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ABSTRACT

Conceptual designs of two wastewater treatment systems using trees adapted to

wetlands (e.g. poplars) are developed for southern Arizona's desert environment. The

"zero discharge" system uses the large difference between potential evapotranspiration

and precipitation to fully consume the applied wastewater. The "safe discharge" system

processes more water and uses tree and soil microbial bioremediation to reduce

pollutants in wastewater to tertiary treatment levels. Nutrients in the wastewater enhance

the growth of the poplars and produce valuable biomass in systems more cost-effective

than conventional treatment facilities.

Zero discharge systems for a design population of 1000 people will require about 8.5

ha (21.4 ac) to process 1600 mm (63 in.) of wastewater annually. Safe discharge

systems can handle higher hydraulic loading rates of about 2500 mm (98 in.) per year and

require only 5.5 ha (13.8 ac) for 1000 people.. Both systems require a storage pond

approximately 3m (10 ft.) deep and 1.5 ha (3.75 ac) surface area when irrigation is

curtailed during the winter dormancy period.
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1. INTRODUCTION

Historically the question of wastewater treatment has largely been approached from

the standpoint of pollution control. However, there is now growing interest in treatment

for water conservation and re-use (for crop or grass turf irrigation) to take advantage of

the nutrients contained in sewage water (Smith and Walker, 1991, p.428). Such re-use

offers numerous advantages: reduced demands on ground and surface water supplies,

lowering capital and operating costs for wastewater treatment compared to conventional

approaches. Biological uptake by plants and retention by soil reduces potential

contamination of the water table (Al-Mutaz, 1989,  P. 27). In addition, the economic

products from wood harvested from the trees and creation of areas of treed wetlands for

wildlife and human recreation are benefits to offset costs of implementing the system.

Conventional wastewater treatment plants employ a sequence of physical settling and

separation, biological (microbial) digestion and chemical treatment (generally with a

halide, most frequently a chlorine compound) before release into the environment.

Microbial activity is insufficient to achieve complete uptake of nitrogen and phosphorus

11
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because of the high concentrations of these elements in the organic material contained in

sewage waters. There is thus incomplete reduction of nutrients contained in the sewage

waters in conventional wastewater treatment plants which rely exclusively on microbes

for their biological activity. Thus, even discounting the widespread, especially in

developing countries, discharge of completely untreated wastewater into natural water

bodies, the effluent from modem treatment plants typically releases waters excessively

enriched with nitrogen and phosphorus. This has resulted in widespread eutrophication

of rivers, lakes and marine environments, especially shallow coastal waters causing loss

of valuable aquatic species and other environmental degradation (Hamer et al., 1989, pp.

34-35).

The 1992 E.P.A. National Water Quality Inventory Report to Congress (E.P.A., 1994)

documents the role that inadequately treated wastewater, both from onsite disposal

systems and from municipal sources, play in polluting our waters. Excessive nutrient

loads, pathogens and organic enrichment (with associated low dissolved oxygen) which

can result from wastewater discharge rank among the top five causes impairing water

quality in rivers, lakes, and estuaries. Excess nutrients are the leading pollutant of

estuaries and the second leading factor in lakes and rivers. Organic enrichment/low DO

(dissolved oxygen) ranks third for estuaries and lakes and fifth for rivers, while pathogen

contamination is second for estuaries, and ranks third as a problem for rivers (E.P.A.,

1994, p. ES-6). Expressed another way, some 37 percent of U.S. river miles are affected
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by high nutrients, while 27 percent show evidence of pathogen contamination and 24

percent suffer from organic enrichment/low DO. An estimated 15 percent of that

pollution comes from municipal point sources, chiefly wastewater treatment system

effluent. Another 11 percent is contributed by urban runoff/storm sewers, some of whose

pollution is because sanitary and stormwater drains share piping and during heavy rains

the resulting water loads exceed treatment plant capacities. As a result virtually

untreated wastewater bypasses the treatment facilities and is discharged into the

environment (E.P.A., 1994, p. ES 10-11; White, 1978, p. 71). A U.S. E.P.A. lake survey

reported that 40 percent of their acreage is affected by nutrient pollution; 24 percent by

organic enrichment/low DO. Nutrients are polluting 55 percent of estuary areas, while

42 percent show pathogen indicators and 34 percent are degraded by organic

enrichment/low DO. The wetlands assessment showed 8 percent with evidence of

nutrient enrichment. Unfortunately, we know less about coastal water pollution.

However, declining marine mammal numbers and degradation of coral reefs offer

evidence of pollution beyond what marine ecosystem waters can tolerate (E.P.A., 1994,

p. ES11-19).

Passage of the Clean Water Act of 1972 and its successors reawakened interest in

biological wastewater systems in the United States (Metcalf and Eddy, 1991, p.929).

Some types, such as lagoon ponds and application of sludge to the land, have a long

history of use. Recent decades have seen some innovations in biological treatment,
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including greater emphasis on land treatment by crop utilization and the development of

created wetlands and aquatic systems for wastewater bioremediation (Reed et al., 1995,

p. 2). Such "natural" systems frequently are less expensive to build and operate while

offering comparable or improved nutrient removal. In addition implementation of such

biological systems can yield secondary benefits such as creating additional wetland

habitat, more pleasant aesthetics than conventional sewage treatment, and the production

of valuable plant or aquaculture products.

Terminology of Wastewater Treatment

It will facilitate later discussions to review the terminology of wastewater treatment so

that the frequently used terms, such as primary, secondary and tertiary treatments, are

clearly understood when we consider various options for use of fast-growing tees as a

wastewater treatment technology. There are generally accepted standards of water

quality which the proposed system must fulfill to be an acceptable option for secondary

or tertiary treatment. In this thesis, "wastewater" is synonymous with sewage, or the

combined water stream from households and commercial/industrial wastewater flows.

Wastewater is thus a mixture of metabolic excretions (feces, urine) and gray water

(laundry, kitchen). In some urban systems, runoff from landscape watering and (usually)

storm waters from precipitation events also enters sewage collection lines. In southern
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Arizona, storm water runoff from precipitation and landscape watering does not generally

get mixed with wastewater and so will be ignored in our design considerations.

Primary Treatment

Preliminary treatment is the initial step in wastewater treatment of separating floating

materials (paper, fecal material, wood etc.) and heavier solids (grit and other suspended

solids) from the rest of the influent stream. This is necessary to prevent damage to

machinery such as pumps and aerators and to prevent clogging of pipes or valves. This

step is generally accomplished with sewage flow through appropriately sized screens or

strainers. The separated materials are generally incinerated or taken to land fills. They

may also be macerated and returned to the initial stream where they will be deposited as

sediment in subsequent steps of the wastewater treatment (Horan, 1988, p.42).

The next step generally is to reduce the high concentrations of suspended matter (size

0.05-10 mm) in the wastewater stream by passing the wastewater into a settling tank. It

is not essential to have a separate step of sedimentation to remove suspended matter and

some conventional plants move directly to the next step, secondary or biological

treatment. But the advantage is that some 40 percent of the Biochemical Oxygen

Demand (BOD5) can be removed by primary sedimentation. This allows use of smaller

biological reactor tanks, saving capital expense and power in operating the treatment
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plant. It also reduces the amount of sludge produced. However, the settled particles

from primary sedimentation must be periodically removed from the settling tanks (Horan,

1988, pp. 48-49). Together, the preliminary treatment (separation of floating and heavy

solids) and primary sedimentation (separation of most suspended particles) is termed

primary treatment. It is purely a physical process.

Secondary treatment

Biological processes are the key component of secondary treatment. Generally in

conventional waste treatment plants, aerobic bacteria are employed and so methods for

insuring sufficient oxygen in the reactor tanks are also generally required (e.g. stirrers or

forced oxygen for tanks, or methods such as trickling filters which pass the wastewater

over media where microbial digestion occurs). This is also true for most ponds or lagoon

stabilization systems. Created wetlands utilize both aquatic plants as well as associated

microbes. There are some types of treatment which utilize anaerobic bacteria. The aim

of secondary treatment of sewage is to achieve sufficient reduction in BOD5 and other

criteria which will minimize pollution stress when the effluent water is discharged to the

environment (Horan, 1988, p. 52). Other requirements are dictated by whether the

effluent is to be point discharged to river, lake, or ocean, or reused for irrigation. While

standards may vary depending on local regulations, in general, effluent leaving secondary



treatment is no greater than 30 mg/1 BOD5 and 30 mg/1 SS (Suspended Solids) (White,

1978, p. 292).

Tertiary Treatment

Tertiary treatment involves achieving water quality improvements beyond the levels

required of secondary treatment. These methods can vary in response to the intended

end-use. Microstrainers and rapid sand filtration are frequent tertiary treatments for

waters intended as drinking water. Other methods include pebble-bed clarifiers,

settlement in tanks, passage over grassed plots and subsequent collection, or through a

series of shallow lagoons. The primary objective is elimination of any remaining

suspended solids (partly for reasons pertaining to human aesthetics and acceptability) but

in the process BOD5 is also further reduced (White, 1978, pp. 292-297). In addition, if it

is required by regulation, or if the water is to be discharged to surface waters such as

rivers or lakes where people may come into intimate contact with the water, or where

aquatic organisms are food sources (e.g. shellfish) a further step of disinfection is done to

ensure a complete kill of potentially disease-causing agents (bacteria, viruses etc.). This

is most commonly done by adding a dilute form of chlorine, or by exposing the waste

stream to UV light (White, 1978, p. 164). In some cases, this disinfection constitutes

17
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tertiary treatment; in others tertiary treatment consists of the methods outlined above to

remove suspended particles; and in some cases, tertiary treatment involves both types of

step (Viesmann and Hammer, 1993, pp. 455-456).

Standards for Wastewater Treatment

Water quality standards in the U.S. are governed by the National Pollutant Discharge

Elimination Scheme (NPDES) permit program under which the E.P.A. requires each

state to establish effluent standards and performance requirements. These are the

standards to which wastewater treatment facilities must conform. The national goal is to

ensure at least secondary treatment for all wastewater, which is defined as meeting an

upper limit of BOD5 of less than 30 mg/I, SS of less than 30 mg/1, and a pH in the range

6.0-9.0. Other permissible pollutants in the effluent are dictated by the amount of

dilution the receiving water will provide. The most important and common of these

pollutants are fecal coliforms, residual chlorine, ammonia, oil and grease, nitrogen and

phosphorus. Control of the last two is particularly important for prevention of estuary

and lake eutrophication (Viesmann and Hammer, 1993, p. 276). The origin of these

secondary standards dates from the era when "the solution to pollution is dilution" was

the reigning paradigm for wastewater treatment. The 30/30 standard for BOD5/SS is

similar to those followed in the U.K. (where they are 20 mg/1 BOD 5 and 30 mg/1 SS) and

originates from recommendations from the Eighth Report of the Royal Commission on
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Sewage Disposal, 1912, which assumed that rivers into which the wastewater effluent

was discharged would provide at least an eight-fold clean water dilution of the pollutants

(White, 1978, P. 177).

Standards vary on permissible levels of coliform and parasitic agents, such as

helminth.. Conventional wastewater treatment kills 99-99.9 percent of pathogenic

microorganisms but the remaining numbers are still significant since initial numbers in

sewage waters are usually >1 million per 100 ml. World Health Organization guidelines

suggest that wastewater used for unrestricted irrigation contain less than 1 helminth

egg/liter and under 1000 fecal colifomi/100 ml of water (Hrudey et al., 1992, p. 595).

Whereas drinking water standards dictate zero coliform counts, wastewater effluent

destined for recreational waters are generally considered acceptable if brought to an

average of 200 fecal coliform count per 100 ml or less. This is generally accomplished

by chlorinating at 8-15 mg/l. Tertiary treatment is required where standards dictate

meeting levels for "unrestricted reuse for irrigation" and the possibility of human contact

with the irrigation water. This generally involves filtration to remove helminth eggs,

protozoan cysts and eliminate suspended solids and often longer exposure to chlorination

is employed (Viesmann and Hammer, 1993, p. 262).



Use of Units

Scientific papers which comprise the bulk of the literature discussed in this text

almost exclusively use System Internationale (S.I.) units. However, this thesis also

presents calculations for system sizing and operation drawn from engineering books and

reports. In the U.S. these engineering texts predominately use English units such as

gallons, feet, and acres. Even in engineering texts laboratory analyses are reported in S.I.

units such as mg/l. This thesis will employ both S.I. and English units throughout the

text. In many cases, both will be used. In tables drawn from papers, the original units of

the authors are used.

20



2. THE PROBLEM

This thesis will present a conceptual analysis of a new approach to the treatment and

use of wastewater (sewage) employing the mechanism of fast-growing trees, e.g. poplars,

as the agent of bioremediation. Preliminary designs will be presented for several

scenarios, including the system's use for primary or secondary treatment in combination

with subsurface flow created wetlands; its potential for income-generating through

production of wood, biomass for fuel and related products; and capability of the system

to maximize habitat creation and the fostering of biodiversity. The advantages of

complete utilization of the influent wastewater ("zero discharge") vs. re-use of the water

for further irrigation or drinking water ("safe discharge") will be discussed. Because of

the added importance of water conservation and reuse in hot, arid regions, this study will

take as a location for its analysis the creation of such a system in southern Arizona for

which evapotranspiration and climatic data are available.

The thesis will review the basic mechanisms involved in biological treatment of

wastewater. Previous studies in the field will be examined for aid in choice of crops,

irrigation and planting/management techniques, problems and anticipated results. Using

climatic data from southern Arizona, we will present engineering calculations for

21
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hydraulic and nutrient loading of both zero discharge and safe discharge systems. These

will include land area required for the system including seasonal storage requirements.

An outline of system components will be made for a variety of design scenarios.

The thesis will include discussion of the importance of such wastewater systems to the

developing world for disease mitigation and economic development.



3. APPROACHES/METHODS

Since we are proposing a wetland treatment of wastewater employing fast-growing,

short-rotation trees as the heart of our system, it is useful to review the underlying

mechanisms with special emphasis on design guidelines that previous experience and our

site conditions suggest. It is useful to emphasize, as some authors have done, that the

term "waste disposal" through land application is a misnomer. Nothing is "disposed,"

the wastewater and its constituents are either retained in the soil, taken up and used by

plants, or descend through or over the soil to ground or surface waters (Loehr et al., 1979,

p. 19).

Mechanisms of Land Treatment of Wastewater

Land treatment can be accomplished in three basic ways: overland flow, slow-rate

application (irrigation) and rapid infiltration. While system goals influence the choice of

land treatment, the nature of site conditions determine which can be appropriately used,

and which will accomplish the degree of wastewater treatment required. In general,

rapid infiltration requires relatively porous soils, those with coarse textures, large soil

pore size and volume (sandy to sandy loam soils with low organic content) which result

in high permeability. The opposite extreme is an overland treatment system which

23
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depends on collection of wastewater without significant infiltration occurring during its

passage. Such systems require soils with fine texture and low permeability,

characteristics which are often the result of high clay and/or organic content, small pore

size and low pore volume (loamy clay to clay soils). Slow-rate application (irrigation)

land treatment is best accomplished on soils with physical properties that are found

between these extremes. Additional factors, such as slope and topography of the site,

degree of compacting, degree of prior water saturation of the soil, and existent vegetation

will also affect these critical design criteria of permeability and infiltration rates at the

site (Loehr et al., 1979, pp. 12-14).

While the above factors will govern the rates of infiltration into soils, two other soil

characteristics are critical in determining the amount of transformation they are likely to

undergo in the soil. The first is available water content (AWC), a measure of the soil's

capacity to store water, which increases with the fineness of soil texture. AWC

determines how rapidly the water will pass through the soil, i.e., what the hydraulic

retention time (HRT) will be. The longer the retention time, the greater the amount of

waste treatment. The second is cation exchange capacity (CEC), which governs the

retention time for dissolved ions and compounds in the wastewater. CEC is a measure of

attraction of cations (positively charged ions, such as ammonium, calcium, sodium) to

the negatively charged colloidal humus and clay particles. CEC is also an indirect

measure of the retention of all charged particles in the wastewater, including anions, and
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is generally highly correlated with a soil's clay/humus content. Thus both AWC and

CEC tend to be highest in finer textured soils. We encounter then a fundamental design

tradeoff for land treatment - the coarser the soil, the higher its permeability and ability to

move wastewater through its volume. But the very speed at which this occurs decreases

HRT and lowers the amount of waste treatment possible. Finer textured soils are less

permeable, making it harder for wastewater to infiltrate. But wastewater which does

infiltrate is exposed to high HRT and higher CEC which means more treatment of the

wastewater will be accomplished in such soils (Loehr et al., 1979, pp. 15-17).

Spray irrigation has been the predominant form of wastewater application to forest

trees. Spraying offers the advantage of maximizing evaporative "disposal" of the

wastewater. This is due to the high rates of evaporation due to canopy interception of the

sprayed effluent.

Soil Treatment Processes

Wastewater treatment in the soil can be conceptually divided into three categories:

physical, chemical and biological, though they interact and facilitate each other in

practice.
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Physical processes include the filtration of suspended solids and bacteria, holding them

in pore spaces and preventing their movement down through the soil to groundwater.

Depth for filtration to occur increases with rates of wastewater application and

coarseness of soil texture. Dilution of wastewater constituents occurs in soils as they

receive additional precipitation, or through mixing with soil pore water. The opposite

process, concentration, may be of greater importance in the and soils of southern Arizona

as evapotranspiration concentrates wastewater constituents. Experience indicates that

although pretreatment to precipitate the bulk of suspended solids is necessary to lessen

the danger of soil clogging during land treatment, limitations on wastewater application

rates will likely be imposed by maAimum nitrogen loading (or by toxic elements if they

occur in the wastewater stream). Common suspended solid (SS) loading rates (200 mg/I)

in land treatment at 2 inch (50 mm)/weekly applications amounts to some 5,000 pounds

of SS per acre (5700 kg/ha) per year, far below the quantities likely to cause clogging

(Loehr et al., 1979, p. 20). In addition, alternation of wastewater application with

periods of soil drying aids in preventing clogging. One study, with loadings of 200

pounds SS per acre (230 kg/ha) per day from 3 inches (75 mm) of wastewater effluent

application, failed to produce clogging in a variety of soil types (Laak, cited in Loehr et

al., 1979, p. 21).

Chemical mechanisms include adsorption and precipitation. Adhesion to soil

particles increases removal of suspended solids and is the primary mechanism for virus
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removal in soils. These mechanisms are also responsible for retention of dissolved ions

and compounds. Ion exchange reactions are a form of absorption reaction. High

concentrations of ions in the wastewater can exceed the soil's CEC capacity and thus

lead to incomplete treatment. Heavy metal cations, usually present in low concentration

in municipal or domestic sewage, tend to be adsorbed and retained by the soil. Overall

effectiveness of these mechanisms is also dependent on how thoroughly and uniformly

the soil is wetted, for this increases effective surface area in contact with the wastewater

(Loehr et al., 1979, p. 23).

