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The main components and processes of a titi shrub swamp were
quantified for incorporation into a simulation model to predict their
long-term responses to wastewater discharge. The main components were
vegetation, water, and soil; and the processes were carbon, nitrogen and
phosphorus cycling, and water flow.

Quantification of model compartments indicated that 1) aboveground
biomass is in the low to intermediate range of values cited for forested
wetlands, 2) precipitation is the principal source of water and
nutrients to this system, and 3) relative concentrations of nitrogen and
phosphorus in precipitation, surface water and groundwater indicate that
nutrients are conserved within the system. Therefore, small amounts of
nutrients were cycled within this system, and low nutrient input limited
the simulated productivity.

The simulated response to increased nutrients was an increase in
annual biomass and litter and increased storage of nutrients in biomass,
litter and soil, and the rates of these increases decreased with time.

xii



Wastewater discharged to wetlands with a N:P ratio similar to that
stored in vegetation would maximize the lifetime of the system for
phosphorus assimilation., Therefore, nutrient loading criteria should be
based on maximizing the longevity of the system, which can be estimated
by determination of the phosphorus adsorption capacity of the soil.

Mineral soils dominated by titi had a low capacity for phosphorus
adsorption while organic scils dominated by black gum had a higher
capacity for phosphorus adsorption. The adsorption capacities of these
soils were related to the content and availability of amorphous and
poorly crystalline oxides of aluminum.

Sweetbay had low rates of transpiration per leaf area relative to
other forested wetland species. An increase occurred from the
individual to the community level due to high leaf area index in the bay
swamp. This community transpires at a rate greater than open water
evaporation when water is readily available as indicated by the pan
ratio. There is variability among forested wetland communities and
among seasons and these systems evapotranspire at low rates when water
is scarce and at higher rates when water is readily available.
Therefore, these systems are adapted for water conservation during dry

periods. .



CHAPTER 1
INTRODUCTION

A need has emerged to include wetlands in the overall strategy of
managing our environment. Wetlands can be used to treat wastewater and
we must determine how to manage these systems for this purpose to the
benefit of nature and humanity. In order to properly manage and
optimize the role of these complex ecosystems in the landscape, we must
understand quantitatively how these systems function.

Due to the increasing amount of domestic wastewater generated
every day, new alternatives for wastewater treatment merit
consideration. The treatment of domestic wastewater in natural wetlands
is one such alternative. Although many kinds of wetlands have been
shown to treat wastewater, the effects of wastewater discharge to
wetlands and their treatment capacity must be evaluated so that the
appropriate loading can be selected that will maintain their type,
nature, and function. Only then can the suitability of using a specific
wetland for wastewater treatment be evaluated. The need has emerged for
reliable design procedures for wetland treatment systems (Hammer 1984).
A simple, tractable model must be developed to predict the long-term
performance of wetland treatment systems. In order to develop such a
model, the main components and processes of wetlands must be quantified.

Prior to 1985, the City of Apalachicola, Florida, discharged

municipal wastewater to the Apalachicola River. The discharge violated



state and federal water quality standards. Discharge of the municipal
wastewater to a nearby titi shrub swamp was suggested as an appropriate
and cost effective treatment alternative. This was in accordance with
section 17-4.243(4) of the Florida Administrative Code, which provides
an exemption from water quality standards to allow the experimental use
of wetlands for low-energy water and wastewater recycling. The
discharger must monitor the long-term ecological effects of wastewater
discharge to the wetland and evaluate the wastewater recycling
efficiency of the wetland. An exemption was granted to the Cicy of
Apalachicola, Florida, for the use of a titi shrub swamp for wastewater
treatment. A research program began at the Center for Wetlands,
University of Florida, to insure compliance with the above stated
provisions of the exemption.

The objectives of this study were to characterize and quantify the
main components and processes of the titi shrub swamp ecosystem in
Apalachicola, Florida, necessary to predict their long-term responses to
wastewater discharge. The main components were vegetation, water and
soil; and the processes were carbon, nitrogen and phosphorus cycling,
and water flow. This information was incorporated into a simulation
model (Figure 1) to predict the long-term responses of these components
and processes to wastewater discharge.

Phosphorus retention in soil has been shown to occur in wetlands
used for wastewater treatment but the capacity for this retention has
not been determined. Therefore, the potential for phospheorus adsorption
in titi shrub swamp socils was a management issue evaluated in this
study. In order to manage wetlands properly, we must quantify their

processes. This includes their rate of evapotranspiration, over which
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there is great debate. Therefore, the rate of forested wetland plant

evapotranspiration was an additional management issue evaluated in this

study.

Geology and Physiography

The City of Apalachicola is located at the western edge of the Big
Bend region of the state (Figure 2). The titi shrub swamp study site is
located 1 km west of the City of Apalachicola, Florida, and from 1 to 2
km north of St. Vincent Sound (Figure 3). The entire Big Bend region of
Florida is underlain by a bedrock of limestone, which dates back ne
later than the early Miocene age (Clewell 1971). Limestone is
encountered beneath the Apalachicola area approximately 40 m below the
surface (Schmidt 1978). Above the limestone lies an assortment of
various Miocene clastics and above them a veneer of Pleistocene sands.
These materials were deposited during ancient sea level fluctuations.
Usually there is a shell bed in a sand and clayey matrix, overlain by a
gravel and coarse sand unit, by a clayey sand, and finally by a medium
fine sand composed of sand, silt and clay, and organic debris. In
addition to peat deposits there are beds of humate along the coast (up
to 1 m thick). The humate is dark brown to black firmly cemented sand
of late Pleistocene to Recent age and was probably formed in an ancient
swamp when sea level was a few feet higher than the present.

The western portion of the Big.Bend region lies in the Apalachi-
cola Coastal Lowlands unit of the Gulf Coastal Lowlands Physiographic
Province (Schmidt 1978). These coastal lowlands are low in elevation
due to the reworking by coastal processes and are generally poorly

drained. Much of the land area in this unit is covered by swamp. The



Figure 2. Location of the titi shrub swamp study site in Apalachicola,
Florida.
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impermeable clastics contain fine grained clay and silt (as indicated
above), which retard water movement. The permeability is low and
groundwater s perched near the surface. This is enhanced by low
relief, making it difficult for surface water to run off.

