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ABSTRACT
EVALUATION OF NORTHERN PINE PLANTATIONS
AS DISPOSAL SITES FOR MUNICIPAL
AND INDUSTRIAL SLUDGE
By

Dale Gordon Brockway

The effect of sewage sludge applications in thinned pine
plantations was examined for changes in forest 1itter, soil, water
quality and vegetation growth. Nutrient status of understory and trees
was also determined on four coarse textured outwash soils in northern
Michigan. Industrial sludge from a paper mill was applied in a 40-

year-old red pine (Pinus resinosa Ait.) plantation in June of 1976

at rates of 2.0, 4.0, 7.9 and 15.7 tonne/ha (dry weight). The sludge
rates were equivalent to total nitrogen applications of 140, 278, 549
and 1,091 kg/ha, respectively. Municipal sludge, high in cadmium, was

applied to a 36-year-old red pine and white pine (Pinus strobus L.)

plantation in July of 1976 at rates of 5.4, 9.7 and 19.3 tonne/ha
(dry weight), equivalent to total nitrogen applications of 323, 578
and 1,156 kg/ha, respectively.

Litter nutrient levels were significantly increased on both
sites following sludge application. The addition of nitrogen to the
Titter precipitated a structural change wherein a second and third zone
of fermentation could be discerned along the margins of the sludge layer

in the litter profile. Forest 1itter pH significantly increased with

AN
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treatment. Carbon to nitrogen ratios were narrowed to ratios as low as
24:1. No appreciable increase in the rate of litter decomposition was
observed on either site over a two-year period.

Increases in nutrient transfer from the litter layer to the
underlying soil were 1imited to soluble forms of major nutrients:

N03-N, NH,-N, P and K. Increases in the levels of these nutrients

4
occurred primarily in the 0-5 cm soil layer; however, increases in soil
N03-N down to 30 cm were observed under the industrial sludge treatments.
Organic-N, the largest N fraction in the sludges, was largely retained
in the litter layer as were zinc, cadmium and the remaining elements.
The quality of water moving from the treated plots was
monitored using wells inserted into the surface of the water table
aquifer and porous cup suction lysimeters. During 1976 all measured
chemical elements remained below 0.1 ppm. Following snow melt in 1977,
nitrate levels exceeded the 10 ppm potable water standard under plots
receiving the highest sludge treatment rates. Maximum sludge dosage
rates which would not exceed established water quality standards were
computed to be 19.1 tonne/ha (1,144 kg N/ha) for the municipal sludge
tests and 9.5 tonne/ha (660 kg N/ha) for the industrial sludge tests.
Understory plants on the industrial sludge treatment site
assimilated as much as 128% total N and 370% total P more than controls.
Above-ground biomass of the understory increased by as much as 92% over
controls. Understory plants on the municipal sludge test site assim-
ilated as much as 144% total N and 188% total P more than controls.

Above-ground biomass production increased by as much as 132% over
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controls. Cadmium concentrations in understory vegetation increased to
a maximum of 22.7 ppm on the site receiving municipal sludge, presenting
a possible food chain build-up problem in the ecosystem. Foliar nitrogen
concentrations increased in sludge fertilized pine trees. Significant
increases in needle length and dry weight were also evident. There

was little evidence on either site that roots of overstory trees had
begun to develop in the enriched litter nutrient reservoir. The sludge
treated pine trees showed evidence of expanding the photosynthetic

production base as a prelude to future volume growth responses.
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CHAPTER 1

INTRODUCTION

Background

Production of wastes is an intrinsic function of all living
things. The ability of a population to adequately deal with its
produced wastes can, to a large degree, determine its continued
success in the ecosystem. Civilizations have suffered greatly from
disease spawned in improperly treated human and domestic animal waste.
Recent decades have witnessed a progressive degradation of surface
water resources as inadequately treated industrial and municipal
wastes have been wantonly discharged into rivers and lakes.

In the United States 90.5 billion liters (24 billion gallons)
of domestic sewage was discharged in 1975 (Freshman 1977). Although
the pathogen hazard present in this waste has been largely abated as
a result of advances in biology and chemistry, waste discharge of
this magnitude represented a significant nutrient loss, 733 million
kg of nitrogen, 674 million kg of phosphorus and 428 million kg of
potassium or 9%, 16% and 11%, respectively, of the national fertilizer
consumption of these elements. The value of these discharged nutrients
amounted to 561 million dollars.