Several limitations of chemical mechanisms can be noted. Phosphorus removal

depends on intimate contact with the soil. Overland flow land treatment can thus only

accomplish moderate P reduction. Nitrogen removal is dependent on attraction of the

positive ammonium ions with the charged clay particles of the soil, but this is of only

partial efficacy on total N control as ammonium is biologically converted to nitrate

which leaches rapidly through the soil (Loehr et aL, 1979, pp. 25-26). Sodium offers a

potential design limitation to land treatment, for excessive amounts of the element will

degrade the structure of the soil leading to a loss of permeability and infiltration capacity.

The measure of sodium content in water is usually given as its sodium absorption ratio

(SAR) where SAR = NA+ / ([Ca+2} + [Mg+2] / 2) °  The general guideline of the U.S.

Salinity Laboratory is that wastewater used in land treatment should not exceed an SAR

of 10 (Loehr eta!., 1979, p. 26).
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Biological treatment mechanisms include organic matter decomposition, inorganic

transformations and assimilation. Biological transformations occur in three stages. In

the first, the most easily decomposed organic materials are metabolized by soil microbes,

releasing CO2 and water. Biochemical oxygen demand (BOD 5) is a rough measure of

this first process, during which aerobic organisms consume oxygen. The second stage is

the decomposition of the more refractory materials, plus intermediate byproducts of

initial decomposition, which are transformed into humus. The final stage of biological

treatment involves the degradation of a portion of the humus by specialized microbes.

The most critical soil factor affecting biological transformations is the aeration of

the soil, for otherwise biological mechanisms will be dominated by anaerobic bacteria

through different reaction pathways. Organic matter decomposition by bacteria and other

soil organisms (actinomycetes, fungi) converts N, P, S and other trace elements from

organic to inorganic forms. But the fmal products depend on whether the soil is

aerobic or anaerobic. Most natural wastewater treatment systems utilize aerobic

conditions, because aerobic decomposition tends to be faster and more complete than

anaerobic decomposition. Thus loading rates of organic matter need to be designed to be

balanced by the amount of aeration in the soil/rhizosphere zone. An important exception

to this rule concerns denitrification, important in the control of N, since this process is

accomplished by anaerobes. Denitrification may proceed in anaerobic soil microsites
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near plant roots while the bulk of the soil remains well-aerated (Metcalf and Eddy, 1991,

p. 939).

Table 1. Reaction products in soil depending on whether conditions are
aerobic or anaerobic.

Carbon Nitrogen Sulfur
Aerobic Decomposition CO2 NO3 (Nitrate) SO4 (Sulfate)

Anaerobic CO2 NH4 (Ammonium) H2S (Hydrogen
Decomposition Sulfide)

CH4 N20 (Nitrous Mercaptans
(methane) Oxide)
Organic Acids N2 (Molecular N)
Alcohols Skatoles

Source: Loehr et al., 1979, p. 28.

Research has shown that soils can decompose extremely high quantities of organic

matter. In one case this totaled about 5,700 kg/ha (5,000 lb/acre) per day. Retention

times and the necessity to limit N-inputs will determine loading rates. Anaerobic

decomposition has never been demonstrated to be capable of removing more than about

30 percent of total N input in the wastewater. Thus aerobic microbial and plant uptake of

N is required in land treatment systems (Loehr et al., 1979, p. 29). Table 2 summarizes

general parameters governing wastewater applications to land.
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Table 2. Guidelines showing loading limitations for wastewater applications
to soil.

Constituent
Organics: 

Limitations 

BOD5

Suspended Solids (SS)

Nutrients:
Phosphorus
Nitrogen

Heavy metals:
Zinc,copper, nickel, cadmium

Sodium

4,000 lb/acre per application
600 lb/acre per application

150-300 lb/acre/yr
100-500 lb/acre/yr

Depends on soil cation exchange
capacity
SAR < 10

Source: Loehr et al., 1979, p. 30.

Silviculture Waste Treatment Systems (Silvitreatment)

Fast-growing trees offer a number of advantages when incorporated in wastewater

treatment systems. Like other vegetation, trees are relatively inexpensive to establish and

manage, compared to physico-chemical or mechanical engineering treatments. Trees are

"solar powered" and are able to extract nutrients from soil and CO2 from air. Their

deeper root systems, high rates of biomass accumulation and litter deposition create

favorable environments and substrates for microbial activity. Tree systems, in effect,

combine land treatment with "pump and treat" methods of bioremediation. These

function by pumping contaminated groundwater, low in microbial populations and low in

organic matter, to the top soil horizons where microbes and nutrients are more abundant.

In effect, this pump and treat technology is solar powered through the trees'
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evapotranspiration mechanisms. Trees, like other plants, accumulate and transform

organic compounds taken up by their root systems, while providing an extended

rhizosphere environment enhancing the variety and intensity of microbial metabolic

reactions. They can extend microbial and rhizosphere bioremediation from just the A

horizon where microbial populations and environment are most favorable to the B and C

horizons at little additional expense (Shimp et al., 1993, p. 46). The conditions of the

trees and other site vegetation can function as a monitor of soil conditions (e.g. to reveal

buildups or inadequacy of macro- and micronutrients, soil aeration) while leaf analysis

and plantation productivity can provide a measure of pollutant uptake and transformation

(Erickson et al., 1994, pp. 226-227). In contrast to the frequent interventions to harvest

aquatic plants of created wetland systems, or annual crops in land treatment, trees are

long-lived. Great quantities of biomass accumulate between harvests. Tree products are

also potentially quite valuable for energy production, pulp or wood products. Finally,

trees, compared to food crops, are much less likely to contribute to bioaccumulation

through "food chain transfers" of metals and other toxins which may be present in the

effluent (Urie, 1979, p. 7).

We can get some idea of the operational performance of the proposed systems by

examining prior wastewater treatment research using trees. One such study was

conducted in Ontario, Canada to examine the effectiveness of poplar/willow tee

plantations as a means of disposing of secondary wastewater through evapotranspiration,
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thus eliminating environmental hazards caused by poor water quality reaching surface or

groundwater (Laughton et al., 1990). The wastewater was applied by spraying and

evaporation of intercepted water from the tree foliage was rapid. Even in Canadian

conditions of high summer humidity and rainfall (300 mm[12 inches] over a 100 day

growing season and high humidity), the trees' evapotranspiration was 3-4 times as great

as from cut or wild grass. The effectiveness may be attributable to high rates of

evaporation of wastewater "intercepted" by canopy foliage during spray irrigation. Spray

application is effective in disposing of large amounts of water, but is undesirable for a

variety of reasons discussed later (see section on Irrigation Methods in Chapter 5). After

6 years of growth, the 6 poplar varieties initially tested grew an average of 8-11 m (25-35

ft) tall with dbh (diameter at breast height) from 83-125 mm (3.3-5.0 in) (Laughton et al.,

1990, pp. 221-222). While rates of growth of irrigated vs non-irrigated trees were not

statistically significant, the authors note that in their climate there is no moisture stress in

unirrigated situations. What they did find significant was that the planting of trees (as

opposed to the turf grass application used previously) greatly increased the evaporation

of sprayed wastewater. They note in some prior trials of wastewater disposal using

silviculture, quite permeable soils were used which led to short soil residence times for

the applied water, thus limiting the amount of evapotranspiration possible. Rates of

water application in these prior trials did not reflect water demands of the trees and

capacity of the soil to contain the applied wastewater and this led to contamination of

groundwater with nutrients after several years of operation. In this Canadian land
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treatment system, climatic data and ET measurements were used to estimate the capacity

of the forested system to completely and safely utilize the applied secondary wastewater

(Laughton, 1990, pp. 218-220).

In a Japanese study, a mix of tree species was used to evaluate the effectiveness of

forest to treat secondary effluent and to assess potential problems of soil accumulation of

nutrients, BOD5 and bacterial buildup (Itoyama et al., 1990). In this research, some

increased presence of cations/anions was found (K, Na, Fe, Cl and SO4) attributed to

overwatering, but no buildup of Ca, and nearly complete absorption of phosphate.

Nitrate was lowered from 26 to about 6 mg/l. Oxygen demand was also sharply

decreased. While numbers of fecal coliform found in upper soil levels increased during

the periods of irrigation, they quickly declined to ambient levels thereafter (Itoyama et

al., 1990, pp. 285-287). The authors conclude that groundwater quality is scarcely

affected, improved growth in trees and understory weeds is observed, and no bacterial

contaminant problem resulted from the sprayed application of secondary effluent to a

forested slope (Itoyama et al., 1990, p. 287).

Sopper (1971) reported that phosphorus in the wastewater was reduced by 99 percent

and nitrates by 27-70 percent during a six year study of application of over 50 inches of

effluent annually by spray irrigation to forested land. Some buildup of soil nitrogen

levels was observed. An Australian study of wastewater effluent applied to forest
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plantations found that tree evapotranspiration was some 2.2 times higher than pasture

lands, and little recharge of groundwater aquifers was observed (Holmes and Colville,

1970, cited in Edgar and Stewart, 1979, P. 164). In a study in Rhodesia Eucalyptus and

Casuarina trees grew 12-18 m (39-55 ft) in 6 years of irrigation by wastewater (Barrett

and Woodvine, 1971, cited in Edgar and Stewart, 1979). However, a factor to be

considered in the enormous growth possible by choice of fast-growing trees for

wastewater disposal, is that wood properties may be altered. In a study of red pine grown

in sewage effluent, Briskin and Murphey (1970, cited in Edgar and Stewart, 1979, p. 264)

found that 25 mm (1 in) of irrigation per week caused marked increase in tracheid length

and diameter and cell wall thickness, while 50 mm/week (2 in/wk) decreased cell wall

thickness but had no other impact on tracheid characteristics

Work with wastewater effluent applied to forested ecosystems, generally by spray

irrigation, dates back to the 1960s in the United States when research was begun at

Pennsylvania State University (Sopper, 1971). In subsequent years, a wide variety of

ecosystems in many states were tested. In general, both deciduous and conifer trees were

shown to be effective in wastewater disposal, with enhanced growth resulting. One

advantage frequently seen was that seedling survival was enhanced by assured irrigation

in dry years, which permitted the establishment of forest types where they might not

otherwise have been possible. Poplar species and hybrids were amongst the most

productive trees evaluated, while pines showed the least growth increase. The most
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frequently observed changes were faster decomposition and increased pH in litter and the

upper soil horizons. In forested soils which were highly acidic before wastewater

irrigation, pH was usually raised to 6.0-6.5. Normal levels of BOD5, suspended solids,

heavy metals, nutrient and chemical contents of municipal waste did not pose toxicity

problems. One exception was boron toxicity observed in red pine on deep, well-drained,

sandy soils. On heavy soils, high ice breakage and toppling was reported from young red

pine. Most forest land treatment systems also encountered the problem of containing

rapid weed growth in early years after planting (Brockway et al., 1982, p. 15).

Slow rate irrigation, usually by spray, applying 1250-6250 mm (50-250 in) of

wastewater per year, has been the norm in land treatment using forested ecosystems.

Matching of N-uptake to stand growth rates is critical to prevent buildup of nutrients in

soils or high leaching rates. This may require lower rates of application during winter or

in the initial years after planting, or the use of companion plantings to increase nutrient

uptake until the tree canopy closes. Short rotation tree crops have been a favored

management option. Few studies exceed 5 years in duration, so long-term effects are not

precisely known, nor what steady state conditions might resemble (Sopper and Kerr,

1979, p. 61). There is also little experience and research data to indicate the potential for

special management of forested ecosystems to maximize their effectiveness in

wastewater disposal. Thus standard silvicultural practices are employed (Brockway et

al., 1982, pp. 16-19).
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While slow rate (spray) irrigation, with fixed piping, has been the norm in previous

applications of wastewater effluent to forest trees, there are a few instances of flood

irrigation being employed. In one of these studies conducted in Poland, results indicated

a smaller percentage of nitrate reached groundwater than would be expected from U.S.

studies, even at high rates of application. In seeking to understand these results, it was

noted that the original effluent was higher in BOD5 and total C than sewage effluent in

the U.S. Applications of this sewage may have created anaerobic conditions in the soil

during decomposition, leading to loss of nitrates through denitrification. Flood irrigation

may also have contributed to the result as denitrification rates tend to be high during the

passage of the wastewater through the soil in a "saturated wave" (Urie, 1979, p. 9).

Cooley (1982, p. 157) studied the response of a number of tree types to secondary

effluent on sandy soils in southern Michigan and found that Populus species and hybrids

were outstandingly successful. One Populus x euramerica hybrid had its four year

growth enhanced by 169 percent while its biomass increased some 1200 percent over

non-irrigated control trees. A number of the other species tested also showed positive

results (Table 3). However, weed competition, exacerbated by the nutrient/water inputs

of wastewater irrigation, can negate all the potential gains. This makes weed control

vital especially when trees are young. An associated hazard is that rank weeds and

understory shrubs might harbor mice, which have caused considerable damage in some
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wastewater effluent tree trials. Clean cultivation would probably lead to erosion

problems on most sites with slope gradients and also reduce significantly nutrient uptake

in the early years of tree establishment. He recommends frequent interventions (cutting)

to prevent tree strangling and reduce rodent damage facilitated by dense vegetation

cover. Another effect of frequent irrigation is to promote shallow root development.

This can reduce drought hardiness and make trees very vulnerable to breakdowns in the

irrigation systems which lead to periods without irrigation (Cooley, 1982, pp. 161-2).

Table 3. Percentage difference in survival and height growth between
planted trees growing on irrigated wastewater and nonirrigated plots on sandy
soil in Michigan.

Species/Hybrid Age
(Yr)

Survival
(percent)

Height
(percent)

Poplar hybrids: Populus x
euramerica

5 0 +65

Populus x euramerica 4 +46 + 169
P. canescens x P. grandidentata 5 + 24 +34
P. Canescens x P. tremuloides 3 - 17 + 97
Green ash 5 +5 +47
Tulip poplar 5 + 39 + 56
European larch 5 +6 +76
Japanese larch 5 + 2 + 60
Northern white cedar 5 + 10 +67
Northern red oak 5 + 11 + 18
White spruce 4 +18 +118
Balsam fir 4 +44 +175
Douglas& 4 -9 + 50
Scotch pine var. Austrian hills 4 + 3 +68
Scotch highland 4 + 19 +78
French auvergne 4 + 45 + 83

Source: Cooley, 1982, p. 156.
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Brockway (1982) looked at the use of old fields, areas once cultivated but now

retired from agriculture, as potential sites for forested irrigation with wastewater effluent.

He found no seedling establishment enhancement, and noted that hardwoods even more

than conifers are in danger of being overwhelmed by vegetation and weeds which

become established on abandoned fields (Brockway, 1982, p.166). He found (Table 4),

in agreement with many other studies, that in general lowland tree species are able to

utilize the additional water and nutrients and show the greatest rates of growth increase;

mesic upland site hardwood trees were moderate in their increase, and dry site trees such

as pine and oak were least responsive to wastewater irrigation (Brockway, 1982, p. 170).

Wastewater irrigated trees tended to have higher levels of foliar nitrogen than controls,

demonstrating their uptake of the wastewater's nutrients; but more rapid growth may

tend to dilute other nutrients which failed to show statistical differences with the controls

in his study (Brockway, 1982, pp.170-171). The old field tree irrigation research did

confirm land treatment's success in controlling the most serious of nutrient problems -

nitrate and phosphorus. They were reduced by 85 percent and 98 percent respectively to

a depth of 600 mm (2 ft) in the soil profile. The similarity of these figures to old field

uptake by grasses and weeds without trees leads the author to emphasize the importance

of maintaining herbs during the period before tree establishment is robust (Brockway,

1982, p. 177).

The effectiveness of nutrient uptake declines as forest stands mature (Burton, 1982).



In a late successional forest dominated by sugar maple (Acer saccharum) with lesser

presence of beech (Fagus grandifolia), irrigation at 50-100 mm (2-4 in)Iweek intervals

Table 4. Tree species growth after 7 seasons of wastewater irrigation. DBH
is diameter at breast height, BSD is basal stem diameter.

Species Height Height DBH DBH BSD BSD
Control Irrigated Control Irrigated Control Irrigated

(m) (m) (m) (m) (m) (m)
Eastern 2.21 4.42 2.3 6.4 4.1 9.1
Cottonwood
White Ash 1.47 2.49 1.3 2.8 2 3.8
Scotch Pine 2.03 2.36 3.3 4.1
Tulip Poplar 0.69 2.11 2.5 1 4.1
Black Walnut 1.22 1.45 1.8 2.5 3.3
Norway Spruce 1.35 1.35 --
White Spruce 1.04 0.94
Black Cherry 1.5 1.22 1 2.3 1.5
Red Oak 1.75 1.14 1.8 2.8 1.5

Source: Brockway, 1982, p. 169.

produced no measurable growth increases compared to unirrigated trees. Litter

production from control trees and trees irrigated with either 50-100 mm (2 or 4 in)/wk

intervals were comparable, but with 100 mm (4 in)/wk intervals litter production timing

differed, being produced earlier and peaking earlier in the fall. Poor drainage in the tree

plots irrigated with 4 in (100 mm) of wastewater led to death of half the stand during the

third year of operation. Thus, it was concluded that secondary wastewater effluent

applied to older forests will likely result in significant leaching of nitrates to the

groundwater. Trials with low N effluent (from wastewater lagoons) showed excellent
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phosphorus uptake was accomplished by the trees at <2 in (<50 mm)/week application

(Burton, 1982, p. 191).

In one of the longest studies, Sopper and Kerr (1979) examined forest dynamics and

treatment of wastewater over a 13 year period in mixed hardwood and pine forests in

well-drained soils in Pennsylvania. While their research suggests that at all application

rates (25-75 mm [1-3 in] per wk) phosphorus uptake was close to the total amount

applied, nitrate uptake was only adequate when irrigation was limited in volume to 25

mm (1 in)/wk and conducted only during the growing season. Pine forests, because of

their slower growth rates, did not adequately uptake nitrates at 50 mm (2 in)/wk even

when irrigated only during the growing season. Continuous year-round irrigation in the

mixed hardwood eastern forests led to nitrate levels above 10 mg/l. For two years, the

researchers deliberately increased irrigation rates by 50 percent to determine if "collapse

of ecosystem function" (defined as when they ceased to maintain leachate water at below

10 mg/1 nitrate) occurred and how long it would take for recovery to occur. This did

occur and recovery was slow - from one to three years before leachate nitrate levels were

again acceptable. Recovery was quicker if irrigation with wastewater ceases rather than

simply continued at a lesser rate (Sopper and Kerr, 1979, p. 75).
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Forested ecosystem recycling of sludge has also been successful. In one experiment

where the objective was enhancing wildlife forest openings, wastewater sludge, disced

into the soil, was used to fertilize crops of rye for deer feed. The sludge was applied at

dosages of about 32 mm (1 1/4 inch), amounting to 14,800 kg/ha (6.5 t/acre) of dry solids

with an average N content of 151 kg/ha (133 lb/acre). The sludge fertilizer produced

3900 kg/ha (3400 lb/acre) of biomass contrasted with 1800 kg/ha (1580 lb/acre) for

commercial fertilizer used on alternating strips of the rye. Although levels were

acceptable there was evidence of slight increases in nitrates in the waters (though still

below 1 mg/1), no evidence of coliform contamination of groundwater or nearby streams

was found (Urie, 1979, P. 12).