The swamps occupy irregularly shaped shallow depressions that
mostly do not join to form drainages (Clewell 1971). These depressions
are likely the result of gentle undulations of a former Pleistocene
sea-bottom. These swamps may have been accentuated by more recent
localized slumping of the surface that would slowly form a depression
having a higher water table than the surrounding lands. These
geomorphic features are interlevee swamps, oriented parallel to the
coast, indicating their formation through marine forces (Schmidt 1978).

Tﬁese types of systems are referred to as bogs and bog-fed streams
by Wharton et al. (1982). The depressions that feed the streams are
areas of internal perched drainage underlain by clay aquicludes.

Surface drainage occurs through slow moving streams originating from
flat swamp areas. These streams have limited distribution and generally
occupy the linear depressions or swales between adjacent sand ridges and

reworked relict coastal lowland deposits,

Vegetation in Titi Shrub Swamps

The vegetation in titi swamps is often undifferentiated into
strata (Clewell 1981). Broad-leaved evergreen or semi-deciduous shrubs
and small trees are dominant, especially one of three species commonly
called titi: Cliftonia monophylla (black titi or buckwheat tree),

Cyrilla racemiflora (red titi or swamp titi) and Cyrilla parviflora

(little-leaf titi). All three species occur in the same habitats,
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sometimes individually but often together. Black titi is usually more
abundant than the two species of Cyrilla and tends to occupy slightly
higher sites than red titi (Clewell 1981).

Infrequent but destructive crown fires occur in titi swamps.
These fires serve a homeostatic function, rejuvenating and perpetuating
the community. The vegetation is rarely greater than 25 m in height,
The taller the vegetation, the lower the frequency of fire, or at least
the longer since the last destructive fire occurred (Clewell 1981).

Titi swamps border pine flatwoods (which frequently burn) and only
burn at their fringe, serving as a fire buffer for bay swamps (Clewell
1971). Groundwater seldom fluctuates far below the surface in titi
swamps (Wharton et al. 1977). Occasionally titi swamps border pond
cypress or black gum swamps, protecting these areas from fire as well
(Clewell 1971). Irregular fires destroy the aerial portion of the
vegetation in titi swamps, and coppicing after fire is very common,
leading to multiple trunks (Clewell 1981). In discussing the
distribution of the three species of titi, Clewell (1981) stated that
they do not segregate according to subtle gradients in the habitat.
Their distribution appears random, as if once a titi plant, regardless
of species, by chance becomes established at a given location, it
persists indefinitely, surviving fire by coppicing and regenerating the
stand without intervening successional stages.

Titi swamps grade imperceptibly into bay swamps (Clewell 1981).
Bay swamps occupy those portions of acid swamps that are wetter and less
frequently burned than titi swamps (Clewell 1981). The dominants of

titi swamps often make up the understory of bay swamps, and when a fire
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does consume a bay swamp, the understory species such as black titi
appear to grow faster than do the overstory species such as sweetbay
(Clewell 1971). As a result, the site becomes a titi swamp for perhaps
10 to 25 yrs, until the overstory of sweetbay trees forms (Clewell
1971). It was suggested by Clewell (1971) that titi swamps, therefore,
seem to be successional to bay swamps. Monk and Brown (1965) also
suggested that bay swamps are climax communities.

Pond cypress and black gum occupy the deepest swamps in the
panhandle, and few species are present in any given stand (Clewell
1971). The understory species of pond cypress/black gum swamps, such as
titi, usually dominate other communities of acid swamp systems (Clewell
1981). Also, fire is rare. These swamps have been widely drained,
lowering the water table and allowing invasion of other acid swamp
species. These swamps usually occupy peaty acid depressions in the
deeper interior sites, and bay swamps occupy the shallower exterior
sites. Intergradations sometimes occur, particularly between pond
cypress swamps and bay swamps. Pond cypress/black gum swamps can also
intergrade with bay swamps along the upper reaches of streams. Black
gum swamps, which are also referred to as gum ponds, are usually
bordered by pond cypress swamps, which occupy slightly higher
elevations.

Clewell ¢(1971) raised the possibility that black gum is
successional to pond cypress or vice versa. Black gum consistently
occupies the lowest and wettest sites and these areas are bordered by
pond cypress at slightly higher elevations. Monk and Brown (1965) also
found that black gum importance increased sharply and pond cypress

importance decreased sharply with decreasing depth of maximum flooding.
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In addition, with increasing levels of calcium, the importance of black
gum increased sharply and that of pond cypress decreased sharply (Monk
and Brown 1965). Initially pond cypress is favored in the lower sites,
which are surrounded by bay swamps, which, when surrounded by titi
swamps, burn infrequently (Clewell 1971). Peat formation is relatively
rapid, and calcium released from peat decomposition promotes the
establishment of black gum over pond cypress (Clewell 1971). Swamps
that contain a large proportion of black gum and particularly pond
cypress may represent transitional phases between a pond cypress/black
gum system and an acld swamp system or, as suggested by Clewell (1981),
may be included as a distinct and important part of the acid swamp

system.

Biomass in Forested Wetlands

Forested wetlands may be grouped into three categories based on
water movement and differences in nutrient inputs: still-water wetlands,
slow-flowing water wetlands, and flowing water wetlands (Brown 1981).
Still-water wetlands receive nutrients and water predominantly from
precipitation. Slow-flowing wetlands receive water and nutrients from
groundwater and surface water runoff. Flowing water wetlands receive
water and nutrients from flooding streams.

The aboveground biomass of forested wetlands ranges from 3.6 kg/m?
for a dwarf cypress forest to 45.2 kg/m? for a cypress tupelec alluvial
river swamp (Brown 1981; Conner and Day 1982). Large biomass exists in
both still-water and flowing water wetlands. Small biomass in the dwarf
cypress forest appears to be due to nutrient limitations or other

stressors rather than the pattern of water delivery. However, the major
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source of water is precipitation, and floodwaters tend to be stagnant
and generally shallow (Brown and Lugo 1982). There is a relationship
between productivity and hydrologic and nutrient sources. Wood
production and litterfall are highest in flowing water wetlands, less in
slow-flowing wetlands, and lowest in still-water wetlands (Brinson et
al. 1981; Brown and Lugo 1982).