Primary, secondary and tertiary stages of waste treatment have

reduced the nutrient levels in discharged effluents. During the primary



and secondary stages of this biological sewage treatment, however,
solid materials are concentrated into a nutrient rich sludge (Peterson
et al. 1973), 1 dry tonne of sludge per 4.2 million liters of sewage,
which, in itself, constitutes a significant disposal problem (Figure 1).
Sludge incineration and landfills pose substantial environmental or
economic limitations when compared to the alternative of land spreading
(Forester et al. 1977). Many recent research efforts have, therefore,
focused upon land application of sludges. Land spreading is being
investigated not only as a way of abating the environmental pollution
hazard posed by sludge but also as a method of fertilizing systems
under intensive crop management.

0f the two cultural systems available for sludge land
spreading, agricultural lands impose a more stringent set of appli-
cation constraints than do forest lands. Sludges often present a heavy
metal hazard which can 1imit their use in the production of food crops
(Urie 1971). Chaney (1973) cites the following maximum metal limits
for sludges used on food crops: 2,000 ppm Zn, 800 ppm Cu, 100 ppm Ni,
cd 0.5% of Zn, 100 ppm B, 1,000 ppm Pb and 15 ppm Hg. Of the above
elements some present a phytotoxic potential, i.e., Zn, while others,
such as Cd, have been implicated in deterioration of animal tissues,
notably in Itai-itai disease. Food crop production using certain
sewage sludges constitutes then an economic risk to the grower and
a health risk to the consumer unless precautionary measures are taken.

Lands engaged in the production of forest crops present a set

of environmental conditions which make them favorable sites for disposal
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Figure 1. Sludge production during biological sewage treatment.!

1R. B. Dean and J. E. Smith. 1973. The properties of sludge.
In: Recycling Municipal Sludges and Effluents on Land. Ed. by D. R.
Wright, R. Kleis and C. Carlson. Nat. Assoc. State Univ. and Land-Grant
Colleges, Washington, D.C., p. 40.
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of sewage sludge. Forestlands are generally more remote than are
agricultural lands, with recreation uses generally of a dispersed
nature which would minimize the opportunity of human contact with
unpleasant odors and pathogens present in freshly applied sludge.
Forest crops are generally non-edible, i.e., wood products, thereby
diminishing the risk of human exposure to elements hazardous in the
food chain. The harvest of tree boles offers a means of partially
removing the sludge-supplied elements from the treated forest site.
Nutrient uptake by trees under intensive culture may indeed be the
best wildland management alternative that will help the United States
proceed toward "zero discharge" of wastes into surface waters by
offering long-term nutrient retention (Urie 1975).

Forestlands do, however, present some problems with respect
to the practice of sludge spreading. Prevailing public attitudes
conceptualize the forest ecosystem as pristine and regard environmental
changes resulting from waste treatment as an unnatural disturbance
(Smith and Evans 1977). Dense forest stands present the greatest
degree of obstruction to equipment commonly used in sludge spreading,
i.e., tank trucks, while clearcuts, available once in a rotation,
present the least obstruction, with thinned stands affording adequate
access for continued stand treatment throughout the rotation. Site
disturbance resulting from needed road construction must be curtailed.
Surface runoff is a problem on steeper sites while groundwater nitrate
enrichment poses a potential threat on others. Alteration of wildlife

populations may occur as exotic plant seeds are delivered to the site,



native forage become locally scarce or forage nutrition changes.
The hazard of food chain transmission of potentially lethal elements

to wildlife populations cannot be overlooked.

Study Objectives
The primary objective of this study was to determine the

sewage sludge loading rates which can be utilized in pine plantations
growing on coarse textured outwash sands without impairing groundwater
quality or the integrity of the forest ecosystem. In meeting this goal
two study sites near Wellston, Michigan were examined, the first a red
pine plantation on the Udell Experimental Forest and the second a red
pine and white pine plantation on the Pine River Experimental Forest.
At each site soil percolate and groundwater quality were monitored,
changes in soil nutrient levels and surface soil physical properties
were measured, nutrient enrichment and physical changes in the forest
Titter layer were determined and nutrient uptake and growth of under-

story and overstory plants were evaluated.



CHAPTER II

LITERATURE REVIEW

Historical Perspective

Traditional approaches to disposal of sewage have primarily
relied upon dilution via discharge into available surface water
resources. Since the onset of the industrial revolution, growing
populations have, to a great extent, compounded the degree of water
quality degradation. The Rivers Pollution Prevention Act of 1876 was
enacted in Britain, representing the earliest attempt by western man
to diminish pollution of surface waters while, at the same time,
spawning the practice of sewage farming (Haith and Chapman 1977).