There is growing use of wetland trees to extend the bioremediation efficacy of

wetlands. In one instance, ponds and vegetated channels of a wetland for wastewater

treatment at an oil refinery have been augmented by the planting of 50,000 trees. The

increased habitat diversity thus created led to the designation of the area as a wildlife

sanctuary (Litchfield, 1990, cited in Shimp, 1993, p. 59)



Candidate Species for Wastewater Silvitreatment: Poplar

Family

The poplar family provides good candidates for wastewater treatment systems.

Poplars are known as outstandingly fast-growing and are adapted to a wide range of soils

and climatic conditions. They are moderately salt-tolerant (Bugala, 1973, p. 27) and are

able to withstand periods of prolonged drought or conversely, periods of waterlogged

soils (Bogdanov, 1968, p. 1). Their dense root systems make poplar trees an effective

agent of soil-retention in potentially erodable sites such as slope sides or hills (Bugala,

1973, p. 27).

Poplars are members of the willow family (Salicaceae). Their ability to interbreed

leads to some uncertainty in estimating total number of species. Some authors cite a

number of 35-40. The family includes trees adapted to extreme northern latitudes and

altitudes, but their preferred habitat is wet lowlands, typically alluvial valleys or lake

proximities (Bugala, 1973, pp. 8-9). In these locales, typically soils are young, stratified

with depositional layers of 8-14 inches (200-350 mm), with texture varying from sandy to

silty barns. Organic material in the depositional layer may amount to 12-17 percent

(Wojterski, 1973, pp. 252-3). Some poplars, such as white poplar (Populus alba) are

native to Asia Minor, North Africa and Central Asia and have high tolerance to drought

and high temperatures (Bugala, 1973, pp. 27-28).
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There are numerous centers of breeding for poplars worldwide because of their

economic and landscaping importance. New varieties are bred for a range of desirable

characteristics including rapid growth and high disease resistance. Among the most

important diseases for which resistance is sought are poplar mosaic virus, poplar rust,

leaf anthracnosis, bacterial canker and poplar canker (Siwecki, 1973, P. 327).

Requirements for Growing Poplars

Poplars tend to be light-demanding trees. Species vary in their light requirements

with the most light-requiring being trees with wide crowns and light green foliage. In all

species, light can be a limiting factor for growth when densely planted (Bogdanov, 1968,

p. 31). Their rates of photosynthetic activity are comparable to that of high yield

agricultural crops (Zelawski, 1973, p. 149). Poplars show a marked photoperiod

response and will harden wood and go dormant on the onset of short day length. This

trait improves frost-hardiness of the poplars native to more southern climates (Bogdanov,

1968, p. 31).

While poplars are found on soils of medium fertility, they thrive on richer soils. The

abundance of nutrients allows them to achieve high rates of growth (Bogdanov, 1968, p.

32). One mechanism facilitating this response is that increased nutrient supply of
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nitrogen has been shown to increase leaf surface area. Under conditions of water deficit

or iron deficiency, there is a decrease in poplar leaf surface area (Zelawski, 1973, P. 153).

Investigators have found linear relationships between nitrogen availability and the

chlorophyll content of poplar leaves (Zelawski, 1973, p. 155). Poplars are rated as being

among the most nutrient demanding of trees. Requirements for calcium are estimated as

50-75 mg CaO per liter in soil water, at least 40 mg P205, 10 mg K20, N over 1.5

percent, and Mg over 0.25 mg per 100 g of soil per 100 g of soil. Salinity produced by

NaC1 should not exceed 0.5 percent. Poplars grow more satisfactorily in slightly acid to

moderately basic soils, pH range 6.5-8.0 (Zabielski, 1973, pp. 342-344).

Propagation of Poplars

Poplars can be reproduced in many ways. In general, when grown from seed the root

system tends to be deeper with a more pronounced tap-root; propagated from cuttings,

the root system tends to be shallower with more lateral, adventitious roots (Bogdanov,

1968, p. 4). The capacity of poplars to form adventitious buds of both branches and

stems permits coppicing of all but old poplars; poplars may also regenerate from the

roots when completely cut down (Bogdanov, 1968, p. 7). Poplars can be propagated by

stem cuttings in winter or summer (green cuttings), root suckers or root cuttings, or by

seed (Bogdanov, 1968, pp. 32-48). The young seedlings grow rapidly, often reaching 20



inches after the first 6 months following planting. One of the reasons for their rapid

growth is that the young poplar has the ability to photosynthesize in the green cortex of

young shoots (Zelawski, 1973, p. 151).

Poplar Water Use

Poplars have extremely high rates of transpiration in conditions of abundant water

availability although the evidence is presented in a variety of units. Estimates of 9-15 g

of water per g of fresh leaf weight per day have been recorded. These compare with 4-8

g for other deciduous trees and up to 2 g of water for conifers (Zelawski, 1973, p. 156).

Poplars require 500 1(125 gal) of water to produce 1 kg (2.2 lb) of dry weight biomass,

compared with 300 1(75 gal) for beech trees and 170 1 (42.5 gal) for pine. Water tables

0.6-4.6 m (2-15 ft) below the ground are considered highly advantageous, though the

water supply must be well-aerated (Zabielski, 1973, p. 340). Research indicates a high

tolerance of poplar trees to periods of flooded soil from 21 to as high as 36 days. With

groundwater available, poplars withstand low rainfall and dry air (Zabielski, 1973, p.

342). Poplars and willows, like many plants able to withstand anaerobic soil conditions,

have the capacity for aerenchyma formation in the secondary cortex of their stems, thus

facilitating transport of oxygen from the aboveground portion to their roots (Licht, 1991,

p. 59).
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Establishment Techniques and Growth

For establishment of poplar plantations, three years of maintenance are advised

including mowing of grass between tree rows and cultivation of soil if required. When

the crowns of the trees start to shade one another, one-third of the trees can be removed

to permit optimal development of the remainder (Bogdanov, 1968, p.55). Pruning of

low branches is also recommended as dead branches are retained for a long period and

will diminish wood quality and increase the danger of fungal disease (Zabielski, 1973, p.

365). Early cultivation of the soil and elimination of competition leads to deeper rooted

poplars - more resistant to wind damage and more productive of quality wood (Zabielski,

1973, p. 358). Poplars tolerate deep planting of cuttings - down to 10 feet - which

increases their initial vigor and promotes deep root development (Zabielski, 1973, p.

364).

Poplars are a good choice for ornamental purposes because of the wide variety of

species with varying forms ranging from broad through compact to columnar crowns.

Their leaf shapes and colors also vary. Isolated poplars may develop a weeping aspect,

while others have distinctive bark colorings - light gray to green - which make them a

landscaping feature. Poplars also attain large stature early. They have been reported to

grow to a height of 125 feet and over 6 feet in diameter in 70-80 years (Bogdanov, 1968,

p. 77). They can attain heights of 30-35 feet in 10-15 years (Bogdanov, 1968, p. 79) and
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in conditions of good fertility can reach a height of 95 feet, dbh of 20-30 inches in 20-25

years (Bugala, 1973, p. 8).

Use of Poplars for Shelterbefts and Pollution Control

Shelterbelts of poplars are highly effective at reducing wind velocity. This has been

measured as effecting a reduction of over 70 percent some 160 m (500 ft) downwind

from the poplars. The reduction in wind also lessens evapotranspiration and is

beneficial to plants growing on adjoining land. Polish researchers showed increases of 5

percent for root crops and legumes, and 8-12 percent for grain crops in fields protected

by poplar windbreaks (Jakuszewski, 1973, p. 381).

The potential of poplars for water pollution control has been recognized in a number

of recent studies. Poplars, used as a wooded buffer strip in Iowa with four rows of trees

4 m (13 ft) wide in a riparian zone impacted by agricultural nutrients, were shown to be

effective in reducing nitrate nitrogen in the top 1.5 m (5 ft) of the soil from an average of

25 mg N/kg dry soil to 2.3 mg N/kg dry soil. They also reduced nitrate nitrogen levels in

near surface groundwater from some 92 mg/1 beneath a corn field to just 2 mg/1 beneath

the poplar trees. In a plantation density of 5,000 trees/ha (14,000 trees/acre) poplars

averaged 4.5 m (15 ft) of growth in two 175 day growing seasons. Growth has averaged

5.4 g biomass/tree/day and will yield around 46,000 kg biomass/ha (40,500 lb/acre) at



this planting density. Measurements of stem and leaf nitrogen show that over the two

years the trees have taken up 330 kg N/ha (290 lb N/acre) (Licht, 1991, 141-3).

Poplars have been among the most successful tree species used in the growing

practice of treating secondary wastewater effluent by irrigation of forest species to

further reduce phosphorus and nitrogen levels to where the water may be safely added to

surface or groundwater. For example, nitrogen fluxes near Seattle, Washington,

summarized in Table 5 show that poplar seedling plots proved the most effective of the

four plots (poplar seedlings, Douglas& seedlings, grassed area and barren [controll area).

Table 5. Nitrogen fluxes (lb/acre) during the second year of secondary
wastewater effluent irrigation. Inputs = wastewater + precipitation. Output
measured in soil solution at 1.8 m (6 ft) depth. Precipitation was 737 mm
(29 in) during the period of irrigation.

Waste-
water

applied
(in)

NH4

(in)
NO3

(in)
Organic

N
(in)

NH4
(out)

NO3

(out)
Organic

(out)

Poplar 92 175 7 17 0.5 4.5 4

Douglasfir 69 130 4.5 12.5 0.5 23 1.5

Grass plot 94 176 7 17 0.5 42 3

Barren
(no veg)

96 177 8 18 0.5 127 3.5

Source: Breuer et al., 1979, p. 28.
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A study in England conducted on pass and poplar buffer strips located between

agricultural land and riparian zones showed that even in winter, when the plants are

dormant, significant nitrate retention was achieved, with poplars outperforming grass.

Bacterial denitrification and vegetative biomass uptake are the main mechanisms

suggested to account for nitrate absorption. While previous studies had documented the

superiority of poplar strips in nutrient removal over grass ones on an annual basis, the

situation during winter months was unclear. During this season, because of lack of

actively growing crops on agricultural fields, significant leaching of nitrates into

adjoining waters occurs (Osborne and Kovacic, 1993, cited in Haycock and Pinay, 1993,

p. 273),. Haycock and Pinay showed that poplars achieved a nitrate retention of nearly

100 percent of leached nitrates, while grass maintained full retention only up to loading

rates of 4 g N/m2 after which removal efficiency declines. Within 4.9 m (16 ft) of lateral

flow beneath the poplar buffer, NO3 uptake was complete, while after 16.9m (55 It) of

flow under the grassed strip, retention was only some 84 percent of initial subsurface

water nitrates (Haycock and Pinay, 1993, p. 274). This winter nitrate "retention" is

ascribed to bacterial denitrification since the trees are dormant. The superior

performance of the poplar strips is attributed to carbon limitations under grassed strips,

while the abundant litter decomposition beneath the trees provide a better source of

bacterial substrate. The authors conclude that the poplar buffer strips are effective nitrate

removers in riparian zones provided the loading is done via subsurface routing. They

noted that this puts the nitrates into a zone where denitrifying bacteria are active. "To



50

maximize nitrate transformation in riparian zones it is necessary to increase the

proportion of flow through sediments as opposed to over them if maximum NO3 retention

is to be achieved during the winter months" (Haycock and Pinay, 1993, P. 276). This

point is emphasized because of its relevance to design options on the use of poplars for

wastewater effluent disposal.

Another recent application using poplars was as a water management aid planted on

the top of landfills (Licht, 1993, cited in Erickson et al., 1994). Here they function as an

aid to minimizing potential pollution of groundwater since by their second year of growth

their evapotranspiration exceeded precipitation at the site in Oregon. The cap they

provide is porous and their root penetration and enhancement of microbial activity

through root exudates and aeration is expected to accelerate stabilization of the buried

waste materials (Erickson et al., 1994, p. 230).

Ideally suited for our proposed use of poplars for wastewater treatment and/or

disposal is the growing practice of using them in short rotation through repeated

coppicing. They are planted very densely to supply small-dimension wood for paper and

panel industries. Early results from U.S. poplar trials have indicated that spacing of 0.3

m x 1.3 m (1 ft x 4 ft) may be too close, better performance being achieved by either

0.45 m x 1.3 m (1.5 ft x 4 ft) or 1.3 m x 1.3 m (4 ft x 4 ft) plantings (Kansas). Balsam

poplar produced 25 tons green weight per ha/per year (northeast U.S.), while other
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production results were 33 tons/ha dry matter (45 t/ha if branches and bark are included)

after 5 years (Pennsylvania) using euramerican clones, and annual production of 10-11

tons of dry matter (excluding bark and leaves)/ha on 2-4 year rotations before coppicing

(Wisconsin) (FAO, 1985, pp. 126-7).

Silvicultural Practices

Land treatment systems generally require less formal training and make use of crop

and tree-growing experience likely to be available in small towns or rural settings. This

is in sharp contrast to those skills necessary for the management of complex, centralized,

advanced conventional wastewater treatment plants (Brockway et al., 1982, P. 6)

Wastewater effluent is commonly divided into the following classes: (1) low-

nitrogen; (2) medium-N with less than 10 mg/1 of total nitrogen (such as from diluted

wastewater or effluent from paper mills or lagoon systems); and (3) high-N, with more

than 10 mg/l. The low-N effluent may be more safely used in land treatment and

groundwater recharge as it will not result in contamination of waters with nitrate above

safe drinking water levels. Low-N effluent also may be effectively treated by vegetation

for P-removal and total solids removal. High-N effluent requires care to prevent

groundwater contamination, but is more likely to stimulate higher rates of crop or tree

growth during wastewater treatment. To reconcile these two goals, low-N effluent is
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sometimes supplemented with nitrogen fertilizers to boost productivity (Brockway et al.,

1982, p. 7).

Silvicultural wastewater systems must remain actively growing in order to maintain

high rates of bioaccumulation of nutrients and to prevent contamination of groundwater.

This leads to the adoption of coppicing as the primary technique for tree management.

While an ancient practice, it has gained attention in the past few decades because of the

possibilities it offers for high fuel and pulpwood production in both developed and

developing countries. It is considered "the simplest and most dependable means of

approaching the maximum average annual production theoretically attainable from a

given species" (Steinbeck, 1983, p. 160).

Coppicing involves the regeneration of aboveground growth in trees after cutting by

the vegetative sprouting of buds which are either dormant or adventitious. The ability to

coppice is widespread in hardwoods but is found in only a few conifers (e.g. redwoods)

(Daniel et al., 1979, p. 452). Advantages of the method include rapid growth as the

coppice takes advantage of the established tree root system; low regeneration costs and

ease of practice; adaptability to mechanical harvesting; and selection of highly vigorous

stains diminishes insect/disease incidence (Daniel et al., 1979, p. 454).
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Despite the recent upsurge in interest in short-rotation coppice plantations there are

considerable unknowns about optimal species selections, cultural practices, and lengths

of rotation, even in regions with a stronger history of forestry than in Arizona.

Fortunately, poplars and other wetland-adapted species are among those for which there

is some research data. Poplars are currently being used in commercial short-rotation

plantations around the U.S. It will be useful to summarize some of the issues presented

in a review by Blake (1983) of English-language journal articles on the subject, in order

to make clear some of the design choices made later in the project design.

While some have been advocating, and practicing, mini-rotation (every 2 year) and

even annual tree cuts, there is evidence that for many species and sites longer rotations

will be more productive and lead to greater sustainability. Thus in plantations of

eucalyptus and alder grown for biomass production 4-7 years were found superior; for

sycamore, rotations of 10 years; cottonwood in one study produced 1/3 more in an 8-year

rotation compared to two 4-year cuts (Blake, 1983, p. 286). Planting density is also much

debated, though it appears that spacings of less than 1 sq m (10 sq ft) per tree lead to

sharply increased mortality. There is some evidence that more densely planted trees have

greater loss of root vigor. This may be due to the intense competition as crown closure

occurs at an earlier point in the rotation. The stand may thus require replacement after

every 2-3 rotations. Data from Washington on P. trichocarpa, shows that, on a 2-year

cutting rotation, coppice trees had higher survival rates with wider spacing. Though all
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spacings showed some decline in survival, the decline was higher after successive cuts in

trees with tighter spacing (Blake, 1983, P. 287). Other studies have indicated that

productivity increases with length of coppice rotation, and the adverse effects of frequent

cutting in reducing maintenance of protective litter cover of the soil and increasing

problems of weed competition (Steinbeck, 1983, P. 162).

Cultivation and other cultural practices are important in coppice short-rotation

forestry. As noted above, cultivation for weed control in a hardwood plantation is needed

until the trees are taller than the competing vegetation. But complete elimination of

other vegetation is undesirable as it opens the site to soil erosion (and will decrease

wastewater bioremediation in the early years after coppicing). In addition, some studies

have reported an incidental advantage to the discing of coppiced species to a depth of

100 mm (4 in) which may have the effect of root-pruning, thus stimulating new root

development, leading to a boost of initial productivity (Blake, 1983, p. 280). Height of

coppicing is generally recommended to be at 50 mm (2 in) or less. This leaves less

stump exposed to the hazard of rot. Removal of sprouts from higher in the cut stump is

recommended as basal sprouts are less likely to decay. The ability of trees to resprout

from their stumps decreases with age, although this varies widely between species, and

there are conflicting reports in the literature. For example, stump sprouting is asserted to

decline after 8 years or after 110 years in P. tremuloides; oaks are reported to have a 60

percent reduction after 30-70 years; however, there are also reports (e.g. for very old



redwoods, Sequoia sempervivens) that old trees sprout just as vigorously as young trees

following coppicing (Blake, 1983, pp. 284-5).

Other authors caution that best results with short-rotation coppice forestry are likely

to be achieved when mixes of compatible species are used, and wherever possible, native

species are selected. The characteristics which make for a good candidate coppice short-

rotation tree are quite similar to those needed by pioneer colonizers in ecological

succession. Thus broad-leaved species with high growth rates when young, adaptability

to a variety of site locations, high pest resistance and genetic variability, ability to

tolerate competition, and ease of propagation and establishment are advantageous

(Steinbeck, 1983, p. 161). While some authors have noted that coppicing can lead to

extremely unaesthetic management of the forest (Daniel et al., 1979, p. 455), one can

also practice a mosaic cutting approach, leaving small areas of even-aged frees

(Steinbeck, 1983, p.163).