The leaf litterfall portion of total litterfall has been reported
for only a few freshwater forested wetland sites. In the Dismal Swamp
the average leaf litterfall for cypress and mixed hardwood species is
492 g/m? + yr, with the peak in the autumn (Day 1983). Average
litterfall for 2 yrs in Austin Cary cypress dome was 420 g/m? - yr
(Deghi et al. 1980). The peak litterfall period was in November and
December. Leaf litterfall for the floodplain forest of the Apalachicola
River was 464 g/m? « yr (Elder and Cairns 1982). Seasonal variabilicy
in leaf litterfall was observed. Maximum leaf litterfall occurred in
November and other high values occurred in autumn months. Maximum leaf
litterfall may occur in the spring in association with the development
of new leaves (Bray and Gorham 1964). This bimodal seasonal cycle for
leaf litterfall (autumn and spring peak) was also found in a Mississippi

coastal stream (Post and de la Cruz 1977).

Chemistry in Acidic Waters

Most natural waters are buffered principally by a carbon
dioxide-bicarbonate system. By observing the equilibrium chemistry
(dissociation relationships) of a system, the proportions of carbonie
acid (plus dissolved carbon dioxide), bicarbonate, and carbonate at

various pH values can be evaluated in order to determine what buffers
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the system. Because of the ubiquitous nature of carbonate rocks and
the equilibrium reactions of carbon dioxide, bicarbonate and carbonate
are present as bases in most natural waters (Stumm and Morgan 1981), but
all waters with a pH less than 8.5 contain acidity (Sawyer and MeCarty
1978). TUncombined carbon dioxide, organic acids (such as tannic or
fulvic), and salts of strong acids are responsible for the acidity of
natural waters (Wetzel 1975)., In waters with a pH below 5, carbonic
acid (plus dissolved carbon dioxide)} dominates the carbonate equilibria
(Wetzel 1975), but depression of pH below 4.5 is due to mineral acidity
which is exhibited by waters containing acids stronger than carbonic
acid (Stumm and Morgan 1981). At a pH of 3 to 4.5, carbonate and
bicarbonate are not buffering the water; rather, organic acids are the
buffer (Thurman 1985).

The proportions of carbonate in surface waters come from the
weathering of rocks, and the solubility of carbon dioxide in water
increases markedly in water that contains carbonate (Wetzel 1975). If
surface waters are isolated from the carbonate rich Floridan Aquifer
(Fernald and Patton 1984), then there is probably very little free
carbon dioxide present in those surface waters. Conductivity is a
useful indicator of whether the water entering a peatland is primarily
from precipitation and shallow mineral soil inflow (and therefore not in
contact with carbonate containing parent material) or groundwater (Verry
1975). Values less than 80 umhos/cm indicate a perched water table.
Values greater than 80 pmhos/cm indicate a groundwater table.

The carbonate equilibria for Austin Cary cypress dome (mean pH =
4.5) was examined by Dierberg (1980). Only trace amounts of bicarbonate

existed in the water as there was no titratable alkalinity. Therefore,
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it is appropriate to measure phenolphthalein acidity rather than
alkalinity in acidic waters. Phenolphthalein acidity is a measure of
the free (or uncombined) carbon dioxide and the mineral acidity present
in the surface water (Sawyer and McCarty 1978). Highly colored natural
surface waters typically have low pH due to the acidic nature of humic
substances that are present, The color is principally due to tannins,
humic acid, humates, and the decomposition of lignins (Sawyer and
MeCarty 1978), but color in surface waters in Florida streams and canals
may be of organic or mineral origin (Kaufman 1975b). The inorganic
sources are metallic substances such as iron and manganese compounds
(Christman et al. 1967).

Low pH values are found in natural waters rich in dissolved
organic matter, especially in systems that contain large amounts of
sphagnum (Wetzel 1975). 1In wetlands, dissolved organic matter usually
exceeds dissclved inorganic matter, which is not the usual case in
surface waters (Thurman 1985). The most likely major sources of
hydrogen ions in these waters are the dissociation of H,S0, derived from
H,S (Gorham 1956) and the active cation exchange in the cell walls of
sphagnum where the release of hydrogen ions occurs (Clymo 1964).
Hydrogen ions are also produced by organic decomposition (Clymo 1967).

Increases in acidity occur whenever the production of organic
matter is greater than decomposition, as in peat systems (Stumm and
Morgan 1981). This is because the assimilation of ammonium produces
hydrogen ions. The chemical nature of the plant tissues forming the
peat (humic acids) tends to make this peat material acid, and the most

acid peats are those formed from swamp plants and sphagnum moss (Davis
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1946). In addition, the poor buffering capacity of precipitation

reaching a wetland can further lower the pH (Thurman 1985).

Information on nitrogen fransformations in acidic, highly organic
flooded soils is limited, and these processes may occur in unique ways
(Haack 1984). Compounds found in naturally occurring humic-colored
waters reduce dissolved oxygen levels and, therefore, these waters act
as a sink for dissolved oxygen (Dierberg 1980). Low dissolved oxygen
can lead to anaerobic conditions where net ammonification (the release
of ammonium during microbial decomposition of organic matter) is often
noted (Tusneem and Patrick 1971), In addition, low PH as well as the
presence of organic compounds inhibit the nitrification of ammonium to
nitrate (Dierberg 1980). Therefore, low dissolved oxygen, low pH and
the presence of organic compounds contribute to the dominance of
ammonium rather than nitrate plus nitrite in these waters. Through the
inhibition of nitrification, ammonium becomes the dominant inorganic
nitrogen species, and this leads to conservation of nitrogen in the
system (Dierberg 1930).

Nitrate plus nitrite concentrations may also be low in these
waters due to rapid plant uptake and denitrification, although
denitrification is inhibited at low pH (Mitchell 1974; Brezonik 1977).
Nitrate was added to jar and core microcosms composed of water and soil
from the titi shrub swamp in Apalachicola, Florida (Haack 1984).
Nitrate loss did occur in both the jar and core miecrocosms but sediment
was necessary for the nitrate loss. No mechanism for nitrate loss was
substantiated, although it may be due to denitrification, which occurs
in wetlands. Chemical reduction of nitrate at low pH may occur through

several pathways. Wetlands with low pH, high organic matter, and humic
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compounds have pathways of nitrate loss other than biological
denitrification (Haack 1984). Under highly reduced conditions, nitrate
reduction to ammonium and organic nitrogen is possible (Buresh and
Patrick 1978). These processes would also account for the dominance of
ammonium in these waters.