Section 13 of the Rivers and Harbors Act of 1899 represented
the first attempt in the United States to prohibit the discharge of
refuse into navigable waters (Sullivan 1973). This law, however,
suffered from lack of enforcement until the mid-twentieth century.
The Water Pollution Act of 1948 gave states the primary enforcement
responsibility in water pollution cases with assistance to be pro-
vided by the federal government. However, this law lacked substance
until the passage of the Federal Water Pollution Control Act of 1956
which authorized large scale grants to assist states in planning and

building sewage treatment facilities.



Public awareness of the national environmental crisis
culminated in the passage of the National Environmental Policy Act
of 1970 which sought to eliminate the practice of sludge dumping in
ocean waters off the east coast (Sullivan 1973) and the Federal Water
Pollution Control Act Amendments of 1974 (PL 92-500) which attempted
to focus attention on the need to develop waste management techniques
which are cost-effective and environmentally sound (Morris and Jewell
1977). Land application of waste effluents and sludges was cited as
a major alternative in eliminating pollutant discharge into navigable
waters by 1985. While section 301 of PL 92-500 specified all sewage
must receive secondary stage treatment, increasing the national pro-
duction of sludge, sections 402 and 403 authorized ocean dumping of
sludge only by permit issued in the public interest. As a result,
land treatment of sludges has received increased interest.

Of the sludge treatment alternatives currently available,
incineration and landfills pose formidable problems when compared
to land spreading. Incineration requires currently expensive fossil
fuels and poses an air pollution hazard. Landfills also require high
cost fuels during dewatering, constitute a waste of valuable nutrients
and pose a potential groundwater pollution threat. Although not without
its problems, land spreading presently appears to offer the greatest
potential for water pollution abatement and use of the valuable
nutrient resource contained in sewage sludge.

Estimates by Sommers (1977) based on national sludge production

concluded that less than 1% of the agricultural land in the United



States would be required for application of sewage sludge at a
fertilization rate of 100 kg N/ha/yr. Although agriculture possesses
the land base to process domestic sludge production, the use of wild-
lands, more specifically forestlands, offers several significant
advantages by comparison. Heavy metal accumulations in croplands,
which could present a genuine hazard in terms of food chain trans-
mission to human consumers, are far less troublesome in forestlands
where products are generally non-edible in nature (Smith and Evans
1977). The longer rotations of forests can immobilize and redistribute
a tremendous amount of applied nutrients for as long as 50 years or
more while shorter cropland rotations cannot provide this storage and
redistribution function. Forest sites offer remoteness and lower
population densities thereby diminishing the risk of human contact
with pathogens present in sludges and the degradation of environmental
aesthetics near population centers. Surface application of sludges on
forest sites allows for volitalization loss of ammonia, an aid in
curtailing soil percolate nitrate levels, while sludge incorporation
into a mixed plow layer thwarts this process. Many forest soils are
deep, porous and well drained, with an abundance of animal and root
channels offering optimal infiltration and negligible overland flow.
These soils often contain high aluminum levels which allow the fixation
of large amounts of phosphorus and a surface organic matter layer which
can capture significant amounts of other nutrients. Agricultural soils
often develop traffic pans which impede percolation and lack a surface

layer of organic matter. Forests offer a more highly diverse and
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stable ecosystem than do cropland monocultures which remain highly
vulnerable to environmental perturbation.

Forestland offers the largest single land type area in the
United States, 305.3 million ha or 33.2% of all lands, available for
sewage sludge disposal, excluding the Great Plains and the Southwest.
Limited use for this purpose is currently a result of the absence of
workable delivery systems and uncertainty regarding appropriate sludge
dosage rates.

In France, authorities were hesitant to apply waste sludges
to forestlands (Rieben 1976). Although wastes enjoyed limited use in
agriculture, high costs of transportation to sites low in productivity,
uncertainty as to impact on environmental homeostasis and public
objections to the practice were among the reasons cited. Evers (1977)
reported, however, that a working group has recently issued guidelines
for utilization of urban wastes in German forests. Although they have
no legal status, they are expected to aid land managers in sludge
application decisions. Hungarian officials have already established
forest land spreading as the most feasible method of sewage purification

and utilization (Tihanyi 1975).