In short-rotation poplar forestry in Washington, P. trichocarpa managed on a 4-year

rotation maintained productivity through two cycles of cutting. A slight decline observed

in yield was not statistically significant (Heilman and Settler, 1990, p. 1257). In this

study, 50 clones from 10 populations were used and the variability of production results

confirmed the suspected high genetic variability that Populus species display among

sources and among clones. The authors of this paper note that coppicing rotations are
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now commonly 7 years in poplar plantations in Oregon and Washington, with large

spacings (>40 sq f1,4 sq m, per tree), which leads to poorer results since coppiced growth

is not as vigorous. The larger stumps are also more vulnerable to rot and provide poorer

attachment for sprouts. There is a tendency for multiple stems to survive which

decreases their value for pulp wood (Heilman and Settler, 1990, P. 1261).
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4. SYSTEM DESIGNS

Systems for wastewater treatment using fast-growing trees may be conveniently

divided into several major categories. First there are those that are designed for

prevention of wastewater discharge. We term these "zero discharge systems". Zero

discharge systems can be further divided into those of constructed beds with

impermeable bottoms vs. those which use soil without a liner. "Safe discharge systems"

aim at discharge of wastewater of tertiary treatment quality. For the purposes of this

conceptual study, we divide safe discharge systems into those aimed primarily at

commodity (wood) production and those which aim at high biodiversity in their

ecological components.

Zero Discharge Design: Zero Discharge Lined (ZDL) and Zero

Discharge Soil (ZDS) Systems

Zero Discharge Lined (ZDL) systems are designed to prevent discharge of

wastewater through creation of lined (impermeable bottom) wetland basins planted with

poplar and other fast-growing trees. Such beds would be built and filled with a highly

porous medium including enough coarse sand and gravel to achieve high infiltration

capacity. Other emergent wetland plant species would be planted between the trees to

increase transpiration and bioremediation especially during the initial years before



canopy closure is complete. Wastewater would be input into the system through gated

pipe emitters at a rate designed to match evapotranspiration rates so that no wastewater

would be discharged from the system.

Zero Discharge Soil (ZDS) systems are designed for zero discharge using existing or

modified soil without an impermeable liner. To lower construction costs, existing land

would be graded and planted with the poplars, other fast-growing trees, and associated

wetland forbs and gasses. Wastewater would be applied through gated pipe emitters or

through traditional flood irrigation. As in the ZDL system, wastewater applications are

designed to match evapotranspiration so that there would be no, or virtually no,

wastewater which will leach through the soil into groundwater supplies. Irrigation will

be applied in "doses." Consider that 75 mm (3 in) is the maximum ET rate for southern

Arizona in mid-summer. This would be supplied in six applications, each consisting of

125 mm (0.5 in) of wastewater, in order to attempt to maximize evaporative losses,

reduce periods of soil saturation, and prevent drainage of excess waters. Once a year

there would need to be a heavier dosage sufficient to leach out salt buildups.

Both the above are land treatment systems in which rates of wastewater application

are only limited by the need to ensure complete water utilization and disposal by

evapotranspiration. Maximal water usage on the fewest acres is the priority criterion.
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Safe Discharge Design: Safe Discharge Trees (SD'!') and Safe

Discharge Diverse (SDD) Systems

Safe Discharge Trees (SDT) systems involve use of the poplar/wetland trees to do

the equivalent of secondary and tertiary treatment of wastewater so that the excess water

yielded by the system may be safely added to groundwater or discharged to surface

waters. In this scenario, the wastewater is regarded as a valuable commodity worthy of

production, as well as the source of irrigation water and nutrients required to maintain

the treatment plantation. The trees themselves produce valuable commodities

(pulpwood, firewood etc.). Therefore, the strategy will be to take either primary or

secondary treated wastewater and apply it to lands prepared for irrigation of tree

plantations. Application rates will be based on estimated plant needs and to meet other

water quality criteria, especially nitrogen content, BOD5 and suspended solids.

Wastewater must be sufficiently treated by vegetative/microbial biological activity and

passage through the soils to meet environmental standards for discharge to

groundwater/surface water bodies.

Safe Discharge Diverse (SDD) is the other safe discharge system. It has as its prime

design goal the creation of biodiverse, rich wetland habitat through application of

wastewater. In the process, the costs of treating, disposing of the wastewater will be

reduced from those of conventional wastewater treatment and water emerging from the



system will again (as in SDT) meet tertiary water standards. This design will use a

diverse range of vegetation including native Arizona wetland and riparian vegetation.

Fast-growing poplars and other wetland trees will be only one component of these

systems. Plant material will be periodically harvested primarily to insure continuing

plant growth for bioremediation of the wastewater. Production of economic products

will be a by-product of these systems, not a prime design objective.

Unlike the zero discharge systems (ZDL and ZDS), these two systems seek to

maximize the beneficial use from wastewater. In addition, the constraint that all

wastewater be disposed of before reaching existing water supplies is waived in favor of

design for safe discharge. The water must meet regulatory standards for groundwater or

surface water recharge.

Wastewater from Design Population

For the purposes of our design study, we will assume a wastewater plant sufficient

for the treatment of sewage of a community of 1,000 people. The system can then be

scaled up or down for larger or smaller community development applications.

Municipal wastewater shows significant variations in both flow rate and

concentration of pollutants. These variations can be short-term or seasonal. For
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example, daily peak sewage effluents are commonly produced in the morning, with a

secondary daily peak around 9-10 PM, a couple of hours after the evening mealtime.

Low flows are late at night and early in the morning. Seasonal variations may depend on

fluctuations in population movement, influx of tourists or vacation times. Residential

wastewater flow patterns typically display the patterns shown in Table 6.

Table 6. Variations in municipal wastewater flows compared to average flow
rates. 

Flow Typç 	Ratio to average flow 
Maximum daily	 2.25:1
Maximum hourly	 3:1
Minimum daily	 0.67:1
Minimum hourly	 0.33:1 

Source: Viesmann and Hammer, 1993, p. 69.

There is considerable variability in the quantities of wastewater generated,

depending on area of the country, local industry, age of system and type of housing.. On

average 60-80 percent of water supplied to the community ends up in the sewage system.

Arid regions tend towards the lower end of the spectrum since appreciable quantities of

water are required to satisfy evapotranspiration needs of lawn and garden vegetation. A

commonly used figure is around 100 gallons per capita per day (gpcd) (400 1 per capita

per day) for municipal wastewater production (Viesmann and Hammer, 1993, p. 68).

This is in general agreement with water use in Tucson, for example, of around 158

gallons, if about 60 percent returns to the wastewater treatment system.
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In many municipalities, sewage water is combined with stormwater collection.

Therefore peak water flows occur during heavy rains. Such dilution generally results in

lowering pollutant levels, such as suspended solids, nitrogen and BOD 5 . There is,

however, an initial increase in pollutants from rains which follow long dry periods. This

is known as the "first flush" effect, due to the washing away of accumulated debris.

This increase occurs for the first hour or two of the rain event, after which time dilution

of pollutant concentrations is the main effect of storm runoff (Metcalf and Eddy, 1991, p.

155).

For our design study, we will assume that storm water is disposed of separately, and

discount infiltration/exfiltration from leaky sewage pipes, common problems especially

in older sewage collection systems. Effluent collection and transport piping and holding

tanks would have to take into account peak and minimum flows. For an actual

community design, collection of data for accurately assessing average, minimum and

peak flowrates is required (Viesmann and Hammer, 1993, p. 68).

Data from Pima County, Arizona, which includes the city of Tucson) indicates that

seasonal variance for wastewater generation are far less than in systems in which

stormwater runoff is combined with sewage effluent. Data for two years, 1993-1995,

show that monthly peaks are only some 10 and 16 percent higher than the lowest month

of the year (Table 7). In fiscal year (July through June) 1993-4, highest flow was in
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August, while highest flow in fiscal year 1994-1995 was in March. These figures are

interesting because Tucson has a larger population during the late fall and winter months

because of an increase in tourism. Summer wastewater generation may be higher per

capita because of extra showers and the additional of bleed-off evaporative cooler water.

The small monthly variances indicate that for our design study we can use a simple

annual production of wastewater averaged over the year in our calculations. The monthly

water use in Table 7 is close to 1800 million gallons, or about 100 gallons per day for

Tucson with a population of about 600,000. We can therefore assume that our design

scenario community of 1,000 people will produce an average wastewater flow of one

hundred thousand gallons/day (0.1 mgpd) and that this figure remains relatively constant

throughout the year.

Values for composition of municipal wastewater vary depending on average water

usage per capita, percent and type of commercial/industrial wastewater they contain and

amount of dilution with storm waters. For our design purposes, we will assume

"medium" values as outlined in Table 8.

Calculation of Nutrient Loading

In calculating the nutrient loading which our wastewater system can handle, we will

need to estimate how much nitrogen our initial lagoon and short-rotation forest will take

up. For the purpose of this study, 340 kg of N uptake/ha per year (300 lbs/acre per yr)



Table 7. Monthly wastewater effluent, Pima County, Arizona, 1993-1995.

Monthly Wastewater

(Millions of gallons)

Fiscal Year, 1993-1994 Fiscal Year, 1994-1995

July 1694.62 1682.6

August 1764.79 1758.06

September 1712.45 1677.61

October 1735.2 1732.9

November 1667.81 1674.39

December 1795.95 1673.7

January 1790.79 1632.7

February 1643.49 1516.23

March 1808.01 1667.72

April 1738.44 1592.42

May 1768.52 1648.81

June N/A 1623.88

Source: Chavez, 1995.

per year will be used as the estimate for poplar trees. This is based on standard literature

values given in Table 9.

Calculation of Hydraulic Loading Rate

Hydraulic loading rates are based on calculation of the difference between

evapotranspiration and precipitation plus the capacity of the soil to transmit water (its
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percolation rate). These are given in the equation: L w(p) ET - P + Wp (1)

where L w(p) is the wastewater hydraulic loading rate based on soil permeability,

ET is the site and crop evapotranspiration,

P is the precipitation rate,

and Wp is the percolation rate.

PET (potential evapotranspiration) values are based on monthly evapotranspiration

of the selected crops. The percolation rate refers to the amount of leachate water which

Table 8. Typical composition of raw municipal sewage. Values for highly
concentrated to highly diluted (low concentration) sewage.

Constituent High
(Ingil)

Medium
(mg/1)

Low
(Ingil)

Solids:
Total 1300 700 200
Dissolved 1000 500 260
Suspended 350 220 100

BOD5(Biochemical Oxygen Demand) 350 200 100
COD (Chemical Oxygen Demand) 1000 500 250
TOC (Total Organic Carbon) 290 160 80
Nitrogen:

Total 85 40 20
Ammonium 50 25 10
Organic 35 15 5
Nitrate 1.5 0.2 0

Phosphorus 36 10 4
Chlorides 650 150 10
Calcium+ magnesium 150 80 25
Sodium 460 120 10
Potassium 25 10 5
Alkalinity (as calcium carbonate) 400 200 50
Grease 150 100 35
pH 8 7.2 7
Source: Feigin et al., 1991, p.4.
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Table 9. Comparison of capacity of tree species to uptake nitrogen in regions
of the U.S.

Forest crops

	

Tree Age	 Nitrogen uptake
	(years)	 (lb acre-1 yr-1) 

Eastern forests:
Mixed hardwoods	 40-60	 195
Red pine	 25	 100
Old field with spruce plantation	 15	 250
Pioneer Association	 5-15	 250

Southern forests:
Mixed hardwoods	 40-60	 300
Southern pine w/ no understory	 20	 196
Southern pine w/ understory	 20	 285

Lake states forests:
Mixed hardwoods 	 50	 100
Hybrid poplar	 5 (short-rotation)	 140

Western forests:
Douglas& plantation	 15-25	 135-220
Slash pine	 20	 370
Hybrid poplar	 4-5 (short rotation)	 270-360

Source: Metcalf and Eddy, 1991, p. 950; Reed et al., 1995, p. 210.

the design allows to escape into the underlying groundwater from the rhizosphere of the

trees. In this conceptual design, for scenario types ZDL and ZDS we have specified zero

discharge so we can eliminate the percolation rate from the equation in calculating

hydraulic loading rates.

Data was obtained from the AZMET (Arizona Meteorological Network) at Maricopa

Agricultural Center, Maricopa, AZ, for use in design of the wastewater treatment facility

for southern Arizona. For this purpose, the data for a single year (1990) is sufficient.



Totaling daily data to get weekly and monthly mean and total precipitation and PET

values for the year 1990 yields the results tabulated in Table 10. (Brown, P., 1995) [see

Appendix 1.1 for complete weekly data]. Additional consideration should be given to

use of mean climatic data as well as data on extreme climatic events for actual design

calculations.

Table 10. Climatic data for design wastewater site in southern Arizona

Month: Mean T Mean RH VPD PPT Wind PET PET-PPT
  	 (C) (%)	 (mb) (mm) (mis) (mm) (nun)
Jan 8.5 61.9 0.6 44.0 2.1 77.2 33.2
Feb 10.1 55.2 0.8 9.0 2.3 92.8 83.8
Mar 15.4 38.2 1.3 3.0 2.5 155.2 152.2
Apr 20.8 36.9 1.8 6.0 2.6 206.9 200.6
May 24.1 22.0 2.6 3.0 2.7 274.7 270.4
Jun 31.1 19.2 4.2 1.0 2.6 299.1 297.1
Jul 30.0 51.7 2.4 57.0 2.6 224.2 166.2
Aug 28.3 48.5 2.3 35.0 2.5 226.5 190.5
Sep 26.9 53.7 2.0 27.0 2.2 182.8 155.8
Oct 20.1 36.6 1.8 5.0 1.9 158.3 153.3
Nov 13.7 41.9 1.2 12.0 2.0 108.9 96.9
Dec 7.3 54.5 0.6 30.0 2.0 62.9 32.9

Total 232 2069.5 1832.9
Source: AZNIET data, Maricopa station #6,1990 (Brown, 1995).

The E.P.A. notes that forest crops can utilize as much as 30 percent more water than

forage crops in the same setting. Yet in their Design Manual for Land Treatment, they

advocate using PET values because of the paucity of information on exact water use by

forest trees (E.P.A., 1981, p. 4-22). We have adopted this conservative procedure in our

design calculations. Thus, in the future, as research becomes available to document
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actual water usage by our zero discharge silvitreatment systems, less area may be

required than our present calculations show to "dispose" of the wastewater. Conversely,

for optimal tree growth in our safe discharge systems, a higher rate of water application

will decrease the acres of plantation or created wetland that can be sustained.

The AZMET data in Table 10 show that there is a mean total annual precipitation of

232 mm (9.1 in) and a mean total annual PET of 2069 mm (81.5 in). This results in a

difference between PET and precipitation on an annual basis of 1837 mm (72.4 in)

(Figure 1). However, during the winter dormancy period bioremediation capacity is

reduced, although this is an area with inadequate research data. Winter spraying of

wastewater at reduced application rates onto forested lands is frequently done, though

there is increased danger of nitrate leaching occurring (Brockway et al., 1982, pp. 7-8).

Some research suggests that BOD5 and volatile organics may be effectively reduced

during winter wastewater application (Palazzo et al., 1982, p. 143). In the interests of

conservative design, we will only apply wastewater irrigation to our systems during

periods of active vegetative growth and store the wastewater during winter dormant

months. For irrigated pecan orchards in southern Arizona, the dormant period is roughly

November to early March (L. Gay, 1995, pers. comm.). If we cease wastewater irrigation

from 5 November until 4 March, we reduce PET by about 322 mm (12.7 in) and

precipitation by 92 mm (3.6 in). This leaves a growing season deficit between PET and

precipitation of 1598 mm (62.9 in).
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The above estimates are in general accord with a study which measured actual ET in

salt cedar trees with plentiful access to moisture, growing along the lower Colorado

River in southern Arizona. A total of some 1680 mm (66.14 inches) of ET were reported

for the growing season from 23 March to November 11 (Gay, 1986, p.1).

Design Calculations for Zero Discharge Systems 

To determine hydraulic loading rates (amount of wastewater irrigation which may be

applied), we must determine whether hydraulic loading or nutrient loading will be the

limiting factor. This is done by calculating hydraulic loading capacity by annual PET-

precipitation and by nitrogen uptake limits The lowest figure is used for engineering

design.

Calculation of Hydraulic Loading Rates by PET-Precipitation

For a zero-discharge system (ZDL and ZDS) we can modify a spreadsheet for

calculation of wastewater applications as shown in Table 11 (after Metcalf and Eddy,

1991, p. 961). PET and precipitation are from AZMET data in mm. The last column is a

conversion to inches.



Month Precip(mm)	 Month PET(mm)	 PET-PPT(mm)
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Climatic Data for Design
Site from AZMET Data, 1990

Figure 1. AZMET climatic data for Maricopa, AZ (Brown, 1995) showing monthly

potential evapotranspiration, precipitation and the large deficit between the PET and

precipitation.
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Table 11. Calculation of wastewater application rates for zero discharge
systems.

Water loss Water applied (in)

Week PET Precip Wastewater Applied Wastewater Applied
(mm) (mm) (mm) (in)

Mar 4 27.1 0 0 0
11 29.6 0.1 29.5 1.16
18 36.4 0 36.4 1.43
25
etc.

44.1 0 44.1 1.74

Annual 2069.5 231.1 1598 62.9
Total

[see Appendix 1.2 for complete calculation]

Therefore, our calculations for 1990 show that from a determination of PET

compared to average precipitation, we can apply 1598 mm (62.9 in) over the course of

the growing season to our zero-discharge (ZDL and ZDS) design systems. Depending on

the actual precipitation and PET, we would modify our wastewater applications. From

our design example using the one year of AZMET data, wastewater irrigation rates range

from a high of 72.7 mm/wk (2.86 in/wk) in late June, 27-29 mm (1.06-1.16 in) in late

October and early March on the edges of the dormant period, to zero application during

periods of heavy summer rains (week ending July 15). We next need to calculate the

hydraulic loading based on nitrogen input and uptake.

Hydraulic Loading Based on Nitrogen Uptake Limits

The hydraulic loading rate can also be calculated based on the amount of nitrogen in

the applied wastewater and the anticipated crop/soil uptake capabilities.. If it is lower
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than the previously calculated hydraulic loading rate (L w(p)), then it is the limiting factor

to wastewater application rates. The hydraulic loading rate is calculated from the method

given by Metcalf and Eddy, 1991, pp. 959-60.

( Cp mg/I ) ( P - ET in/yr) + (U lbs x acre-1 x yr-1) (4.4)

Lw(n) = (2) 

( 1 - f ) ( Cn mg/1 ) - ( Cp mg/1)

where law(n) is the permissible hydraulic loading rate determined by the nitrogen loading

of the applied wastewater (in),

Cp is the total nitrogen concentration in the percolating water (mg/I),

ET is the evapotranspiration rate (in/yr),

P is the precipitation rate (in/yr),

U is the crop nitrogen uptake (lbs x acre-1 x yr4),

4.4 is a conversion factor (between mg/1 and lb/yr),

Cn is the total nitrogen concentration in the wastewater applied (mg/1),

and f is the estimate of the fraction of applied total nitrogen removed by

denitrification and volatilization in the process.