The shallow surface water in cypress domes and hence the close
proximity of soil and water suggests that the phosphorus content of the
surface water may be controlled by the interaction of phosphorus with
the soil (Dierberg 1980). Soil/phosphorus reactions are complex. In
general, the inorganic phosphorus is partitioned between the solution
phase (small fraction of total system phosphorus) and the solid phase (a
larger portion of total system phosphorus). The chemical species of
solution phosphorus are a function of the reactions of protonation and
soluble metallic complex ion formation (Bohn et al. 1979). At low pH,
iron and aluminum ions on solid (soil) surfaces form bonds with solution
species (Stumm and Morgan 1981). The resulting precipitate removes
phosphorus from the water column. The oxygen content of the water and
soil also affects the amount of phosphorus in solution as phosphorus
becomes more soluble under reduced anaerobic conditions (Stumm and
Morgan 1981). Therefore, soluble metallic ion complex formation
(phosphate and hydrous oxides of iron and aluminum) plays a great role
in controlling phosphorus levels in natural waters.

The limit for the phosphorus concentration in solution is set by
the dissolution and precipitation of these sparingly soluble phosphorus
compounds and the adsorption of phosphorus on the surface of soil
particles. 1In general the overall solubility of these metal phosphate

complexes is inversely related to pH while adsorption and precipitation
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of phosphorus are directly related to pH (Stumm and Morgan 1981).

Therefore, the lower the pH the greater the solubility of the metal
phosphate complexes and the greater the adsorption and precipitation of
phosphorus in the soil. Removal of phosphates from solution can also be
linked to pH because of the dependency of the reactions upon soil
aluminum (Dubuc et al. 1986). At a low pH in cypress domes studied by
Dierberg (1980) aluminum rather than iron controlled phosphorus
solubilicty. In addition, at a pH less than 6, organic phosphorus
precipitates as a complex with iron and aluminum (Dubuc et al. 1986),

Solubilization of the sparingly scluble compounds can also occur
due to the production of organic acids. These organic acids exist in
water as negatively charged colloids that hold metallic ions such as
iron and aluminum (Kaufman 1975b). The sorption of phosphate by these
organometallic complexes occurs but the dynamics of the transformations
are still unclear. Phosphate can react with metal ions to form
complexes in the presence of organic ligands such as fulvic and humic
acids (Boto and Patrick 1978). Phosphate ions may be acting as ligands
in organometallic compounds (Sinha 1971). 1In either case the retention
is a function of pH.

Biological immobilization of phosphorus also occurs in wetlands
(Chan et al. 1982). Wetland trees assimilate phosphorus (Brown et al.
1975; Nessel et al. 1982; Dierberg and Brezonik 1983b). In addition
high cation exchange capacity exhibited by peat can lead to the
absorption of phosphate anions (Moore and Bellamy 1974). Therefore, it
appears that through biological and chemical processes in wetlands, low

levels of phosphorus are maintained in surface waters.
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Phosphorus Adsorption in Soils

Phosphorus retention by soils may be an advantage of using
wetlands as an alternative for wastewater treatment. Therefore,
emphasis has been placed on using adsorption isotherms in order to
predict soil types that would be amenable to receiving wastewater
(Sommers and Sutton 1980).

A phosphorus adsorption isotherm describes the relationship
between the amount of phosphorus sorbed and that remaining in solution
at constant temperature. Several equations developed for gas-solid
systems have been used to interpret the sorption of phosphate on charged
surfaces. The adsorption data are fit to isotherms described by the
equations. The isotherms can be used to give a relative adsorption
maximum, interpreted as a "quantity" factor, indicating the capacity of
the soil to adsorb and thus retain phosphorus.

The Langmuir equation is based on the assumptions that adsorption
is on a finite number of localized sites, the energy of adsorption is
constant, and maximum adsorption corresponds to a complete monolayer.
Thus the equation describes a finite limit to adsorption so that a
maximum value may be obtained. The Langmuir equation is described as

follows:
x/m = KCb/(1 + KC)

where K is a constant related to the adsorption energy, C is the
equilibrium phosphorus concentration (zg/ml), and x/m and b are
phosphorus adsorbed and maximum phosphorus adsorption per unit weight of

soil (ug/g), respectively. In the linear form the equation becomes:
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Cm/x = (C/b) + (1/Kb)

and a plot of Cm/xX versus C should give a straight line of slope 1l/b
from which b, the adsorption maximum can be calculated.

Straight line isotherms have been obtained when results from a
limited concentration range are plotted according teo the Langmuir
equation (Olsen and Watanabe 1957). Although the Langmuir equation in
its linear form has been used frequently in phosphorus adsorption
studies the adsorption curves may not be linear over a wide
concentration range (Olsen and Watanabe 1957; Rennie and Mekecher 1959;
Gurney 1970; Bache and Williams 1971; Fitter and Sutton 1975). There
are many possible explanations for the nonlinearity, but where it does
occur the Fruendlich and other equations may be used to fit the
adsorption data.

The Fruendlich equation is based on the assumption that the
surface consists of sites at which the adsorbate molecules interact
laterally, resulting in a continuous distribution of bonding energies
that decrease exponentially with increasing saturation of the surface.

The Fruendlich equation can be described as follows:
x/m = acP

where x/m and C are as before and a and b are constants that vary among

soils. In the linear form the equation becomes:
log x/m = log a + b log C

and a plot of log x/m versus log C should give a straight line. The

Fruendlich equation has been found to give a good fit over a wide range



22

of soils and concentrations (Gurney 1970; Fitter and Sutton 1975; Barrow
and Shaw 1975; Barrow 1978).

The Tempkin equation is derived from the Langmuir equation but,
like the Fruendlich equation, is based on the assumption of a continuous
distribution of bonding energies. 1In this case the energy of adsorption
decreases linearly with increasing surface coverage. The Tempkin

equation can be described as follows:
xb/m = (RT/B} log AC

where x, b, and C are as before and A and B are constants. A plot of
x/m versus log C should give a straight line.

The phosphorus adsorption maxima of soils can be calculated from
the slope of the regression lines according to the Langmuir equation.
The Fruendlich equation does not have this characteristic and therefore
a quadratic regression analysis of the adsorption data developed by Yuan
and Lucas (1982) can he used as an alternative to obtain the adsorption
maxima. If Y is the phosphorus adsorbed and X the equilibrium

phosphorus concentration, then the quadratic equation is as follows:
Y = dpy + alx. + azxz

and the first derivative of this equation is equal to zero when Y

reaches the maximum, or
dY/dX = a; + 2a,X = 0.