Sludge Composition

Prior to the advent of synthetic fertilizer manufacture,
organic wastes, in spite of their long standing undefined chemical
nature, were considered of great value to agriculture. As national
interest now returns to utilization of organic wastes as fertilizers,
analytical advances have allowed an improved chemical definition of

the sewage media under consideration.
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Sewage sludges are commonly nutrient-rich liquids containing
an average of 5% solids (Kardos et al. 1977). Typical paper mill
sludges will vary widely in their composition, many having a carbon
to nitrogen ratio (C:N) as high as 150:1 as a result of a high
cellulose fiber content. Total nitrogen content in domestic sludges
may range from 1% to 15% by dry weight but is more commonly 3% to 6%,
40% to 75% of this being present as organic nitrogen. Phosphorus
content is typically between 1% and 4% by dry weight while that of
potassium ranges from 0.2% to 1.0%. Municipal sludges derived from
industrialized urban centers usually contain concentrations of zinc,
copper, cadmium, lead and mercury in excess of those present in soils.
Pesticides are often also present in sludges as are the ubiquitous

pathogenic microorganisms (McCalla et al. 1977).

Important Nutrients
The primary goal of sludge land spreading is to dispose of the

contained nutrient load in a manner such that the ecosystem components
can immobilize and assimilate the elements applied thus avoiding
contamination of groundwater, impairment of biological production
and Tong-term degradation of environmental aesthetics. One of the
foremost hazards is contamination of groundwater with nitrate-nitrogen.
Prober et al. (1973) have presented the detailed standards for
water quality established by the U.S. Public Health Service and report
that current nitrate levels for potable water should not exceed 10 ppm.
Although forest watersheds are sources of high quality water, fertili-

zation can lead to quality degradation (Sopper 1975). Added nitrogen
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can generally be internalized by forest ecosystems but nitrate levels
can exceed 10 ppm when dosage rates exceed 300 to 400 kg N/ha as has
been reported by Kreutzer and Weiger (1974) under Scotch pine and
Norway spruce and Otchere-Boateng and Ballard (1978) when urea was
applied to coarse textured soils low in organic matter. Digested
sludge applied to conifers in Germany at greater than 300 kg N/ha

' resulted in soil percolate with peak nitrate concentration as high
as 160 ppm, suggesting the possibility of groundwater pollution
(Huser 1977).

Despite these findings, numerous other researchers contend
that high nitrogen dosage rates not necessarily need always lead to
soil percolate nitrate enrichment. Cole et al. (1975) found no
substantial nitrate leaching under second growth Douglas-fir growing
on a gravelly, sandy Toam outwash when fertilized with 448 kg N/ha as
urea. Tamm (1975) reported similar results when ammonium nitrate and
urea were applied to a site recently clearcut. Nitrogen applied in
sewage sludge at a rate of 300 kg/ha to a hardwood forest growing on
acidic, loamy soil in Germany resulted in no significant soil perco-
late nitrate enrichment (Keller and Beda-Puta 1976). Johnson and Urie
(1976) maintained percolate nitrate levels below 10 ppm by adjusting
their application rate of raw recreation campground vault wastes to
116 kg N/ha. Except for the study of Perkins et al. (1975) where
elevated nitrate levels in Heavenly Valley Creek were traced directly
to discharges from a secondary sewage effluent treatment project under

subalpine fir in the Tahoe basin watershed, almost no direct evidence
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exists which demonstrates that soil percolate nitrate levels exceeding
the 10 ppm USPHS 1imit in fact cause significant degradation of ground-
water or surface water quality beyond the immediate locality.

Nitrate groundwater pollution nonetheless continues to be of
major concern, a fact which has focused attention upon the various
steps of nitrogen transformation. Encouraging ammonia volitalization
can be an important tool in abating soil water nitrate pollution as
nitrate precursor levels are decreased (Urie et al. 1978). King (1973)
has determined that as much as 36% of the total nitrogen in a surface
applied sludge can escape to the atmosphere, this primarily as ammonia
gas, while as little as 16% of the total nitrogen escapes as gas from
sludge incorporated into the surface soil. Madandrappa (1975) reported
an average of 7 days to volatilize as little as 3.75% of the total
nitrogen applied as urea while Beauchamp et al. (1978) have estimated
the half life of volatile ammonia for sludge applied in the field to
range from 3.6 to 5.0 days. Terry (1976) concluded that conditions
favoring volatilization of ammonia in sludges include rapid drying
of the sludge, application to soils low in clay and soil pH values
near 7.5.

Increasing soil pH to 6 and soil nitrate levels to 100 ppm
will stimulate the activity of nitrate reductase present in forest
soils and thereby lead to the ultimate volatilization of NZO and N2
as gases (Theobald and Smith 1974). This denitrification process,
however, is of Tow activity in acidic soils. High carbon to nitrogen

ratios will stimulate denitrification resulting in significant loss as



nitrate is reduced to N20 and N, gases (Epstein et al. 1978). At

a carbon to nitrogen ratio of greater than 27:1 very little nitrate

is produced (Heilman 1974). In sludges of high cadmium, zinc and
lead content, Wilson (1977) reported a depressed nitrification rate
following land application. Temperatures below 5°C restricted nitri-
fication while Harris (1976) reported an absence of nitrate production
in freezing weather. Despite this lack of production, nitrate has
been detected percolating through sandy soils during the winter
season.