The following assumptions apply to use of this equation: (1) nitrogen uptake values

in the crops may be higher than for ordinary field crops because of the higher N content
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of the wastewater (luxury uptake); (2) denitrification usually equals 15-25 percent of

applied nitrogen, even in well-aerated crops and may be higher if C:N ratios are above

2.0; (3) volatilization is normally not significant for wastewater with a pH less than 7 or

if it is highly nitrified, and (4) crop uptake can be estimated for each month by assuming

that it maintains the same ratio as the current month's share of yearly ET (Metcalf and

Eddy, 1991, pp. 959-60).

In our ZDL and ZDS systems, we eliminate the Cp and P-ET terms as no leachate

will be allowed. U = 300 lb/acre for poplars/wetland trees and fis assumed to be zero.

We have also not assumed any luxury nitrogen uptake which provides an additional

safety factor in our calculations. This is important since we are seeking a zero discharge

for environmental safety. Nitrogen loading considerations yield a wastewater application

of 66.0 inches (1676 mm) per year, assuming a moderate wastewater concentration of 20

mg/l. Since this is more than the hydraulic loading rate of 62.9 inches (1598 mm)

calculated from PET-precipitation, hydraulic loading is our limiting design factor.

Therefore we will use 62.9 inches (1598 mm) as our permissible wastewater application

in our zero discharge designs.

Land Requirement Calculation

Required land for the silvitreatment fields is calculated by:



74

A= (Q+Vs )/CLw	 (3)

where A is the planted area (acres),

Q is the annual wastewater application (million gallon/yr),

V, is the balance sheet for the storage pond reflecting precipitation on to the pond

minus losses from evaporation and seepage (million gal/yr),

C is a constant, 0.027 using U.S. SCS (Soil Conservation Service) units,

and L„, is designed hydraulic loading rate (determined by soil permeability,

nitrogen loading or crop requirements depending on which of those is the limiting design

factor in inches or mm per yr).

For ZDL and ZDS systems, designed hydraulic loading rate (L,) is 62.9 inches per

year. We will initially assume Vs to be zero. Q = 36.5 million gallons per year. Using

equation 3,

A = (0.1 mgpd) (365dy/yr) (0.134 ft3/gal) / (62.9 in/yr)(1 ft /12 in)( 43,560 sq

ft/acre)	 A = 21.4 acres (8.6 ha)

Thus 62.9 in/year of wastewater application will require 21.4 acres of poplar trees,

accounting for the 36.5 million gallons of wastewater from our design population.

Storage Pond Requirement

Under Arizona reuse of wastewater regulations (A.A.C. R18-9-702.F) (Arizona

DEQ, 1994, p.7), wastewater treatment facilities must have storage capacity for a
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minimum of five days of wastewater production unless they have a NPDES permit for

discharge of water. This is designed to prevent discharge of effluent during periods when

precipitation has saturated the soil or if the effluent falls below discharge standards.

Effluent irrigation is also not permitted during periods of ground freeze (Arizona DEQ,

1994, p.7). It is permitted and commonly done in other regions of the U.S. at reduced

levels of application, curtailed only when temperatures fall to sufficient subfreezing

levels that wastewater spraying is impossible (Reed et aL, 1995, pp. 239-40). In our

design location, at low elevation in southern Arizona, the soil does not freeze, but for

safety we will design for no wastewater irrigation during periods of tree dormancy.

To calculate yearly storage needs, we first need to calculate the wastewater that will

be available from our community. To do this, we divide available wastewater (36.5

million gal/year) by 52 weeks and convert to inches (36.5 mg/year /52 weeks = 0.70

mg/wk x 0.134 gal/cu ft /(21.4(21.4 acres x 43,560 sq ft/acre x 1 f1112 inches) = 1.21 inches

(30.7 mm) of wastewater application/week.

We can now calculate storage requirements (Table 12). We start our calculations at the

beginning of November when permissible wastewater applications falls below 1.21

inches/week, the amount available from our design community.

Maximum storage requirements are reached at 11 March when they equal 20.76 inches

(527.3 mm). Total storage required is 20.76 inches x 21.4 acres x 111112 in = 37.0 acre-
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Table 12. Calculation of wastewater availability and application to determine
storage requirements.

Week Wastewater Wastewater Weekly Total
Applied Avail. Storage Storage

(in) (in) Change Need
(in) (in)

Nov 5 1.07 1.21 0.14 0.14
12 0 1.21 1.21 1.35
19 0 1.21 1.21 2.56
26 0 1.21 1.21 3.77

Dec 3
etc.

0 1.21 1.21 4.98

[see Appendix 1.3 for complete calculation]

ft. If the storage pond is 10 feet deep, the area required to provide adequate storage will

be 3.7 acres (1.48 ha). However, we can now estimate evaporative losses from a storage

pond 3.7 acres in depth during our period of maximal need, the winter dormancy period.

PET exceeds precipitation by about 297 mm (11.7 inches). So approximately 3 acre-ft

may be subtracted from our storage calculations, or a reduction of some 8 percent of total

storage needs. This figure may be considered a safety factor against years of unusually

heavy winter rains, or unexpected wastewater discharge during winter months. Years of

higher summer rainfall may lower PET and increase precipitation, so that storage

capacity does not zero out before the November dormant period as they have in appendix

1.3. To provide for that contingency, we should allow extra depth for our storage pond.



DesiTn for Safe Discharge Systems

Selection of Suitable Land and Soil Types

In selecting land for soil types which will be suitable for the unlined systems (ZDS,

SDT and SDD), desirable/undesirable features are as shown in Table 13. The general

tradeoff is that poor soil permeability will increase the problem of surface ponding and

runoff, while the slow passage of water through the soil will increase evapotranspiration

and the opportunity for bioremediation. High soil permeability will mean less concern

for ponding and runoff, but increase the amount of water which may escape

bioremediation by soil/bacterial and plant root uptake.

Table 13. Site characteristics and selection criteria for slow-rate land
irrigation systems (from desirable to poor suitability).

Characteristic Desirable Less desirable Poor
Soil:

pH 6.5-8.4 5.2-5.5 <5.2; >8.4
ESP, percent <5 5-10 >10
(Exchangeable sodium)
EC (nunhos/cm) <4 4-8 >8
Permeability, in/hr 0.2-2.0 0.06-0.2; 2-6 <0.06; >6.0

Depth to groundwater (ft) >5 2-5 <2

Slope Grade (percent) 0-2 2-15 >15

Land Use (zoning) agricultural low-density urban / industrial

Hydrology no flood hazard low flood hazard high flood hazard
Source: Metcalf and Eddy, 1991, p. 948.

77



78

In wastewater land treatment systems where crop requirements form the basis for

application rates in an effort to maximize beneficial use and conserve water the equation

for determining hydraulic loading rate is:

Lw = ( ET - P ) ( 1 + LR) (100/E)	 (4)

where Lw is the hydraulic loading rate,

ET is evapotranspiration from the crop (mm or in),

P is precipitation (mm or in),

LR is the leaching requirement (for controlling salination buildup in the soil), and

E is the efficiency of the irrigation system used.

Usually leaching requirements fall between 0.05 and 0.3 based on crop tolerance,

precipitation (which adds fresher water), and 'TDS of the wastewater used. For most

crops, since wastewater generally has >400 mg/1 TDS, leaching requirements are

between 0.1 and 0.2. Irrigation system efficiency is the proportion of the applied water

taken up by vegetative use and ET of the total applied quantity. The general rules of

thumb for irrigation systems are that surface irrigation (furrow or graded border) have

efficiencies from 0.65 - 0.75; sprinklers have 0.7 -0.8 and drip irrigation systems have 0.9

- 0.95 (Reed et al., 1995, pp. 217-218). These calculations must be compared with those

for nitrogen loading limits. The lower of the two values becomes the limiting design

factor for the system.



79

Hydraulic Loading Rates Based on Soil Percolation

Our design standard for our safe discharge systems is that any water which reaches

groundwater will have an N concentration of less than 10 mg/1 to meet primary drinking

water standards. Thus an estimate of nitrogen loading rate for the year (4 )) must be

calculated.

Using the calculations performed above for ET and precipitation at the site, we can

modify our spreadsheets by including a figure for soil percolation. We choose a soil of

moderate permeability of 0.35 in/hr (9 mm/hr) which would be typical of a clay loam soil

(Metcalf and Eddy, 1991, p. 960). By wastewater engineers' convention, in calculating

the design daily percolation rate we introduce a coefficient of 4-10 percent of SCS or

published values, as a conservative estimate to take into account that we will be

periodically irrigating, so the soil will go through periods of wetting and drying (Reed et

al., 1995, p. 295; Metcalf and Eddy, 1991, p. 960). Therefore our design daily

percolation rate	 Pw = K (permeability of limiting soil layer) (24hr/dayXadjustment

factor, which we will take as .10)	 (5)

Pw = 0.35 in/hr (24 hr/day) (0.10) = .84 in/day

The calculations of Table 14 show a potential hydraulic loading rate of 209.74

inches (5326 mm) per year of wastewater. This must be compared with the calculation

of nitrogen loading to determine the limiting factor for safe discharge design.



Hydraulic Loading Rates by Safe Nitrogen Discharge Limits

We can determine what the nitrogen-limitation will be by using equation 2, as was

done for the zero discharge systems.

Table 14. Determination of weeldy hydraulic loading rates using irrigation
schedule, percolation rate and difference between PET and precipitation.
Week Irrigation

days/week
Percolation ET-P

(in)	 (in)
Hydraulic Loading

(in)
Mar 1 1 4 3.36	 1.16 4.52

18 4 3.36	 1.43 4.79
25 4 3.36	 1.74 5.1

Apr 2 5 4.2	 1.24 5.24
9

etc.
5 4.2	 1.48 5.68

Total 151.2	 61.98 209.74
Source: Reed et al., 1995, 297. [see Appendix 1.4 for complete calculation]

( Cp mg I. ' )( P - ET in yf l) + (U lbs acre-1 yf i ) (4.4)

Lw(n)
	 nnn•nnnn••n•nnn•••MMO.101*=•••••nnnn•••••nn•n•

( 1 -f )(Cn mg 1-1 )-(cp mg 14 )

For safe discharge systems SDT and SDD, discharge must meet drinking water

standards for nitrogen (10 mg/1). In our example, Cp = 10 mg/1, influent Cn is 30 mg/1

(secondary treatment level), U = 300 lb acrel yfl (264 kg ha: 1 yf i), fis again taken to be

zero (as a safety factor), and P-ET = -1598 mm (-62.9 in). Solving the equation gives

97.45 inches (2475 mm) as an allowable rate of yearly irrigation. This is 46 percent of
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the previously calculated hydraulic loading rate (209.7 in [5328 mm]) based on soil

percolation. The calculations to determine allowable wastewater irrigation for our safe

discharge systems are shown in Table 15.

Table 15. Wastewater application scheduling for safe discharge systems.

Week Irrigation
(days/wk)

Wastewater Application
(in)

Mar 1 1 4 2.08
18 4 2.20
25 4 2.35

Apr 2 5 2.41
9

etc.
5 2.61

Total 97.4
[see Appendix 1.5 for complete calculation]

Land Requirement Calculation

Using the equation 3, ( A = ( Q + Vs ) / C L„), but changing Lw to 97.45

inches/year, we calculate that the planted land area to treat the wastewater effluent from

our design community of 1000 people is 13.8 acres.

A = (0.1 mgpd) (365dy/yr) (0.134 ft 3/gal) / (97.45/yr)(1 ft /12 in)( 43,560 sq ft/acre)

A= 13.8 acres (5.3 ha)

Storage Pond Requirement

Available wastewater, as above, is 365 million gal/year divided by 52 weeks and

converted to inches (36.5 mg x yr-1 /52 wk-1 = 700,000 gal x w1 1 x .134 gal x W3 / (13.8
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acres-1 x 43,560 sq ft x acre-1 x 1 ft112 inches) = 1.87 inches (47 6 mm) of wastewater

application/week.

Table 16 calculates storage requirements beginning with November 5, when we

cease wastewater applications for the winter dormant period.

For safe discharge systems SDT and SDD, maximum storage requirements are

reached on during the week ending March 4 when total storage equals 31.79 inches (807

mm) Total storage required is 31.79 inches x 13.8 acres x 1111 12 in = 36.60 acre-ft. So

Table 16. Storage requirements for safe discharge systems.

Week	 Wastewater	 Wastewater	 Weekly change	 Cumulative
Application	 Available from	 in storage need Storage Required

(in)	 Population	 (in)	 (in)
(in)

Nov 5 0.00 1.87 1.87 1.87
12 0.00 1.21 1.87 3.74
19 0.00 1.21 1.87 5.61
26 0.00 1.21 1.87 7.48

Dec 3
etc.

0.00 1.21 1.87 9.35

[see Appendix 1.6 for complete calculation]

if storage pond is 10 feet deep, the area required will be 3.66 acres (1.46 ha). This is very

similar to the results obtained for the zero discharge system. Calculations similar to those

done for the zero discharge system show that evaporation during the winter dormant

period will reduce storage requirements by less than 10 percent.
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Thus our calculations indicate that with the climatic data for southern Arizona, and a

dormant period of approximately November to the beginning of March, zero discharge

systems will allow 62.9 inches (1598 mm) of wastewater irrigation per year, require 21.4

acres (8.6 ha) of free-plantation, and storage of 3.7 acres (1.48 ha) for a community of

1000 people. Safe discharge systems will permit 97.45 inches (2475 mm) of hydraulic

loading per year, will require 13.8 acres of land for tree plantations, and a similar storage

pond requirement of 3.66 acres (1.46 ha).
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5. ELABORATION OF DESIGN SCENARIOS

In this section we further develop system designs. The Zero Discharged Lined (ZDL)

are the systems requiring the most engineering. Choice of irrigation systems must be

made for all the systems, as differing approaches offer benefits and disadvantages in

terms of cost, maintenance requirements, water use and safety. Finally, we consider the

rationales for avoiding monocultural systems including factors such as likelihood of

major disease/pest outbreaks and nutrient uptake in mixed vs single crop systems. The

range of suitable wetland tree species and effect of rotation length are also examined.

Zero Discharge Lined (ZDL): A Subsurface Flow Forest

Wetland

ZDL employs an impermeable lined basin using an application rate of wastewater

which equals total evapotranspiration losses so there is no discharge from the system.

The bottom will be lined by an impervious rubber membrane (Figure 2). Compacted clay

which is sometimes used in constructed wetland wastewater systems will not suffice in

our design given the penetration ability of deep-rooting trees. For adequate root

development, the basins will be four feet deep. The top three feet will contain a mix of

topsoil, clay and sandy loam soil. The addition of 20 percent coarse gravel will help

ensure sufficient permeability so that subsurface flow is maintained. The bottom will be

covered with a foot of gravel to improve movement of the applied effluent.
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The distribution system will include manifold pipe and gate valves at the head of

each channel. At each point where the effluent is applied it will be received into a trench

of pure gravel to insure rapid infiltration. Effluent will be applied not only at the head of

the system, but in a "stepfeed" fashion through the use of multiple outlets to the

incoming line.

The lined beds will be constructed with a 3 percent slope to assist in gravity flow of

wastewater from multiple inlets to the end. In the process, since we are applying the

wastewater at a level dictated by the seasonal PET less precipitation, we would expect

that all the water will be taken up by the crops or lost to evaporation by the time it

reaches the other end. However, as a safety factor, overflow outlets are installed at the

end of each bed for movement of excess flows and emergency diversions. They are

connected to return pipelines to the distribution system, and can be opened up to return to

the storage pond. The outlet structure will be provided with adjustable level outlets, so

that water depth in the beds can be manipulated when required (e.g. for reaeration).

The beds will be aligned in parallel, with access borders wide enough, 15 ft (4.6 m)

to permit vehicle/machinery access to operations such as harvesting. Long length to

width ratio helps ensure plug flow hydraulics (E.P.A., 1988, p.25). Our system will

utilize beds 500 ft (154 m) long by 50 ft (15.4 m) wide, providing a 10:1 length to width

ratio.
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Figure 2. Cross-section of beds for Zero Discharge Lined (ZDL) with impermeable liner
(after E.P.A., 1988, p.16). Bed depth is 4 ft (1.3 m), with bottom layer of 12 in (.3 m)
gravel, Slope is 3 percent. Distribution is by gated pipe with multiple outlets every 100
ft (30 m). Effluent outlet with variable height is connected to recycle wastewater to the
head of the system when required.
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This approach is a variant of a subsurface flow (SSF) type of created wetland. This

method differs from free water surface created wetlands in that all the wastewater is

designed to remain below the level of the gravel/sand or soil medium. The advantages of

inclusion of subsurface media are the following: (1) the biological enrichment of

including emergent aquatic vegetation; (2) the soil volume greatly increases the surface

available for microbial activity, and (3) absence of open water reduces possibility of

odors, health concerns for staff and/or visitors and eliminates mosquito breeding

concerns. Operational experience has shown that subsurface flow (SSF) systems can be

designed with less area to accomplish similar amounts of wastewater treatment as free

water surface (FWS) created wetlands. Therefore SSF systems despite their higher per

area cost are less expensive to construct (Reed and Brown, 1992, p. 778).

Under normal circumstances, SSF systems are quite effective in reducing BOD5 and

TSS. BOD5 reduction is dependent on retention time, and tends to be linear depending

on input BOD5 levels. Generally SSF systems can meet secondary standards - below 20

mg/1 - with sufficient residence time. Organic decay and litter production by vegetation

within the SSF means that BOD5 is never brought below a "residual" value of 5-7

(E.P.A., 1993, pp. 3-2, 3-3). SSF systems are usually less successful in phosphorus

removal. This can be improved by inclusion of clay in the soils used in the subsurface

medium, and by inclusion of soil with adequate aluminum and iron oxides (E.P.A., 1993,
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p. 3-17). In our system, because phosphorus will probably be in far shorter supply than N

in supporting tree growth, this will probably not be a serious concern.

A ten or hundred-fold reduction of fecal coliforms is generally accomplished in an

SSF wetland. This generally not sufficient to meet NPDES levels for effluent discharge

(which call for <200 CFU (fecal coliform units)/100 ml) and depending on local

regulations may require disinfection before use for irrigation (Reed and Brown, 1992, p.

779). California allows use of secondary wastewater even on land treatment using food

crops, but other states are more restrictive. It would be desirable to avoid the disinfection

step because of the following: (1) cost; (2) environmental and health concerns with

disinfection chemicals (generally a chloride or bromide compound); and (3) redundancy,

since we will be using subsurface irrigation for the silvitreatment with a goal of zero

discharge.

Our silvitreatment beds will use poplar and willow family trees as well as emergent

plants: cattail (Typha spp.), common reed (Phragmites communis), rush (Juncus spp.),

bulrush (Scirpus spp.), and sedge (Carex, spp.). If greater diversity is desired other

southwestern riparian zone species can be included. A common problem in previously

constructed SSF systems has been lack of oxygenation and root penetration down to the

bottom of the system, thus creating an unintentional anaerobic zone. Generally plant

roots have only penetrated one foot deep in two foot deep systems. Root transport of
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oxygen is crucial to maintaining sufficient aeration to achieve nitrification and reduction

of BOD5. The above system will employ a periodic reduction of water level to re-

oxygenate the system and encourage root penetration. This technique was noted by Reed

and Brown (1992, pp. 779-780). However, the vigorous rooting of the poplars and

willows should ensure full utilization of our four foot bed depths.