Therefore the phosphorus concentration (C) at the adsorption maximum

would be

C=X= -a,/2a,.
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The adsorption maximum is obtained by substituting -a,/2a, for X in the
quadratic equation. If this equilibrium phosphorus concentration and
the corresponding adsorption maximum derived from the quadratic equation
are correct, then substitution of the C values in the other equations
should give comparative adsorption maxima (Yuan and Lucas 1982).

There has been a good deal of research on the nature of phosphorus
adsorption in soils, and there has been debate as to whether or not
organic matter increases phosphorus adsorption. A number of researchers
reported a decrease in phosphorus adsorption by soils in the presence of
organic matter, the decomposition of which produces organic acids that
form stable complexes with aluminum and iron and consequently block
phosphorus retention (Singh and Jones 1976). Other workers reported
that organic matter increases phosphorus retention by the soil, possibly
as a result of microbial assimilation. Adsorption and leaching of
phosphorus in acid organic soils and high organic matter sand was
determined by Fox and Kamprath (1971). These soils in which the
colloids were organic had relatively low phosphorus adsorption
capacities relative to mineral soils. Phosphorus adsorption by organic
matter was negligible because any adsorption that occurred was due to
the cations associated with organic matter (Wild 1950). Crganic soils
with only a trace of inorganic minerals have little aluminum or iron to
be released for bounding with added phosphorus. Thus, although the
influence of organic matter on phosphorus adsorption has been debated,
organic matter appears to affect phosphorus adsorption in an indirect
manner {Berkheiser et al. 1980).

Soluble inorganic phosphorus is readily immobilized in soils by

adsorption and precipitation reactions with aluminum and iron under acid
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conditions (Nur and Bates 1979; Nichols 1983). Low phosphorus

adsorption has been observed in sandy soils with low clay content and is
primarily correlated with low content of extractable iron and aluminum
(Ballard and Fiskell 1974; Yuan and Lucas 1982). Layer silicate
minerals have low phosphorus fixing potential but amorphous colloids and
sesquioxides are effective at fixing phosphorus. The less crystalline
the form of the sesquioxides, the greater their capacity to sorb
phosphorus. Phosphate lons are thought to be chemically adsorbed onte
the surfaces of hydrous oxides of iron and aluminum by ligand exchange,
the displacement of water molecules and hydroxyl groups coordinated with
the iron and aluminum atoms and the coordination of oxygen atoms in the
phosphate ions with the iron and aluminum (Nichols 1983). 1In addition
to this chemical adsorption, Ryden and Syers (1977) presented evidence
for a more physical type of adsorption that becomes operational as the
chemical adsorption sites approach saturation at higher equilibrium
concentrations of phosphorus in solution (Nichols 1983).

The chemical and physical adsorption of phosphate onto the surface
of so0il minerals is a rapid process, but slower phosphate fixation does
occur and has been attributed to the shift of physically adsorbed
phosphorus to chemically adsorbed forms, the diffusion of phosphorus
adsorbed on the surface of porous oxides of aluminum and iron to
positions inside the soil matrix, and the precipitation of crystalline
aluminum and iron phosphates (Nichols 1983). The exact mechanisms
involved in phosphorus retention in the soil are unknown. There are
continuum of reaction mechanisms and there is little concern for
distinguishing between adsorption and precipitation reactions as both

phenomena can be considered together as sorption (Berkheiser et al.
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1980). Adsorption and precipitation of phosphorus by soils are not
necessarily a permanent sink for added phosphorus; there are at least
partially reversible. A reduction in the phosphorus concentration in
the solution in contact with the soil may release some phosphorus into
solution (Nichols 1983).

Effort has been directed towards identifying measurable soil
parameters that can be related to the phosphorus adsorption capacity of
a soil. The active (exchangeable + amorphous) forms of aluminum provide
the best single index of phosphorus retention in Coastal Plain forest
soils (Ballard and Fiskell 1974). The contribution of active forms of
iron to phosphorus retention was at least the equal of aluminum on a per
unit weight basis. Poorly crystalline and amorphous oxides and
hydroxides of aluminum and iron were postulated to play a primary role
in phosphorus retention in flooded scoils (Khalid et al. 1977). An
organic matter aluminum peat complex in acid soils strongly adsorbed
orthophosphate ions‘(Bloom 1981). Phosphorus adsorption was highly
correlated with organic matter content and exchangeable aluminum content
in a study that evaluated the phosphorus retention capacity of
retention-detention wetland soils (Sompongse 1982). She proposed, in
light of Bloom's (1981) findings, retention through an organic aluminum
complex in the soils with high aluminum content. In soils with high
iron content, iron seemed to play an important role in phosphorus
retention.

Tamm oxalate extractable aluminum and in some cases Tamm oxalate
extractable iron have the best correlation with phosphorus sorption in
mineral soils (Lopez-Hermandez and Burnham 1974; Ballard and Fiskell

1974). Similar results were found in some wetland organic soils
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(Richardson 1985). The Tamm oxalate extraction dissolves the amorphous
and poorly crystalline oxides of aluminum and iron that have been
postulated to play a primary role in phosphorus retention in flooded

soils,

Wastewater Discharge to Wetlands

Wetlands are often viewed as highly dynamic and adaptable
ecosystems. Nutrient transformation processes may enable some wetlands
to assimilate and store increased levels of nutrients and other
contaminants from wastewater (USEPA 1983). Many wetlands have been
shown to process wastewater efficiently (Whigham 1982), tolerating
anoxic conditions associated with BOD removal and eutrophication, and to
remove nutrients from wastewater effectively (Ewel et al. 1982). 1In
nearly all instances, wetlands renovate or improve water quality to some
extent, but pollutant removal efficiencies are extremely variable (Chan
et al., 1982).

There is great promise for the use of some wetland ecosystems as
an effective medium of wastewater organic carbon removal (Khalid et al.
1982). The components remaining in wastewater that will exert oxygen
demand, measured as BOD, are very effectively removed in wetland systems
by the microbial flora (Kadlec and Tilton 1979). Optimal BOD removal is
correlated with high surface area available for microbial growth, and
shallow vegetated wetlands maximize this removal capability (Chan et al.
1982). BOD removal in natural wetlands ranges from 70% to 96%
{(Tchobanoglous and Culp 1980).

Wetlands may also provide a high degree of removal of suspended

solids that originate in wastewater (Kadlee and Tilton 1979). Long
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detention times and thick vegetation filter suspended solids. Removal
ranges from 60% to 90% in wetlands (Tchobanoglous and Culp 1980).

