process by which structure and
processes are developed by ecosystems from available energies and resources. These
progressions often include system adaptation to physiological challenges, the building of
storages, development of diversity and interchange with the larger, external
environmental setting.

Ecological succession typically includes a period of rapid initial growth
dominated by aggressive, short-lived, pioneer species, giving way over time to species
with high biomass and gross productivity but less net production.

Among the characteristic patterns observed after system biomass and non-living
organic matter have been increased and as primary succession gives way to a more
mature, or equilibrium, stage are a greater balance between primary productivity and
respiration. As succession proceeds, the more mature ecosystem tends to display greater
internal cycling and retention of nutrients, increased specialization and mutualism, and
increase of efficiency of use of input energy (E.P. Odum, 1971).

The Akumal research offered an opportunity to track ecological succession and

self-organization from an initial state of virtually lifeless quarried limestone gravel and to
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track ecosystem changes that resulted from the input of domestic wastewater to an initial

planting of wetland species.

Major Objectives of the Research

The major objectives of the present research were to develop a new, ecologically
engineered wastewater treatment system and to evaluate its effectiveness and integration
into the Yucatan coastal environment and human economy. Among the new elements
under investigation were the efficacy of utilizing limestone gravel as the primary
substrate for the constructed wetland, the ability of constructed wetlands with high-
nutrient inputs to sustain a high level of biodiversity and devising an integration with the
natural mangrove wetlands. In addition, evaluating whether the new treatment system
was economically cost-effective compared to other approaches and whether its use of
local resources (evaluated through emergy comparisons with other alternatives) would
make it more sustainable for a tropical developing country than conventional sewage
treatment options. Finally, if applied on a regional scale, to what extent would such a
system retain the anthropogenically-produced nutrients which pollute groundwater and

threaten the health of off-shore ecosystems such as coral reef?

Plan of Study

1. Two pilot sewage treatment systems were constructed using saline influent wastewater,
limestone gravel and multiple seeding of species on the eastern coast of the Yucatan.
2. The living ecosystem was evaluated as it developed tracking species, diversity indices,

percent cover, leaf area index, and transpiration estimated indirectly.
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3. The water and nutrient budgets were evaluated by analysis of inflow waters and
outflow waters, and a budget and simulation model that represents the seasonal cycle and
role of the ecosystem were developed.

4. After defining a representative square kilometer of coastal zone including tourist
developments and their wastewater flows, the coastal water budget was evaluated. The
role the new wastewater systems can have in the coastal water budget if expanded to
service a kilometer of coastline was examined.

5. The share of the system contributed by the environment and the economy was
evaluated using emergy, transformity, empower and empower densities of the principal
features of the wastewater unit and the main parts of the coastal area (hotels, people,
substrate limestone, dollar circulation and exchange).

Sampling and Measurement

Periodic sampling of water quality was conducted for the septic tanks, wetland
treatment compartments, groundwater and mangrove receiving wetland. Analysis was
done in local Mexican laboratories (Alquimia, Cancun and Centro Ecologico Akumal) for
parameters such as coliform bacteria and biochemical oxygen demand (BODs), which
require immediate testing. Other parameters, such as phosphorus, nitrogen, suspended
solids, and alkalinity, were tested in laboratories at the Water Reclamation Facility,
University of Florida, Gainesville by Richard Smith, the laboratory manager.

Bulk density and water-holding capacity for soils from the mangrove receiving
wetland were conducted in the laboratory of the Centro Ecologico Akumal. Soil samples
from the mangrove receiving wetland were analyzed for organic matter content and

phosphorus and nitrogen content at the at the Institute of Food and Agricultural Sciences
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(IFAS) Soil Testing Laboratory, Gainesville. Analysis for mineral composition of the soil
was conducted using X-ray diffraction techniques by Dr. Willie Harris at the Pedology
Laboratory of the University of Florida, Gainesville.

Field measurements for ecological characteristics such as species number, cover
and frequency were conducted during research visits to the study site. Identification of
species were made with Edgar F. Cabrera, a biologist from Chetumal, Quintana Roo.

Limestone from the system was collected before treatment began and after 11
months of system operation. Analysis of the limestone for elemental composition was
done at the IFAS Soils Laboratory, with the help of Dr. James Bartos. Analysis of
limestone gravel for phosphorus was done at the University of Florida Wetland
Biogeochemistry Laboratory with the help of its manager, Ms. Yu Wang. Experiments

on limestone uptake of phosphorus were conducted at the same laboratory.

Qutline of the Research Report

The research was reported in the following manner. Thapter 2 gives the
methodology followed in all the components of the research. Chapter 3 presents results

from the following areas

a/ Ecological characterization of the limestone wetland ecosystem, including
species number, biodiversity, frequency, cover, leaf area index, leaf holes, interception of

sunlight, canopy closure and surface organic matter.

b/ Wastewater treatment including total phosphorus, total nitrogen, biochemical
oxygen demand, total suspended solids, salinity, alkalinity and uptake of phosphorus by

limestone gravel, and water budget.
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¢/ Economic and emergy evaluation of the wetland treatment system and in

comparison with an alternative conventional treatment approach.

d/ Impact on the mangrove wetland including characterization of the hydrology
and soil sediments of the ecosystem; and nutrient status of the soils and water before and

after discharge of treated wastewater effluent from the limestone wetland unit.
d/ Simulation of the water budget of wetland treatment system and mangrove.

e/ Regional evaluation of application of the treatment wetlands. This was done by
first assessing the emergy and monetary flows in a square kilometer of developed
coastline, then evaluating the impact on this larger system’s water and nutrient budgets

with and without the use of the wetland treatment systems.

Chapter 4 presents a discussion of the major findings of the present study, and
commentary on important vectors in the new wetland system for treating domestic
wastewater along the Yucatan coast. Observations are presented on the pattern of
ecological succession, the role of limestone, and a simulation model is developed for the
interaction of the environment and the tourist economy of the area. Finally, potential for
future application of the system in the region is discussed and remaining questions for

future research are listed.

Appendix A contains water levels measured for the tide at Akumal, in the
mangrove and in nearby cenote (groundwater well). Appendix B presents literature data
used in the model. Appendix C contains the emergy evaluation of the University of
Florida sewage treatment facility that is used for comparison to the limestone wetland

system.