Clogging is another problem encountered in many first generation SSF systems.

The prevention of clogging has been studied intensively. Although excessive organic

loading has been cited as a cause of clogging, later investigations have often attributed

the cause to improper hydraulic design. This can be avoided by careful design using

detailed characterization of site/media properties. The E.P.A. technology assessment of

SSF systems recommends an iterative approach that includes testing to determine

porosity and effective hydraulic conductivity of the proposed media, the relationship to

site topography, and calculation of flow that is expected to remain subsurface. The

values and calculations are repeated until a design with suitable characteristics is

achieved (E.P.A., 1993, p. 4-13).

A system with some characteristics of our ZDL design type has been in operation for

the past three years at the CERF, in association with the Roger Road waste treatment

facility in Tucson, AZ (Karpiscak et al., 1993). Poplar and willow frees were added to
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systems previously consisting of emergent and floating aquatic species. The Tucson

system was not designed for zero discharge, but was underlain by an impervious rubber

lining. Although the system was receiving secondary treated effluent, concern for

potential clogging resulted in a design with a duckweed pond upstream from the multi-

species wetlands (Karpiscak, pers. comm.). Results of effluent water quality indicate

wetland systems including wetland trees were more effective than aquatic wetland

systems (hyacinth and duckweed) without trees and emergent plants. The multi-species

system used two tree species: cottonwood (Populusfremontii) and black willow (Sal ix

nigra), in association with emergent aquatic species such as cattail (Typha domingensis),

giant reed (Arundo donax), and bulrush (Scirpus olneyi), and a floating aquatic plant,

duckweed (Lemna spp).

The reduction in BOD5 was greatest for the tree-enhanced constructed wetland (76

percent) followed by the hyacinth system (70 percent) and the duckweed pond (54

percent).. The tree wetland system achieved tertiary standards of N < 10 mg/1 in all

months with a total N reduction of 41.2 percent (Karpiscak et al., 1993, p. 50). In

comparison, nitrogen reductions for the hyacinth and duckweed systems were 45 percent

and 25 percent, respectively (Karpiscak et al., 1993, p. 51).

Effluent water quality was comparable using a multi-species wetland system,

however an additional benefit such systems provide is "increase in wetland and riparian
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habitats for wildlife and human use" (Karpiscak et al., 1993, p. 52). A field visit to the

site confirmed that tree growth has been robust - over 10 feet per year in some cases - and

in the high solar radiation environment of Southern Arizona, emergent aquatic plants are

able to persist even in the shade of the cottonwood and willow trees. This adds to

effluent and nutrient uptake especially during the early years of tree establishment.

Irrigation Methods for ZDS, SDT, and SDD

Irrigation strategy should be aimed at replacing soil water reserves which were

depleted by the PET of the previous day. To that end, computer software has been

developed to automate the input of relevant meteorological data to calculate PET and

program the required irrigation quantities (Papadopol, 1990, p. 26). Operationally, this

means relying on overnight weather forecasts - and not scheduling irrigation if

cloudiness/precipitation is forecast that will lower the day's ET. Irrigation should be

applied before peak demand of the crops. This type of scheduling, especially in arid

regions, is expected to result in considerable savings in water use and energy used for

irrigation (Papadopol, 1990, p. 27).

There are several basic approaches to- irrigation methodology: sprinkler irrigation,

open-ditch, surface flooding and drip irrigation methods. Most wastewater land

application to forests or planted tree crops have used sprinklers. This method is not
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recommended here because of concerns about odors and the health issue because of

possible spread of pathogens. An advantage of the sprinkler method is that it will tend to

maximize canopy interception and evaporative losses (Papadopol, 1990, p. 25). This is

important for zero discharge soil (ZDS) systems but less important for safe discharge

(SDT and SDD) systems where beneficial use is a higher design criterion than complete

disposal of the wastewater.

An important rationale for border and furrow or ditch irrigation as opposed to

sprinkler is that the former use far less energy. One study estimated only about 10

percent of the energy required for spray irrigation was needed in a system which

delivered water to double rows of trees though open ditches. The ditches were laid out

with a slope of 1.5 percent, sufficient for gravitational water distribution. Ditch

irrigation also offers advantages in soils of low permeability as the longer maintenance of

wastewater effluent in the ditches allows for longer uptake by the trees (Papadopol and

Nolan, 1985, p. 412). A final advantage for open ditch or furrow/border flood irrigation

over spray irrigation is that there will be far less problem with clogging of sprinkler heads

from suspended solid content.

Natural forest soils tend to have infiltration capacities far in excess of those required

for wastewater application because of their rich organic mulch layer, low compaction by

vehicle use and tillage compared to agricultural soils, and the deep penetration of tree
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roots. Such conditions have allowed land treatment irrigation to be done on forest slopes

as steep as 15-40 percent. These conditions may take 3-10 years to develop in non-

forested sites (McKim et al., 1982, pp. 6-7) such as will be used in our design scenarios

2-4 and choice of land with only moderate slopes is recommended to avoid runoff

problems.

Our design for zero discharge ZDS and safe discharge systems SDT and SDD will

use border flood irrigation to minimize capital and operating costs. This will require

careful initial grading of the land. Such systems have been successfully operated with

borders as wide as 100 ft (30 m) which means that conventional farm machinery for

cultivation, harvesting and other operations will be unimpeded (E.P.A., 1981, p. 4-48).

To ensure adequate treatment of wastewater a pumping system for return of "tailwater"

will be incorporated (E.P.A., 1981, p. 4-56).

Rationales for a Mixed Plantation

Vulnerability of Monotypic/Monoculture Poplar Systems

Poplars are subject to a host of diseases and insect damage - especially in monotypic

plantations compared to multispecies forest settings. Fortunately, the ease of vegetative

propagation has enabled several decades of plant breeders who have worked on resistant

strains of poplar to keep pace with potential problems. However, the development of
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long-term strategies for disease-resistance has been impeded by the emphasis on

developing monospecific, even monoclonal trees which can produce even growth in

intensive plantations. Thus, trends in poplar plantations have tended to resemble trends

occurring in agricultural food crops. The perceived requirement of maximizing

individual genotypes as opposed to population homeostasis has led to a disadvantage the

highly homogenous tree plantations have faced against a range of naturally, evolving

disease and insect populations (FAO, 1985, pp. 14-15). Major poplar diseases are:

melampsora leaf rust, marssonina anthracnose or leaf spot, bacterial canker, dothiciza

canker, septoria leaf-spot and canker, poplar scab and poplar mosaic virus (FAO, 1985,

pp. 12-14). In the wild, poplars develop highly varied populations because they are

obligate outbreeders (dioecious) which offers defense against insects and diseases.

While disease-resistant cultivars can be obtained, it would appear that the best long-

term strategy for avoiding such problems, or at least minimizing the extent of any

outbreaks which occur, is to include a wide variety of poplar species and varieties in the

wastewater plantation. This is also in accordance with the goal of maximizing

biodiversity, habitat creation and pleasing aesthetics. The costs of initial planting will be

greater. Short rotation poplar tree plantations is a relatively new strategy being extended

to an area (southern Arizona) with little previous history of poplar plantation. Therefore,

initial plantings should serve as a testing ground to evaluate the performance of a wide

variety of poplar and other water-tolerant plants.



Nutrient Uptake Enhancement In Mixed Plantations Of Trees

And Understory Plants

As was noted above in the literature review, maintenance of grass cover in land

treatment of wastewater by forests is especially important in the early years of tree

establishment. Table 17 shows that total N uptake increases with time.

Table 17. Nitrogen uptake (kg Wha) by poplar and Dougjasfir plantations
irrigated with wastewater.

Vegetative Types Year 1 Year 2 Year 3 Year 4
Poplar systems:

Tree 40 260 166
Grass 137 137 102 173
Total 137 177 362 339

Douglasfir systems:
Tree 20 45 111
Grass 139 145 153 121
Total 139 165 198 232

Source: Cole and Schiess, 1978 in McKim et al., 1982, p. 8.

These considerations argue for the importance of planting a diversity of

wetland/riparian species along with our predominant tree stand - and of tolerating some

degree of weed invasion (within the bounds of preventing tree mortality) during the early

years of plantation establishment. One experiment which removed herbaceous ground

cover in the third year after poplar planting resulted in an increase in nitrate leachate
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through the soil. Nitrate levels were only reduced to acceptable levels after the ground

cover was allowed to regrow (McKim et al., 1982, p. 15).

Other Candidate Wetland Trees 

Shimp et al. (1993) have listed some of the tree species with known high tolerance

for flooded soils (Table 18):

Table 18. Trees with high tolerance for flooded soil conditions.
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Scientific Name
Acer nigrum
Acer rubrum
Acer saccarinum
Caiya aquatica
Frcixinus pennsylvanica
Gleditsia triacanthos
Liquidamber styraciflua
Nyssa aquatica
Populus deltoides
Populus x euroamerica
Quercus lyrata.
Salix nigra
Taxodium distichum

Common Name 
Black maple
Red maple
Silver maple
Water hickory
Green ash
Honey Locust
Sweet gum
Water tupelo
Eastern cottonwood
Hybrid poplars
Overcup oak
Black willow
Bald cypress

Blake (1983, pp. 281-283) has summarized the experience from recent work on short-

rotation forest coppicing and has recommended tree species and varieties as good

candidate species which are listed in Table 19.

Steinbeck adds Acacia, Albizia, Gmelina and Leuceana as tree species with good

coppicing abilities that have grown rapidly in short-rotation plantations outside their



Table 19. Trees recommended for short-rotation coppicing systems.

Common Name Scientific Name

Birch	 Betula populifolia; B. alleghaniensis;

Alder	 Alnus rubra;

Maple	 Acer rubrum; Acer saccharum

Cola tree	 Cola nitida

Dogwood	 Cornus florida

Eucalyptus	 Eucalyptus spp. ( many species coppice well though a few are known
to do poorly)

Gum	 Liquidamber styraciflua

Tupelo	 Nyssa aquatica; N. sylvatica

Sycamore	 Platamis occidentalis

Poplar	 Populus spp. Many including: P. deltoides; P. tremuloides; P.
trichocarpa (cottonwood)

P. x euramerica (hybrid cross of P. deltoides x P. nigra)
Plum	 Prunus serotina

Oak	 Quercus alba; Q. alba; Q. rubra; Q. prinus; Q. velutina;

Willow	 Sal ix caprea; S. viminalis x S. caprea (Aquatica gigantiea); S.
smithiana

native habitats (Steinbeck, 1983, p. 161). Metcalf and Eddy (1991, p. 949) list

cottonwood, sycamore, green ash, black cherry, black locust, red bud, catalpa, Chinese
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elm, white pine, eucalyptus, willow and hybrid poplar as suitable trees for wastewater

land treatment.

Multi-species design is especially important for Safe Discharge Diversity (SDD)

systems where maximization of biodiversity and creation of wetland/riparian habitat is an

important criterion. Evaluations of deciduous wetland trees and woody shrubs of

Arizona and New Mexico riparian areas should be done as they may prove to be better

suited to our system which is in essence the creation of a wetland forest. Among the

most prominent of Arizona wetland trees are: Acer grandidentatum (bigtooth maple),

opulus augustifolia (narrowleaf cottonwood), Acer negundo (western box elder), Alnus

oblongifolia (Arizona alder), Juglans major (walnut), Fraxinus pennsylvanica (green

ash), Platanus wrightii (Arizona sycamore or plane-tree), Populus fremontii (Fremont

cottonwood), Salix gooddingii (southwestern Gooding willow), Sapindis saponaria

(soapberry), Alnus tenuifolia (thinleaf alder), Sal ix bebbiana (bebb or beaked willow),

Sal ix exigua (coyote or sandbar willow), Salix irrorata (bluestem willow), Salix

scouleriana (fire willow) (Szaro, 1989, pp. 87-91).

Maintenance of Rapid Growth and Coppice Rotation

There has been considerable controversy regarding coppice rotation for poplar and

other fast-growing trees. One generally accepted guideline is that coppice rotation length
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should be governed by the number of years until the tree plantation reaches maximum

mean annual biomass increase (MABI). In a review of the literature on short-rotation

silviculture, Cannel!  and Smith (1980) conclude that there is little evidence to support the

claims that higher MABI occurs in short rotation regimes (4-6 years) as opposed to

rotation lengths of 11-26 years ( pp. 420-421). In another study by the New York State

Energy Research and Development Authority, the authors conclude that rotations of 10-

12 years and longer, depending on maintenance of good growth, would equal published

data for intensely managed shorter rotations. They note that a primary effect of

fertilization with wastewater or sludge applications may be increased overall stand

productivity and either reduced number of years before MABI is reached and/or

increased maximum MABI achieved (NYSERDA, 1984, pp.1-5,6).

Therefore, the decision on poplar and other tree density of spacing, and its

concomitant length of rotation will be primarily governed by site data on productivity

(years to maximum MABI) and the market/economic analysis of the type of product

which is best produced in the area. Although the accelerated growth conditions provided

by wastewater irrigation changes both anatomical and physical properties of the wood

fibers, several studies report that such wood frequently has increased value for pulp and

paper. As lumber the wood is acceptable for structural use despite reduced wood density

(McKim et al., 1982, p. 17). The advantages of long rotations are reduced operational
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expenses since there are fewer harvests, reduced soil compaction, and increased aesthetic

values since the trees reach a larger size.

In addition to tree density and rotation length, cultural practices such as thinning or

pruning will affect both quantity and quality of wood. Thinning (at 4-6 years) and

pruning of lower branches was used to produce higher quality poplar wood in a poplar

plantation treating food processing wastewater. Here a spacing of the poplar trees at 8 ft

(2.4 m) rows, with trees 5 ft (1.5 m) apart in the rows allowed for development of larger

trees (Papadopol and Nolan, 1985, pp. 412-413).

There are advantages that short rotations offer, aside from the disputed claim of

higher productivity. These include a much faster return on investment, and higher

frequency of harvest; reduced risk period of crop damage; and the ability to use improved

tree varieties developed elsewhere or from on-site selection. Disadvantages include

higher planting costs due to higher densities used; higher percentage of immature wood

and bark may decrease wood values; and high densities may increase disease/insect

vulnerability (NYSERDA, 1985, p. 1-3).



6. DESIGN CONSIDERATIONS FOR PRIMARY TO

TERTIARY TREATMENT

We extend our discussion to consider how such silvitreatment systems may be configured

to achieve tertiary treatment levels when starting with either secondary or primary

wastewater.

Treatment of Secondary Wastewater

Our examination of existing literature on bioremediation of wastewater using forest

crops indicates that secondary wastewater, such as is discharged from conventional

wastewater treatment facilities, would be quite satisfactorily treated by a poplar or

wetland tree-based designs such as are outlined in our four designs: ZDL, ZDS, SDT and

SDD. Treatment of this effluent by either zero discharge or safe discharge systems

would be an environmental improvement over the current level of treatment prior to

discharge. Wastewater unsuited for groundwater recharge occurs from seepage from

streams that receive secondary effluent, from cesspools, and septic tank leach fields. For

example, in Tucson, the majority of effluent discharged into dry washes or ephemeral

streams is lost as seepage (Brouwer, 1982, p. 152).

As noted above, one concern would be clogging of soils by suspended solids. This

would be of greatest concern in zero discharge lined (ZDL) systems where subsurface

flow is used to move the wastewater along the hydraulic gradient from inlet to system
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end. Concern for this problem led the CERF created wetland project to install a prior

settling pond. This is covered with duckweed, and in addition to reduction of suspended

solids, produces additional bioremediation through vegetative and bacterial mechanisms.

The duckweed also provides additional habitat and has attracted migratory ducks and

other birds which feed upon the duckweed (Karpiscak, pers. comm.). It seems advisable,

then, to add this additional settling tank before the secondary wastewater is input into the

SSF flow tree and wetland beds. This is also advisable because, as noted above, there is

an increase in bioremediation, particularly in phosphorus adsorption, because of

increased surface area if we include clay soils as a component of the bed medium.

Prior treatment of secondary wastewater should not be necessary for any of our

system types. These systems should provide the equivalent of tertiary treatment.

Discharge water from system types SDT and SDD should meet standards for safe

discharge or replenishment of groundwater supplies. Thus, such systems would provide

environmental improvement over the existing situation where secondary wastewater

causes environmental pollution by discharge into surface waters and of groundwater

supplies after soil infiltration. The high costs of conventional wastewater treatment

make it quite expensive to build such a plant designed to discharge to a constructed

wetland or land treatment. However, since many of these plants are currently being

operated, processing their effluent through our zero discharge or safe discharge systems

should provide economic and environmental benefits.
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Complete Treatment of Wastewater

Land application to forest trees is capable of improving sewage effluent to drinking

water or safe recharge standards. Only the equivalent of primary treatment is required

(primary screening and sedimentation) (McKim et al., 1982, p.2). For the sake of

completeness of our conceptual design, we consider what would be required for our zero

discharge and safe discharge systems to handle raw sewage.

The system in its initial step must accomplish the equivalent of what is done in

primary treatment at a conventional sewage plant - separating out the large suspended

solids. This is essential before use of wastewater for land treatment irrigation because of

several factors: (1) large fecal solids and paper materials are unsightly and odorous, (2)

metallic sulfides and other suspended colloids clog soil pores, creating a skin that

prevents further infiltration, and (3) these materials transport pathogenic bacteria and

viruses of concern for human health (Oswald, 1989, pp. 72-73).

Two recently developed methods for primary treatment offer possibilities for small

community use.

The first of these is advanced dissolved air flotation systems, which are increasingly

used in industry for pretreatment of wastes. The separation is near complete and
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accomplished in a few minutes. The disadvantage is that, like the primary clarifiers of

conventional treatment plants, the precipitated sludge must be separately disposed of.

The second is incorporating a facultative pond which incorporates a "pit digester" at its

bottom. The sludge is retained in the digester where anaerobic bacterial decomposition

proceeds over longer residence times than are required of the rest of the wastewater

stream (Oswald, 1989, p. 73).

Facultative ponds with pit digester can reduce BOD5 by 50 percent, whereas

dissolved air flotation systems generally only accomplish some 30 percent reduction

because of shorter treatment time. For irrigation of most field crops the remaining BOD5

poses a problem, for such crops are intolerant of anaerobic soils (Oswald, 1989, p. 73).

This is an advantage of using poplar trees and other wetland trees for our treatment

system for they have the capacity to withstand prolonged periods of inundated soils.

However, a remaining problem is that of ensuring elimination of disease agents. An

aerated pond (a pond with surface aerators) will do much, especially for the destruction

of parasitic ova, but small numbers of bacteria and viruses may remain. Other options

include 2-3 days residence in a shallow, high rate, pond. Here temperatures will rise

seasonally in an arid region such as southern Arizona to temperatures above 95 deg. F (36

deg C) along with high pH conditions lethal to the disease-causing organisms. Another



safeguard is passage through a 12-15 ft (4-5 m) sand filter before the effluent goes to

storage or to its use as irrigation (Oswald, 1989, pp. 73-74).