Pathogens (bacteria and viruses) in wastewater are reduced by any
processes that promote sedimentation or filtration and increase
detention time (Chan et al. 1982; USEPA 1983). Thus, large, shallow,
non-channelized wetlands encourage die-off of microbes (Chan et al.
1982). Kadlee (1981) reviewed studies that documented the introduction
of significantly elevated levels of fecal coliforms into wetlands. The
levels of fecal coliforms were reduced with passage of wastewater
through these wetlands.

It has been amply demonstrated that some wetlands are capable of
removing nitrogen and phosphorus compounds via a variety of mechanisms
(Kadlec and Tilton 1979). Whereas nitrogen processing is largely
bioleogically mediated, redistribution of phosphorus to internal sinks is
a result of adsorption/precipitation reactions (Ewel et al. 1982).
Adsorption and precipitation by soils are not necessarily permanent
sinks for wastewater phosphorus, as these processes are at least
partially reversible (Richardson and Nichols 1985). Therefore, some
wetlands may eventually lose their ability to immobilize large
quantities of phosphorus, but-may retain their ability to immobilize or
dissipate large quantities of nitrogen (Kadlec and Kadlec 1979).
Wetland removal efficiencies for total nitrogen and total phosphorus are
variable, ranging from 10% to %0% (Richardson 1985).

The capacity for nitrogen removal in wetlands is large (Chan et
al. 1982); processes include volatilization, plant uptake, soil uptake,

microbial uptake, sedimentation, nitrification, and denitrification.
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The major mechanism for removing nitrogen from wastewater applied to
wetlands seems to be denitrification (Sloey et al. 1978: Kadlec and
Tilton 1979; Nichols 1983), but Richardsbn and Nichols (1985) suggest
that the disappearance of nitrogen from acid organic soils may be due as
much to the chemical breakdown of nitrite as to denitrification.

Because the phosphorus cycle has no gaseous phase, less phosphorus
is removed from wastewater added to wetlands, although high, short-term
removal efficiencies have been observed (Nichols 1983). The magnitude
of phosphorus retention capacity varies considerably among wetland types
(Richardson and Nichols 1985; Kelly and Harwell 1985). Successful
phosphorus immobilization by wetland soils is related to contact time
with organic matter (Kadlec and Tilton 1979), but the quantity of
phosphorus adsorbed depends on the exchange equilibrium with the
dissolved phase (Kadlec 1987). Plant uptake is generally less important
than soil adsorption/precipitation reacticns for retaining phosphorus in
wetland ecosystems (Ewel et al. 1982), but the best possibilities for
using wetland plants for nutrient removal appear to occur when the
nutrients are stored in woody plants (Ewel and Odum 1978).

Flow through a wetland in northern Canada reduced orthophosphate
by more than 95% (Hartland-Rowe and Wright 1975). A similar reduction
of phosphorus occurred in a northern peatland receiving sewage
(Richardson et al. 1976). Greater exports of phosphate from channelized
as compared with natural Coastal Plain streams occurred as a result of a
reduction in the soil's capacity to assimilate phosphate (Kuenzler et
al. 1977). Most of the phosphorus added to surface water accumulated in
the sediments in an alluvial swamp forest in the North Carolina Coastal

Plain (Holmes 1977). The floodplain of a small Coastal Plain stream in
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North Carolina was a sink for phosphorus (Yarbro 1979). 1In the Santee
River Swamp, phosphorus was adsorbed or deposited as sediments as water
coursed through the floodplain from the river (Kitchens et al. 1975).
Phosphorus accumulated in the floodplain of a tupelo swamp in southern
Illinois (Mitsch et al. 1979).

In Wildwood, Florida, secondarily treated wastewater has been
released for over 20 yrs into a series of three wetlands. The wetland
that directly receives the wastewater is dominated by Typha latifolia
(cattail) and Salix sp. (willow). This marsh is covered by Lemna sp.
(duckweed). The discharge from this wetland flows through a ditch to a
mixed hardwood swamp dominated by Fraxinus profunda (ash), Taxodium
distichum (bald cypress), and Nyssa biflora (black gum) . The discharge
from this wetland flows through another ditch to a much larger mixed
hardwood swamp with similar species composition.

The first two wetlands receive higher nutrient loadings than the
third wetland (Brown et al. 1975), After flowing through the wetlands,
the concentration of nutrients in the water was reduced to values equal
to or less than those found in a control swamp (Boyt et al. 1977).
Reductions in terms of mass loading were calculated to be 87% for
phosphorus. No visible stress or damage to the natural system was
evident. Dilution rather than chemical or biological processes played
the key role in reducing nutrient and organic loads. No buildup of
nutrients in sediments was indicated. Tree borings showed significant
increases in tree growth for a 19-yr period as compared to the pre-
vious 19-yr period. Therefore, trees did play an active role in

removing nutrients (Brown et al. 1975). 1In addition, the number of
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fecal coliforms declined to background levels within 1 km of the point
of wastewater discharge to the wetland (Boyt et al. 1977),
A cypress strand in Waldo, Florida, dominated by Taxodium

ascendens (pond cypress), black gum, and Acer rubrum (red maple) has

been receiving wastewater since 1934 from overflow of a community septic
tank. This wetland reduced nutrient concentrations to background levels
due to phosphorus retention in the sediments (Nessel 1978). Total
phosphorus concentrations were reduced by 51% in surface waters leaving
this cypress strand and 77% after passing through the soil profile into
shallow groundwater (Nessel 1978). Infiltration was a major route for
water leaving this system. This facilitates phosphorus removal and
explains the long-term effectiveness of this wetland in terms of
phosphorus assimilation (Richardson and Davis 1987). Pond cypress tree
growth was stimulated and increased nutrient concentrations in wood and
foliage were recorded (Nessel et al. 1982), but this represented only 1%
of the estimated phosphorus inflow to the system (Nessel and Bayley
1984). Bacteria had low survival rates; 99% reduction was achieved in
32 days for the viruses tested (Butner and Bitton 1982).

Another cypress strand, Basin Swamp, in Jasper, Florida, has been
receiving raw wastewater or primary or secondarily treated wastewater
since 1914 (Tuschall et al. 1981). Total nitrogen and phosphorus
concentrations in the surface water were effectively reduced by 69% and
36%, respectively, between the inflow and outflow of the swamp. A
portion of the reduction was attributed to dilution by surface runoff
into the swamp. Discharge of raw and primary wastewater in the swamp
decreased growth rates in pond cypress; however, discharge of

secondarily treated wastewater enhanced growth over controls (Lemlich

»
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and Ewel 1984). The rate of fecal coliform export depended on the
detention time of the strand (Brezonik et al. 1981). Based on their
findings at the Jasper site, Fritz and Helle (198l) indicated that the
use of a flow-through wetland system for additional treatment of
secondarily treated wastewater is a workable and economical alternative
to conventional physical-chemical treatment methods.