Our choice of preapplication treatment will depend upon whether public access and

recreation are design requirements. If this is the case, then public health protection and

odor mitigation will require more extensive pretreatment of wastes before it enters

wetland systems. Public health regulations or guidelines probably will be the

determining factor on whether disinfection is obligatory. This is the case despite land

treatment experience that usually only primary treatment is required before application to

trees in order to produce effluent which meet drinking water standards. Chlorination has

not generally been required in previous forest land treatment of wastewater because of

the remoteness of the forests used. Operation without disinfection, if permitted by

regulatory agencies, is desirable for several reasons beyond its cost. The production of

chlorinated organics has undesirable environmental effects and could also lead to

reduction in the trees' capacity for nutrient uptake (McKim et al., 1982, p. 2).

The following elements could be adopted for primary treatment to enable our

designs to accomplish complete waste treatment and utilization in a cost-effective and

environmentally benign fashion:
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Raw sewage will be received in a series of connected ponds. These will be a hybrid

design, incorporating elements of a few systems to meet our needs. They will be deep

enough (5-6 feet) that an anaerobic layer will form at the bottom of the pond, where

primary sedimentation can precede anaerobic digestion of the sludge. The predominately

freewater surface will support a mix of floating macrophytic aquatic plants including

water hyacinth (Eichornia crassipes), water fern (Azolla spp), and duckweed (Lemna

spp). Portions of the pond will have a subsurface substrate (gravel or crushed rock) to

maximize microbial surface area and provide a planting medium for the emergent water

plants (such as bulrush, cattail [Typha], bamboo). The subsurface media will be placed

to create channels of water movement, but will cover only about 1/4 of its surface area.

Studies of land treatment irrigation systems have concluded that these systems often

have been designed in an overly conservative manner by including elements of pre-

treatment which are expensive and not required for safe operation (King, 1986, p. 15;

Kowal, 1986, pp. 27-28; Deemer, 1986, P. 55). Our design need is to accomplish primary

sedimentation. While this can be accomplished by screening and grit chambers, in

keeping with our low-cost and low-tech approach, an equally effective but more visually

attractive and productive solution is to include a pond system at the head of our

treatment. Water hyacinth ponds can effectively handle raw sewage (Reed et al., 1995,

p. 15). Making the pond deep enough to ensure an anaerobic layer is useful because: (1)

it allows primary sedimentation, (2) the deeper the pond, the less land is required and the
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more cost-effective are construction costs, and (3) the anaerobic digestion at the bottom

will greatly lessen if not eliminate any need for later sludge disposal.

Primary sedimentation will be accomplished in a lagoon where the raw wastewater

will be initially received. These will be similar to aerobic lagoons. Hydraulic retention

time will be three days - sufficient for deposition of the bulk of the suspended solids.

Floating aquatic plants including water hyacinth, water fern and duckweed will be

included to help aerate the top layers of the lagoon and to prevent algae buildup,

especially in warm months, which could cause clogging problems in subsequent stages of

the treatment. There will be three lagoons to allow the system to be operated in batch

fashion, and to allow removal of sludge accumulation. The lagoons will be 6 feet deep to

allow an anaerobic zone for decomposition of sludge and denitrification to occur.

Sludge can be ground up and recycled into the wastewater stream or composted when

removed during annual maintenance of the lagoons.

If required by regulation, or to facilitate public access to the area (recreation, visitor

use of the silvitreatment site), disinfection will be effected before the water is applied to

the fields.
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7. RESULTS AND DISCUSSION

We can now examine the likely performance of our silvitreatment systems in terms

of water quality, expected biomass and wood yields, economics and energy conservation,

and sustainability. Finally we look at application of such systems to small on-site

residential treatment and their potential for wastewater treatment and utilization in

developing countries.

Anticipated System Performance - Water Quality

Discussion of water quality is only relevant for safe discharge systems, since zero

discharge systems should eliminate all input wastewater by evapotranspiration and crop

uptake.

For safe discharge systems, water quality of effluent from the system may be gauged

from results from existing land treatment operations. BOD5 and suspended solids are

generally reduced to less than 2 mg/1 and 1 mg/1 respectively after percolating through

five feet of soil (E.P.A., 1981, p. 4-1). Phosphorus removal should be nearly complete

(<1 mg/1), except in very coarse soils. This type of soil should be avoided in selecting the

land for system installation. Buildup of trace elements, such as heavy metals, is not

normally a major concern in municipal wastewater. A prior examination of the particular

wastewater should be conducted to ensure, however, that no toxicity of plants may result.



109

In soils suitable for land application of wastes, nearly complete removal of trace

elements is obtained (E.P.A., 1981, p. 4-7). Microorganism removal is not usually a

critical factor in land application design. Typically all coliforms are removed within five

feet of movement of the water through the soil (E.P.A., 1981, p. 4-9).

We have designed our system for reducing nitrates in discharge water below 10 mg/

However, recall that we had conservatively not included an estimate for denitrification

losses, nor losses of nitrogen which will occur in our storage ponds during their

operation. We are also lacking data on growth of poplars in our longer, warmer and

higher light climatic conditions. All these factors may result in nitrate levels

significantly below 10 mg/I in actual system operation. For example, if denitrification is

15 percent (a conservative figure) that factor alone will reduce effluent nitrogen

concentrations by 4.5 mg/l.

An important consideration in the nitrogen balance is whether harvesting is of total

tree biomass or of only marketable wood. If only the latter is removed, this means on

average that only 30 percent of tree uptake of nitrogen will be accomplished. A large

proportion of the remainder (leaves and small stems) will return to the soil if left on the

ground. Therefore, we have based our calculations of system operation on the premise of

removal of the entire above ground portion of the trees.



Expected Biomass and Wood Yields

In intensive cultivation at 1.2 m by 1.2 m (4 ft by 4 ft) spacings in Massachusetts,

hybrid poplars have produced 2.5 to 15.3 m 3/ha (35.7 to 218.6 ft3/acre) of wood at 4

years, 7.6 - 35.7 m3/ha (108.6 - 510 ft3/acre) at 9 years, and 56.1-117.2 m3 (601.4 - 1674.3

ft3/acre) at 15 years. In close spacing and short (4-5 year) rotations, hybrid poplars in

Canada produced 3.4-5.6 dry tons/acre (7700-12700 kg/ha) at age 4 (Demeritt, 1990, p.

577). Mean annual biomass increases from several northeastern plantations range from

4.5-40.2 tons/ha (2-9 tons/acre) after 5-20 years (Demeritt, 1990, 580). These figures

may be compared with plantations of black cottonwood (Populus trichocarpa) in British

Columbia which showed annual increases of 10.5-15.4 m3/ha (150 - 220 ft3/acre) and a

plantation on deep alluvial soil in Washington which produced 500 m3/ha (7,242 ft3/acre)

in 24 years (DeBell, 1990, p. 573). Plains cottonwoods (Populus deltoides var.

occidentalis) can yield 168-210 m 3/ha (2400 - 3000 ft3/acre) at 25-30 years old

(Haverbeke, 1990, p. 540); Black willow (Sal ix nigra), another candidate wetland tree for

our silvitreatment systems, yields about 315 m3/ha (4500 ft3/acre) and 415 m3/ha (5920

ft3/acre) and sawtimber volume of some 400 m3/ha (5700 eacre) in 35 years in

unmanaged stands in the southern U.S. (Pitcher and McKnight, 1990, p. 770).
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Economics and Energy Conservation

One of the benefits that land application offers is economic and energy savings since

the cost of manufactured fertilizer is avoided. This is especially important in developing

countries, where such cost limits nutrients available for many farming operations. One

study reported the energy values of the major nutrients contained in secondary

wastewater effluent contained in Table 20.

Table 20. Energy values of nutrients contained in municipal wastewater
effluent.

Nutrient Content of Effluent
mg/1	 lb/acre-ft

Energy to Produce,
Transport and Apply

Energy Value of
Nutrients in

Fertilizer
(kWh/lb)

Wastewater
kWh/acre-ft

Nitrogen 20 54 2.79 190
Phosphorus 10 27 0.10 13
Potassium 15 38 0.10 10
Totals 2.99 213
Source: Reed and Crites, 1984, p. 344.

Economics is one of the primary motivations which has accelerated the application

of constructed wetlands and land application for wastewater treatment. Not only are the

costs of conventional ("concrete and steel") wastewater treatment plants higher than

these alternatives but their costs are sharply rising (E.P.A., 1988, p. 1). This has

prompted the search for natural processes which require more land but which are far

lower in energy use and labor, maintenance, operating costs.
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Of our two types of system and four scenarios, ZDL is the most expensive to

construct and operate. The water-tight and root-resisting liner alone costs $.90 to $1.10

per square foot, amounting to $45-50,000 per acre of wetland bed. Overall construction

of our beds is comparable to other created wetland designs which (in 1988 dollars)

ranged from $70,000 to $300,000 per acre in several case studies (E.P.A., 1988, p. 80).

Our system employs a deeper bed to allow greater tree growth, which will increase

construction costs. However, unlike hyacinth or reed beds which have no real economic

value, our ZDL system will produce off-setting marketable wood as well as

environmental benefits.

ZDS, SDT and SDD systems can use existing land (as long as soil types have

acceptable hydrologic properties) in the vicinity of the community. The major expenses

will be transport of sewage, primary treatment (if not connected to existing wastewater

treatment facilities), land leveling and creation of storage ponds. Many currently

operating municipal land treatment systems lease farmers' land, contract out the

operation of the cropping, or charge farmers for use of the wastewater (Reed and Crites,

1984, p.341). Apart from the fact that we are creating forests or woodlots, the same type

of arrangements can probably be used for reducing costs and ensuring dedicated

management of the systems. For communities willing to invest in farming and harvesting

equipment, the revenues from sale of product could be considerable.



Sustainability of Silyitreatment Systems

Studies have examined long-term effects of wastewater treatment by application to

forests and tree crops. Most have concluded that "a properly designed and managed

forest land treatment system can be expected to satisfactorily renovate wastewater longer

than a conventional wastewater treatment facility. The vegetative cover can be managed

so that the longevity of the forest will only be limited by the assimilative capacity of the

soil" (McKim et al., 1982, p. 18).

Changes in soil and soil ecosystem properties do result from wastewater application.

For example, soil organic matter may decrease as a result of increased decomposition

rates, while earthworm and microbial activity is increased in forest soils. Porosity and

infiltration capacity showed varying changes, depending on soil types, but in general

maintained high levels (Richenderfer and Sopper, 1979, pp. 175-176).

Slight increases in metals, such as copper and zinc, are reported for soils receiving

municipal wastewater, though the overall levels remain within the normal range found in

such soils even after 15 years of use. There have been some reports of sodium buildup

from wastewater irrigation, though no reports of decreased soil permeability or soil
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aggregate properties in these studies, conducted primarily in humid, natural forest

conditions (McKim et al., 1982, p. 19). This potential sodium increase underscores the

necessity of periodic leaching of salt buildup in semiarid regions.

One reported factor which may limit the duration that such systems may be

sustainable for wastewater renovation is phosphorus saturation of the soil. Estimates for

several soils studied over decades of wastewater application in the Pennsylvania State

University projects and in the Pacific Northwest report expected longevity of around 100

years at application rates up to 450 kg/ha (396 lb/acre) of total P (McKim et al., 1982, p.

18). The projections for our design study area will depend on the achieved P uptake by

our trees and other wetland vegetation, the depth and adsorptive capacity of the soils used

or created (ZDL systems), the concentration of P in the wastewater effluent and the rate

of annual irrigation. Such soils could be of continued use, even if their saturation with P

renders them no longer serviceable for wastewater remediation. Indeed, many western

soils are low in phosphorus, so rich and continued supply of this nutrient would lessen

the cost of other agricultural uses. One might even envision a long-term cycle of

alternating use for wastewater application with use for other crops or natural vegetation

which would deplete P reserves and the land's suitability to again receive wastewater

irrigation.
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Application to Small Onsite Disposal Systems 

Interest has increased in zero pollution discharge systems to meet increasingly

stringent environmental regulations anticipated in the future. Some 30 percent of the

U.S. population (>50 million people) are not connected to any centralized sewage system

but use on-site systems. In situations where shallow soils, soil impermeability, high

groundwater tables or fractured rock subsurface prevent adequate bioremediation by

septic systems, systems employing evapotranspiration to dispose of sewage effluent have

been developed. Two general approaches have been (1) beds with an impermeable liner

to prevent escape of effluent or (2) soil infiltration is combined with evapotranspiration.

A highly permeable sand is often employed so that capillary action brings effluent closer

to the surface to enhance evaporation. Vegetation is employed to increase effluent

disposal through transpiration and plant growth. Such systems require at least seasonal

climatic conditions where PET exceeds precipitation. The large difference between PET

and precipitation means that such systems will require far less land in hot and arid

environments (Bennett and Linstedt, 1978, 17-19).

The approach outlined in this study can complement on-site ET systems by including

wetland trees. Such use of trees can add to the landscaping of the house or small

community Trees adapted to the local climate and soils should be utilized. For small

communities, rather than a single patch of trees, the beds can be arranged to suit
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landscaping needs. For example, such trees could provide a windbreak by having long,

thin beds or by gated pipe with effluent delivery at the required tree spacing. In southern

Arizona, employment of these systems can enhance water conservation and reduce

wastewater contamination of the environment. In addition, the growth of trees is

particularly valuable in a hot, low desert region through the production of shade, beauty,

and wildlife habitat. The long growing season and exceptionally high PET levels in

southern Arizona reduce land requirements over those needed in other regions of the U.S.

Application of Silvitreatment to Developing Countries 

The results of this study indicate that zero discharge and safe discharge systems can

be successfully applied in southern Arizona from a technical perspective. They should

also result in reduced costs for communities now using conventional treatment, or

eliminate the need for such in communities which can design new treatment systems.

Safe discharge systems (SDT and SDD) will provide environmental benefits by

improving the quality of water released to surface waters or used for groundwater

recharge. The wetland trees and associated species will provide beautiful and biodiverse

habitats for recreation and wildlife benefit. While such values will be greatest in systems

with high species diversity, even poplar plantations can provide benefits. For example, in

the northeastern U.S. moose and deer browse on young hybrid poplars. Poplar buds are

preferred food for ruffed grouse and several varieties of songbirds; the catkins are eaten
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by grouse and pheasants (Demeritt, 1990, p. 580) Such wastewater treatment systems

may also facilitate the creation of new wetland/riparian areas. This is of great value in

Arizona because of the extensive loss of such natural habitat in the past several decades.

In developing countries, the benefits of zero discharge and safe discharge

silvitreatment systems will be even greater. It is estimated that over one billion people in

the developing world (over 30 percent of their population) lack safe drinking water and

1.3 billion people (43 percent) lack sanitation facilities. These facts may be coupled with

nearly 20 countries in Africa alone with virtually no irrigation systems (Gleick, 1992, p.

132). In addition, rapidly expanding populations and economic pressures have led to

massive overcutting of forests in the developing countries, where biomass burning still

accounts for about 30 percent of energy use. This is leading to critical shortages of

energy for basic human needs, plus higher costs in paying for replacement fuels, higher

environmental costs from continued forest degradation, human costs in increasing time to

collect scarce firewood, and costs in soil erosion as crop wastes and dung are used for

energy rather than returned to the soil (Holdren, 1992, p. 164).

Thus the application of silvitreatment systems using fast-growing wetland trees will

be of immense benefit. Proper wastewater treatment will reduce a major vector of

disease and the economic benefits of wood production will be far greater in societies

where basic household fuels are often critically short. Many developing countries are
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poor in natural resources such as precious metals or fossil fuels. However, many are

endowed with tropical climates with abundant sunshine and long growing seasons. They

have unused labor so that intensive silviculture of the poplar wetland trees can be

managed without expensive machinery and equipment. The only equipment required is

relatively simple pumps, filters and pipes. Redirecting wastewater can supply the

remaining ingredients of water and nutrients to transform a source of disease and

pollution into social, economic and environmental benefits.
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8. CONCLUSIONS

My review of the feasibility of wastewater treatment systems employing fast-

growing wetland trees such as those of the poplar family has shown that they are capable

of producing both highly effective and cost-effective solutions to the problems of water

pollution caused by untreated or inadequately treated sewage discharge. The benefits that

I perceive in this "silvitreatment" approach are better protection of ground and surface

waters, productive reclamation of the nutrients contained in domestic sewage waters,

reduced demand on water supplies, and lowered capital and operating costs compared to

conventional approaches. In addition, valuable raw materials such as wood, fiber or

fodder can be produced, aesthetic improvement effected, and habitat for wildlife created

by employment of silvitreatment systems.

A number of design scenarios are identified, subject to project priorities. These design

options are either "zero discharge" systems where all wastewater is consumed by

evapotranspiration and crop uptake, or "safe discharge" systems, where wastewater is

released after meeting tertiary water standards. Options in these designs include the

addition of impermeable liners, and use of existing soil or substitution of created beds for

plant growth. Some systems may emphasize production of wood or other tree products,

while others may place a higher value on diversity of plant communities and habitats.

What one approach sacrifices in commodity production may be offset by other values
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such as habitat for wildlife, wetland creation, biodiversity, resistance to pests and disease,

and increased nutrient uptake especially in the initial years after establishment.

Application of wastewater is by surface distribution, infiltration from open ditches on

a graded slope. Spray irrigation offers the advantage of higher rates of evapotranspiration

than traditional border and furrow irrigation. However, spray irrigation requires some ten

times more energy and is more expensive to install and operate. The health hazard of

drift of aerosols requires buffer strips around systems which use spray irrigation.

Aesthetics considerations also favor surface irrigation.

Silvitreatment systems function by a synergy of soil, bacterial and plant processes and

evapotranspiration. Soil processes that purify the wastewater effluent in both designs

include physical ones like filtration, chemical processes like adsorption and precipitation,

and biological ones like organic matter decomposition, inorganic transformations and

assimilation in both aerobic and anaerobic conditions. Nutrients in the wastewater

enhance growth. Fast-growing trees offer advantages in bioremediation since they are

solar powered, and enhance microbial activity with their deep root systems, high rates of

biomass accumulation and litter deposition.. In addition, their long lives mean frequency

and costs of harvesting are lowered, their by-products are valuable and trees are less

likely to result in food chain transfers of toxic elements.
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In the desert environment of southern Arizona, zero discharge systems requires, for

1000 people, an area of 8.5 ha (21.4 acres) and safe discharge systems require less land

(5.5 ha or 13.8 acres). Both designs require a storage pond 1.5 ha (3.75 acres) and 3 m

(10 ft) deep on the assumption that wastewater application will be suspended entirely

during a winter dormant period estimated to extend from November 5 to March 11.

Further research is required to delineate permissible levels of fertilizer application with

silvitreatment systems during periods of reduced plant growth and winter dormancy.