Most of the wastewater from the Walt Disney World Complex has been
discharged into a mixed hardwood swamp since 1977. The site is

dominated by red maple, black gum, bald cypress, and Pinus elliottii

(slash pine)., This wetland was isolated by berms and the discharge,
which ultimately reaches Reedy Creek, was artificially controlled. This
was the largest full-scale forested wetland effluent discharge system
that has been extensively monitored in the U.S. (Knight et al. 1987).
The long-term average removal rate was 75% for BOD and 80% for suspended
solids. Total nitrogen concentration was reduced 88% but no total
phosphorus reduction was observed {Kohl and McKim 1981). A net release
of phosphorus from this system occurred, probably because the retention
capacity of the swamp had become saturated (McKim 1982). Removal
efficiency depended on input concentration as lower removal efficiencies
resulted from lower input concentrations over the range of values
observed (Knight et al. 1987).

Pottsburg Creek Swamp, a mixed hardwood swamp in Jacksonville,
Florida, has been receiving secondarily treated wastewater since 1967.
This wetland is vegetated by a mixture of species including ash, red
maple, black gum, pond cypress and Liquidambar styraciflua (sweetgum).
Based on mass balance calculations, total nitrogen lcadings were reduced

by 87% and total phosphorus loadings by 62% (Winchester and Emenhiser
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1983). There were no net concentrating or diluting effects and,
therefore, nutrient.reduction was due to infiltration within the swamp,
Cypress domes are a common type of swamp in Florida. These
forested wetlands are dominated by pond cypress and often have large
numbers of black gum. The term "dome" comes from the characteristic
profile of these wetlands, because the trees are taller in the center
and decrease in size toward the edges. A study of the use of cypress
domes for the advanced treatment of domestic wastewater was conducted

from 1975 to 1979,

Biochemical oxygen demand was not substantially reduced as the
wastewater traveled from the center to the edge of the domes (Dierberg
and Brezonik 1978). In contrast to this, the concentrations of
nutrients were generally lower in the surface waters at the edges of
domes receiving wastewater than at the center, but the overall reduction
of nutrient concentrations in the surface waters was less than 33%
(Dierberg and Brezonik 1983a). Infiltration of secondarily treated
effluent through organic sediments lining the basins of the cypress
domes reduced nitrogen and phosphorus concentrations to background
levels (Dierberg and Brezonik 1983a).

Eighty seven percent of the total nitrogen entering the system was
stored in peat, roots, and wood, or was released to the atmosphere by
denitrification, and approximately 92% of the phosphorus entering the
system was removed by plant uptake or sediment deposition (Dierberg and
Brezonik 1%83b). Based on leaching studies using laboratory columns,
organic soils in the domes have a large phosphorus adsorption capability
(Dierberg 1980) and this removal capability could continue for a long

time (Dierberg and Brezonik 1983a). The cypress trees accounted for
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storage of 24% of the estimated nitrogen inflow but only 1% of the
estimated phosphorus inflow to the system (Dierberg and Brezonik 1984).

After 5.5 yrs of wastewater disposal, the understory vegetation
and existing trees showed no detrimental effects (Ewel et al. 1981).
The most striking response of understory vegetation was the development
and persistence of a thick layer of duckweed over the entire surface of
the domes receiving wastewater (Ewel 1984). Initially, it was reported
that tree growth rates were unaffected (Ewel et al. 1981), but further
investigation indicated that cypress trees grew faster under the
influence of sewage effluent and that the response was almost immediate
(Brown and van Peer 1989). The number of fecal coliforms (Fox et al.
1984) and viruses (Scheuerman 1978) were reduced during infiltration of
surface water to the shallow groundwater aquifer. Binding of viruses
may not be permanent (Scheuerman 1978) and the dome substrate may not be
a perfect filter (Wellings et al. 1975). In summary, the cypress domes
studied and their associated sediments can reduce the levels of major
wastewater constituents to levels comparable to those of conventional
tertiary treatment processes (Dierberg and Brezonik 1983b) and can thus
serve as a natural tertiary treatment system (Dierberg and Brezonik
1983a).

Results from these studies are difficult to generalize
quantitatively. However, some qualitative conclusions about wetland
transformation and assimilation of different forms of nitrogen and
phosphorus can be reached (Richardson and Davis 1987). First, nitrogen
removal from water was consistent and substantial over a range of
loading rates. Removal efficiency was generally /3% or more on a mass

loading basis. Soils provided a finite and reversible sink for ammonium
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and phosphorus, and retention capacity depended on a complex of factors.
In contrast to nitrogen removal, efficiency of phosphorus removal varied
greatly. Natural wetlands can process significant amounts of nitrogen,
and can be managed to assimilate even more (Richardson and Davis 1987).
Phosphorus retention is highly variable and highly dependent on the
characteristics of the wetland ecosystem involved and the loading rates.
Wetlands differ in their ability to store and release nutrients.
Some types of wetlands dominated by woody plants (swamps) may be capable
of assimilating excess nutrients through microbial processes and
long-term storage in the soil and in vegetation. Caution must be used
when making generalizations about nutrient removal efficiencies from a
diverse and sparse data set that includes a variety of wetland types and
a wide range of years of application (Richardson and Nichols 1985).
However, trends from the most complete studies show a general pattern of
decreased nutrient removal efficiency with time and with higher loading

rates (Richardson and Nichols 1985).

Evapotranspiration in Forested Wetlands

Evaporationiis the conversion of water from the liquid state into
vapor, and its diffusion into the atmosphere. Transpiration is the
return of water to the atmosphere by plants. Evapotranspiration then is
the evaporation from all moist surfaces to the atmosphere. Evapotrans-
piration includes several processes that aré difficult to quantify
separately; therefore, potential evapotranspiration is usually
estimated. Potential evapotranspiration is defined as the evaporative

flux that will not exceed the available energy from both radiant and

convective sources (Saxon and McGuinness 1982). In determining
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potential evapotranspiration, atmospheric variables are considered
separately from plant and soil effects. Often water is not freely
available and actual evapotranspiration is less than potential
evapotranspiration. Therefore, potential evapotranspiration is
estimated first, based on meteorological factors, and the amount of that
potential used by the actual evapotranspiration processes is then
estimated.

A water budget for the Okefenokee Swamp was developed by Rykiel
(1977). Evapotranspiration was estimated as a residual term. An
independent estimate of potential evapotranspiration was made with the
Thornthwaite method for comparison with the residual estimate.

Potential evapotranspiration was found to underestimate evapotrans-
piration and therefore should be used as a minimum value with normal
rainfall (Rykiel 1977).

Estimates of potential evapotranspiration were compared to field
measurements (groundwater level fluctuation) of evapotranspiration in a
cypress strand (Carter et al. 1973). Evapotranspiration measured in
this manner was higher than estimated potential evapotranspiration
except when the groundwater level was well below the land surface and
water was unavailable to plants. Evapotranspiration values measured in
the same manner in these cypress strands were reported by Burns (1978).
When the groundwater level was high, field evapotranspiration approached
pan evaporation. These studies suggest that estimates of potential
evapotranspiration may underestimate evapotranspiration when water
availability is high.

In order for evapotranspiration to occur, a source of energy and a

vapor pressure gradient between the evaporating surface and the
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atmosphere must exist. Solar energy is the main source of energy and
advection of energy from outside an area may increase evapotranspiration
(oasis effect). Evapotranspiration is influenced by a number of factors
including solar radiation, air temperature, vapor pressure gradient,
wind and air turbulence. In addition to the meteorological factors the
nature of the evapotranspiring surface and availability of water are
important. For example, the height and roughness of vegetation
influence air turbulence, and transpiration can at times exceed open
water evaporation (Linacre 1976).

On the other hand. the sheltering effect and high albedo of
vegetation as well as the resistance to water movement in dry periods
could decrease the rate of water loss during dry periods (Linacre 1976).
The presence of vegetation in a wooded swamp in southern Ontario reduced
water loss in relation to that from and open water surface (Monro 1979).
Swamp vegetation was efficient in converting net radiation into
turbulent energy exchange, thus minimizing water loss. Wetlands may
evapotranspire at a low rate when water is limiting and at a higher rate
when water is readily available.

Evapotranspiration in three cypress swamps in Withlacoochee State
Forest was measured by Ewel (1985) by determining changes in water
levels. Daytime reductions in water level due to evapotranspiration and
infiltration could be distinguished from nighttime reductions in water
level, due to infiltration only. Evapotranspiration rates were
caleculated as the difference between the daytime and nighttime water
level changes converted to a volume basis. Average annual evapotrans-
piration was estimated to be 31 in. during the 3 yrs for which data were

available. Average annual precipitation for the 3-yr period was 59 in.
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Therefore, evapotranspiration was 52% of precipitation at these sites.
Evapotranspiration in slash pine flatwoods in north Florida was
estimated over the same 3-yr period to be 41 in./yr, or 74% of
precipitation. The estimated evapotranspiration rate was 77% of this
rate. This comparison confirmed earlier reports of low evapotrans-
piration rates for certain cypress swamps.

A decrease in the rate of water loss would be a water comservation
mechanism and any discussion of water conservation by wetland vegetation
should include reference to xeromorphy. Plants of acid habitats are
often structurally adapted to conserve water, as are plants from xeric
habitats (Clewell 1981). Such plants in acid habitats are called
physiological xerophytes (Clewell 1981). Xeromorphic characteristics in
plants include thick cuticles, deeply sunken stomata, and highly
reflective surfaces. These are the characteristics of evergreen
sclerophyllous leaves such as those of titi and sweetbay. These
characteristics have evolved in desert plants in response to drought but
some xeromorphic species have a "bimodal" distribution, i.e., they are
found in both wet and dry habitats but not in intermediate habitats
(Larsen 1982). A species could undergo selection for characteristics
that adapt it more effectively to both wet and dry habitats than for the
habitats between these extremes. In the process of evolving charac-
teristics permitting survival in wet areas, the plants could have
acquired characteristics fitting them for survival in dry areas.

These characteristics may develop in response to low fertility and
potential water deficiency, but water loss is the key factor (Brunig
1971). On the other hand, xeromorphy in plants may be an adaptation to

low fertility and water conservation features may be fortuitous (Larsen
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1982). 1If xeromorphy is an adaptation to dry conditions the reduction
of transpiration losses could be a necessary adaptation for survival
during dry periods. Low transpiration rates for cypress domes may
likewise be an adaptation for survival when water becomes limiting
during dry periods (Brown 19815 .

Evapotranspiration can be determined by various direct measures
such as the measurement of the increase in water vapor in air flowing
through gas exchange chambers (Odum et al. 1970; Odum and Jordan 1970;
Cowles 1975; Brown 1978; Burns 1978). The metabolism and transpiration
of some plants in a tropical rain forest were measured by Odum et al.
(1970), and the effect of air velocity on leaf metabolism was evaluarcted,
Air wvelocity in low ranges limited metabolism of living forest
components. In addition, transpiration increased asymptotically with
airflow over leaf surfaces (Odum et al. 1970). Therefore, flow rates in
chambers should not minimize metabolism or enhance transpiration. Air
flow rates were adjusted by Brown (1978) so as not to limit metabolism
or enhance transpiration, and to insure that the maximum difference in

temperature between the ambient and exhaust air never exceeded 3°C.

Freshwater Wetland Models and their Use in
Simulating Wastewater Addition

The number of models of freshwater wetlands in the literature is
large (Costanza and Sklar 1985). These authors provided a systematic
review of freshwater wetland models that use some kind of formal
mathematical description, either explicit equations or system diagrams
with implied equations. The representative but not exhaustive review

listed 87 models in 59 different studies. There were 18 forested swamp
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models, 9 bottomland hardwood models, 14 emergent marsh models, 5

floating marsh models, 30 shallow lake models, 2 bog or fen models, 4
tundra models, and 5 combination models. More than 60% of the models
were non-linear,

There are two major types of ecological models, which can be
classified for convenience as analytic models and simulation models
(Hall and Day 1977). Analytic models use mathematical procedures to
find exact solutions to differential and other equations. These models
are not generally used to study whole ecosystems because they cannot be
used to solve many non-linear systems of equations that may provide a
better description of an ecosystem. Simulation models, on the other
hand, do not give an exact solution to an equation over time, and,
therefore, one-type of error associated with these models is related