Other research needs include studies of optimal rotation length under southern Arizona

conditions and field comparisons of the efficacy of various tree crops.

Silvitreatment approaches can be used in the large number of residences which are

unconnected to centralized sewage plants. Such on-site systems incorporating some type

of primary treatment such as septic tanks will benefit from the enhanced water use of

trees. Silvitreatment can protect sensitive groundwater or lakes in areas where regional

geology does not permit installation of conventional leach fields through the creation of

zero discharge evapotranspiration basins.

Silvitreatment also holds great promise for developing countries. These countries

can not afford the choice of conventional wastewater treatment facilities, and are



currently facing enormous disease and environmental problems from wastewater

pollution. These countries have abundant solar energy and land resources, but lack

capital and fossil fuel energy resources. Silvitreatment systems offer maximal nutrient

and water utilization for growing valuable products for local use or income-generation.

Detailed economic studies are beyond the scope of the present study. The costs of

individual systems will be highly dependent upon such variable factors as scale, type of

installation, cost of land, and distance that effluent must be pumped. Returns will depend

upon choice of tree species, rotation length and mean annual biomass increase, costs of

labor and required processing technology and market prices for commodities produced.

Nevertheless, silvitreatment systems appear to be at least as cost-effective as constructed

wetlands in reducing the capital and operational expenses of wastewater treatment. In

addition, commodities produced in the plantations should further offset costs.

Silvitreatrnent approaches can play a significant role in the changing perspective

towards wastewater treatment presently occurring around the world. Silvitreatment

offers many of the characteristics associated with more sustainable development.

Silvitreatment is based on a low-tech, low-capital, high recycling approach. This is

coupled with offering better performance than conventional concrete and steel treatment

plants in preventing release of insufficiently treated pollutants into the environment while

creating beautiful and diverse habitats.
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APPENDICES

Appendix 1.1
AZMET meteorological weekly data from Maricopa
Agricultural Center, Maricopa, AZ.

These data were collected from hourly readings during 1990 and compiled into daily
and weekly totals (Brown, 1995). PET calculations were done using a modified Penman
approach. The data reveals that only during two weeks (January 21 and July 15) did
precipitation exceed weekly PET. There was 231 mm (9.1 in) of precipitation, 2070 mm
(81.5 in) of PET. This means the yearly "moisture deficit" is 1838 mm (72.4 in) and
1598 mm (62.9 in) during a growing season from early March to the beginning of
November. This large annual difference, characteristic of a hot, arid climate like the low
desert region of southern Arizona, is an important design factor in our wastewater
treatment approach.

Week Mean T Mean RH VPD PPT Wind PET PET-PPT
ending: (C) (%) (mb) (mm) (m/s) (mm) (mm)
Jan 7 6.2 62.6 0.4 9.0 2.5 15.8 6.8

14 11.0 59.0 0.7 0.0 1.7 17.8 17.8
21 7.1 80.5 0.3 21.0 2.2 12.8 -8.2
28 9.3 52.9 0.7 0.0 1.9 19.8 19.8

Feb 4 8.3 56.6 0.6 14.0 2.7 19.7 5.7
11 9.2 70.2 0.5 5.0 1.8 18.8 13.8
18 7.9 44.0 0.7 0.0 2.9 23.0 23.0
25 10.5 56.3 0.8 4.0 2.0 26.9 22.9

Mar 4 16.9 36.9 1.4 0.0 1.9 27.1 27.1
11 13.2 35.8 1.1 0.1 2.9 29.6 29.5
18 11.4 37.3 1.0 0.0 2.4 36.4 36.4
25 20.1 29.0 2.0 0.0 2.1 44.1 44.1

Apr 1 16.4 51.7 1.1 2.0 2.7 33.4 31.4
8 18.8 48.3 1.3 0.0 2.2 37.7 37.7

15 22.2 24.8 2.4 0.0 2.2 53.9 53.9
22 21.3 33.9 1.9 0.0 2.9 52.3 52.3
29 21.6 40.7 1.9 6.0 3.1 49.7 43.7

May 6 21.8 28.8 2.1 0.0 3.1 57.5 57.5
13 24.0 19.0 2.6 0.0 2.8 62.7 62.7
20 23.7 16.0 2.7 0.0 2.7 64.0 64.0
27 26.6 16.7 3.2 0.0 2.5 64.1 64.1
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Jun 3 24.0 33.3 2.4 3.0 2.4 56.4 53.4
10 30.3 25.7 3.7 1.0 2.8 65.1 64.1
17 27.3 20.1 3.2 0.0 2.7 70.1 70.1
24 31.7 15.0 4.5 0.0 2.3 71.9 71.9

Jul 1 36.0 15.7 5.4 0.0 2.8 72.7 72.7
8 29.7 51.6 2.3 5.0 2.6 43.9 38.9

15 29.5 61.7 2.0 52.0 2.6 47.8 -4.2
22 30.9 57.0 2.2 0.0 2.6 56.1 56.1
29 29.8 43.5 2.8 0.0 2.5 56.4 56.4

Aug 5 29.5 47.3 2.6 23.0 2.6 57.9 34.9
12 30.0 43.1 2.7 0.0 3.2 59.6 59.6
19 26.4 67.3 1.4 12.0 2.1 40.8 28.8
26 27.2 34.2 2.8 0.0 2.2 63.1 63.1

Sep 2 28.8 57.8 2.0 18.0 2.3 43.0 25.0
9 28.7 57.5 2.2 8.0 1.9 45.5 37.5

16 28.3 53.2 2.2 1.0 2.3 44.8 43.8
23 25.1 56.3 1.7 0.0 2.7 40.6 40.6
30 22.7 45.8 1.9 5.0 2.2 36.6 31.6

Oct 7 23.1 48.0 1.9 0.0 2.1 40.0 40.0
14 18.9 26.2 2.0 0.0 1.6 38.8 38.8
21 19.9 35.2 1.8 0.0 2.0 35.8 35.8
28 19.0 27.4 2.0 0.0 1.6 34.8 34.8

Nov 4 16.8 35.8 1.5 3.0 2.2 30.3 27.3
11 13.0 37.1 1.2 0.0 1.9 27.5 27.5
18 16.5 30.5 1.6 0.0 1.7 27.3 27.3
25 13.8 57.9 0.9 8.0 1.7 18.3 10.3

Dec 2 8.9 42.8 0.8 1.0 2.3 20.1 19.1
9 8.8 24.7 1.0 0.0 1.9 22.6 22.6

16 11.2 52.5 0.7 18.0 1.9 12.9 -5.1
23 4.1 70.6 0.3 1.0 2.5 11.0 10.0
30 5.0 72.1 0.3 11.0 1.6 10.7 -0.3

Total 231.1 2069.5 1838.4
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Appendix 1.2

Calculation of hydraulic loading rates by PET- precipitation

This spreadsheet shows the calculation of hydraulic loading rates. The first column is
water input from precipitation. The second column shows the weekly PET figure. The
difference between these two is the "permissible" amount of wastewater effluent which
may be applied to the silvitreatment area of a zero discharge system (ZDL and ZDS).
Column three shows this quantity in mm, while column four converts it into inches. No
wastewater is applied during the winter dormant period from 5 November through 4
March.

Water loss Water applied
Week PET

(mm)
Precip	 Wastewater
(mm)	 (mm)

Wastewater
(in)

Jan 7 15.8 9 0 0
14 17.8 0 0 0
21 12.8 21 0 0
28 19.8 0 0 0

Feb 4 19.7 14 0 0
11 18.8 5 0 0
18 23.0 0 0 0
25 26.9 4 0 0

Mar 4 27.1 0 0 0
11 29.6 0.1 29.5 1.16
18 36.4 0 36.4 1.43
25 44.1 0 44.1 1.74

Apr 1 33.4 2 31.4 1.24
8 37.7 0 37.7 1.48

15 53.9 0 53.9 2.12
22 52.3 0 52.3 2.06
29 49.7 6 43.7 1.72

May 6 57.5 0 57.5 2.26
13 62.7 0 62.7 2.47
20 64.0 0 64.0 2.52
27 64.1 0 64.1 2.52

Jun 3 56.4 3 53.4 2.10
10 65.1 1 64.1 2.52
17 70.1 0 70.1 2.76
24 71.9 0 71.9 2.83

Jul 1 72.7 0 72.7 2.86
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Jul 8 43.9 5 38.9 1.53
15 47.8 52 -4.2 0
22 56.1 0 56.1 2.21
29 56.4 0 56.4 2.22

Aug 5 57.9 23 34.9 1.37
12 59.6 0 59.6 2.35
19 40.8 12 28.8 1.13
26 63.1 0 63.1 2.48

Sep 2 43.0 18 25.0 0.98
9 45.5 8 37.5 1.48

16 44.8 1 43.8 1.72
23 40.6 0 40.6 1.60
30 36.6 5 31.6 1.24

Oct 7 40.0 0 40.0 1.57
14 38.8 0 38.8 1.53
21 35.8 0 35.8 1.41
28 34.8 0 34.8 1.37

Nov 4 30.3 3 27.3 1.07
11 27.5 0 0 0
18 27.3 0 0 0
25 18.3 8 0 0

Dec 2 20.1 1 0 0
9 22.6 0 0 0

16 12.9 18 0 0
23 11.0 1 0 0
30 10.7 11 0 0

Total 2069.5 231.1 1598.3 62.9

126



Appendix 1.3
Calculation of storage pond requirements

This spreadsheet shows how storage requirements are calculated for our zero discharge
systems. Wastewater application (hydraulic loading rate) was determined to be 62.9
inches (1598 mm). We commence when wastewater applications fall below wastewater
available from our design community, at the beginning of November. Weekly changes in
storage requirements reflect whether we can apply more or less than the amount available
from the community. The calculations reveal a maximum storage need is reached on
March 12 of 20.76 in (527.3 mm). Since our land area for zero discharge irrigation is
21.4 acres, we multiply that by 20.76 inches to get the maximum storage required: 37.0
acre-ft. Since 1 million gallons equals 3.069 acre-ft, our maximum storage requirement
is for 12.06 million gallons for the zero discharge systems. With a storage pond 10 ft
(3m) deep, a storage area of 3.7 acres (1.48 ha) is required.

Week Wastewater Applied Wastewater Avail.
(in)	 (in)

Weekly Storage
Change

(in)

Total Storage
Need
(in)

Nov 5 1.07 1.21 0.14 0.14
12 0 1.21 1.21 1.35
19 0 1.21 1.21 2.56
26 0 1.21 1.21 3.77

Dec 3 0 1.21 1.21 4.98
10 0 1.21 1.21 6.19
17 0 1.21 1.21 7.40
24 0 1.21 1.21 8.61
31 0 1.21 1.21 9.82

Jan 7 0 1.21 1.21 11.03
14 0 1.21 1.21 12.24
21 0 1.21 1.21 13.45
28 0 1.21 1.21 14.66

Feb 4 0 1.21 1.21 15.87
11 0 1.21 1.21 17.08
18 0 1.21 1.21 18.29
25 0 1.21 1.21 19.50

Mar 4 0 1.21 1.21 20.71
11 1.16 1.21 0.05 20.76
18 1.43 1.21 -0.22 20.54
25 1.74 1.21 -0.53 20.01

Apr 1 1.24 1.21 -0.03 19.98
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Apr 8 1.48 1.21 -0.27 19.71
15 2.12 1.21 -0.91 18.80
22 2.06 1.21 -0.85 17.95
29 1.72 1.21 -0.51 17.44

May 6 2.26 1.21 -1.05 16.39
13 2.47 1.21 -1.26 15.13
20 2.52 1.21 -1.31 13.82
27 2.52 1.21 -1.31 12.51

Jun 3 2.10 1.21 -0.89 11.62
10 2.52 1.21 -1.31 10.31
17 2.76 1.21 -1.55 8.76
24 2.83 1.21 -1.62 7.14

Jul 1 2.86 1.21 -1.65 5.49
8 1.53 1.21 -0.32 5.17

Jul 15 0 1.21 1.21 6.38
22 2.21 1.21 -1.00 5.38
29 2.22 1.21 -1.01 4.37

Aug 5 1.37 1.21 -0.16 4.21
12 2.35 1.21 -1.14 3.07
19 1.13 1.21 0.08 3.15
26 2.48 1.21 -1.27 1.88

Sep 2 0.98 1.21 0.23 2.11
9 1.48 1.21 -0.27 1.84

16 1.72 1.21 -0.51 1.33
23 1.60 1.21 -0.39 0.94
30 1.24 1.21 -0.03 0.91

Oct 7 1.57 1.21 -0.36 0.55
14 1.53 1.21 -0.32 0.23
21 1.41 1.21 -0.20 0.03
28 1.37 1.21 -0.16 0
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Appendix 1.4
Hydraulic loading rates based on soil percolation for safe
discharge systems

The following spreadsheet shows the calculations for hydraulic loading in safe discharge
systems. In our design we are using a moderate soil permeability of .35 in/hr (8.9
mn/hr), typical of a clay loam soil. Using equation 5: Pw = K (permeability of limiting
soil layer) (24hr/day) (adjustment factor, .10), we calculate .84 inch/day (21.3 mm/day)
for each day of irrigation during the growing season. The result obtained, 209.7 inches
(5326 mm) is compared with the hydraulic loading rate computed for safe nitrogen levels
in the discharge. The lower figure is the limiting factor in the system design.

Week Irrigation
days/week

Percolation ET-P
(in)	 (in)

Hydraulic Loading
(in)

Mar 111 4 3.36 1.16 4.52
18 4 3.36 1.43 4.79
25 4 3.36 1.74 5.10

Apr! 5 4.20 1.24 5.24
8 5 4.20 1.48 5.68

15 5 4.20 2.12 5.32
22 5 4.20 2.06 4.26
29 5 4.20 1.72 5.92

May 6 5 4.20 2.26 6.46
13 5 4.20 2.47 6.67
20 5 4.20 2.52 6.72
27 5 4.20 2.52 6.72

Jun 3 6 5.04 2.10 7.14
10 6 5.04 2.52 7.56
17 6 5.04 2.76 7.80
24 6 5.04 2.83 7.83

Jul 1 6 5.04 2.86 7.90
8 6 5.04 1.53 6.57
15 6 5.04 0 5.04
22 6 5.04 2.21 7.25
29 6 5.04 2.22 7.26

Aug 5 6 5.04 1.37 6.41
12 6 5.04 2.35 7.39
19 6 5.04 1.13 6.17
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Aug 26 6 5.04 2.48 7.52
Sep 2 5 4.20 0.98 5.18

9 5 4.20 1.48 5.68
16 5 4.20 1.72 5.92
23 5 4.20 1.60 5.80
30 5 4.20 1.24 5.44

Oct 7 5 4.20 1.57 5.77
14 5 4.20 1.53 5.73
21 5 4.20 1.41 5.61
28 5 4.20 1.37 5.37

Total 151.2 61.98 209.74
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Appendix 1.5
Wastewater application schedule for safe discharge systems

The following table gives the wastewater which can be applied on a weekly basis to in
the safe discharge systems. Nitrogen loading calculations determined 97.45 inches
(2475 mm) as an allowable rate of yearly irrigation. This is 46 percent of the previously
calculated hydraulic loading rate (209.7 in [5328 inn]) based on soil percolation.

Week Irrigation
(days/wk)

Wastewater Application
(in)

Mar 11 4 2.08
18 4 2.20
25 4 2.35

Apr! 5 2.41
8 5 2.61

15 5 2.44
22 5 1.96
29 5 2.72

May 6 5 2.97
13 5 3.06
20 5 3.09
27 5 3.09

Jun 3 6 3.28
10 6 3.48
17 6 3.59
24 6 3.60

Jul 1 6 3.63
8 6 3.02

15 6 2.31
22 6 3.34
29 6 3.34

Aug 5 6 2.95
12 6 3.40
19 6 2.84
26 6 3.46

Sep 2 5 2.38
9 5 2.61

16 5 2.72
23 5 2.67
30 5 2.50

Oct 7 5 2.65
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Oct 14 5 2.65
21 5 2.58
28 5 2.47

Total 97.4
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Appendix 1.6
Storage requirements for safe discharge systems

This spreadsheet is similar to that of Appendix 1.3. Maximum storage is reached during
the week of ending March 4 at 31.79 inches. Storage required for the safe discharge
systems is 31.79 inches x 13.8 acres x 1ft112 in = 36.6 acre-ft. So if storage pond is 10
feet (3m) deep, the pond area required will be 3.66 acres (1.46 ha).

Week Wastewater
Application

(in)

Wastewater Available
from Population

(in)

Weekly change
in storage need

(in)

Cumulative
Storage Required

(in)
Nov 5 0.00 1.87 1.87 1.87

12 0.00 1.87 1.87 3.74
19 0.00 1.87 1.87 5.61
26 0.00 1.87 1.87 4.84

Dec 3 0.00 1.87 1.87 7.48
10 0.00 1.87 1.87 9.35
17 0.00 1.87 1.87 11.22
24 0.00 1.87 1.87 13.09
31 0.00 1.87 1.87 14.96

Jan 7 0.00 1.87 1.87 16.83
14 0.00 1.87 1.87 18.70
21 0.00 1.87 1.87 20.57
28 0.00 1.87 1.87 22.44

Feb 4 0.00 1.87 1.87 24.31
11 0.00 1.87 1.87 26.18
18 0.00 1.87 1.87 28.05
25 0.00 1.87 1.87 29.92

Mar 4 0.00 1.87 1.87 31.79
11 2.08 1.87 -0.21 31.58
18 2.20 1.87 -0.33 31.25
25 2.35 1.87 -0.48 30.77

Apr 1 2.41 1.87 -0.54 30.23
8 2.61 1.87 -0.74 29.49

15 2.44 1.87 -0.57 28.92
22 1.96 1.87 -0.09 28.83
29 2.72 1.87 -0.85 27.98

May 6 2.97 1.87 -1.10 26.88
13 3.06 1.87 -1.19 25.69
20 3.09 1.87 -1.22 24.47
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May 27 3.09 1.87 -1.22 23.25
Jun 3 3.28 1.87 -1.41 21.84

10 3.48 1.87 -1.61 20.23
17 3.59 1.87 -1.72 18.51
24 3.60 1.87 -1.73 16.78

Jul 1 3.63 1.87 -1.76 15.02
8 3.02 1.87 -1.15 13.87
15 2.31 1.87 -0.44 13.43
22 3.34 1.87 -1.47 1.1.96
29 3.34 1.87 -1.47 10.49

Aug 5 2.95 1.87 -1.08 9.41
12 3.40 1.87 -1.53 7.88
19 2.84 1.87 -0.97 6.91
26 3.46 1.87 -1.59 5.32

Sep 2 2.38 1.87 -0.51 4.81
9 2.61 1.87 -0.74 4.07

16 2.72 1.87 -0.85 3.22
23 2.67 1.87 -0.80 2.42
30 2.50 1.87 -0.63 1.79

Oct 7 2.65 1.87 -0.78 1.01
14 2.65 1.87 -0.78 0.23
21 2.58 1.87 -0.71 0
28 2.47 1.87 -0.6 0
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