Phosphorus, primarily as ortho-phosphate, is a major concern
as a key nutrient in pollution of surface water resources. Forest
soils often can adsorb large amounts of phosphorus (Powers et al.
1975) particularly those low in pH and high in iron and aluminum
(Ballard and Fiskell 1974). Phosphorus present in sludge presents
no real water pollution hazard when applied to soil in that it is
removed and held tenaciously by rapid sorption, slow mineralization
and insolubilization, plant uptake or microbiological immobilization
(Tofflemire and Chen 1977). Humphreys and Pritchett (1971) have
confirmed that 1little if any phosphorus leaching occurs in forest

soils.

Potentially Hazardous Elements
Trace elements present in sewage sludge may benefit plant

production by supplying needed micronutrients to forest species.



Certain trace elements, however, represent a threat to plants and
animals. Allaway (1977) noted two opposing view points regarding
the heavy metal hazard in sewage sludges. The first contends that
concentration of undesirable elements in productive soils constitutes
unnecessary pollution even if the residues are not assimilated by
plants. The opposing view believes that accumulation of potentially
toxic elements can be allowed in productive soils up to the point of
creating a problem. Forestland sludge spreading management is not
compatible with the former viewpoint, but must, instead, attempt to
avoid the point of ecosystem poisoning alluded to in the latter
viewpoint.

Trace elements commonly found in sewage sludge include cadmium,
zinc, copper, boron, lead, nickel, chromium, molybdenum, iron and
manganese. Of these, the greatest hazard is that presented by cadmium,
an element implicated in both plant and animal disturbances. Generally,
soluble cadmium represents a greater health risk than that of organic
cadmium in plant tissue (Allaway 1977). Potable water levels should
not exceed the 10 ppb cadmium 1imit set by the USPHS. Although Sidle
and Kardos (1977c) have shown cadmium to be less readily leached from
land spread sludge than zinc, Baker et al. (1977) reported cadmium
hydroxide to be one hundred times more soluble than zinc hydroxide and
thus more biologically active. Precipitation of cadmium carbonate
occurs in sandy soils at pH greater than 7 (Street et al. 1977);
however, under more acidic soil conditions the very mobile divalent

cation is dominant. Soil cadmium levels exceeding 0.1 ppm have been
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shown to reduce crop yields by causing damage to root tissue (Turner
1973). Various plants show different abilities to accumulate cadmium
in their tissues. Page et al. (1972) have noted, however, that foliar
cadmium levels are proportional to soil solution cadmium concentrations.
It was reported that 0.1 ppm cadmium in soil solution can lead to foliar
cadmium levels as high as 9 to 90 ppm. Cadmium levels below 1 ppm in
items consumed by man and animals are known to be toxic (Baker et al.
1977). In Japan the Ministry of Health Standards has established a
maximum 1imit of 0.4 ppm cadmium for unhulled rice used for human
consumption (Jones et al. 1975). This action followed the discovery
of the local occurrence of Itai-itai disease, a painful degenerative
illness occurring as a result of cadmium accumulation in the kidneys
and coincident bone deterioration (Allaway 1977). Cadmium concentrates
in foliage rather than seeds and fruits (Allaway 1977), a fact which
accounts for the low levels of cadmium found in ring-necked pheasants
fed corn grain grown with a cadmium-enriched sludge (Melsted et al.
1977). Cadmium accumulated only in the pheasant duodenum, kidney and
liver, tissue generally not consumed by humans but largely consumed
by other predators of this species. Cadmium food chain transfer
remains, nonetheless, a major concern with grazing and browse-consuming
herbivores.

Zinc has been implicated in depressed crop yields by King and
Morris (1972). Like cadmium, zinc is very mobile in its divalent ionic
form and easily leached from land applied sludge (Laggerwerff et al.

1976). Zinc applied in sludge remains available to plants over many



years (Chaney et al. 1977) and has been implicated in plant toxicities
at levels greater than 500 ppm in foliage (Allaway 1977). Because
zinc deficiencies are widespread, however, in plants and animals, it
is hoped that zinc present in sludges can supplement food crop levels.
Current potable water standards allow 5 ppm for zinc (Prober et al.
1973).

Copper is less easily leached from sludge than are cadmium
and zinc and readily converts to amphoteric copper with its continued
stability dependent on acidity (Laggerwerff et al. 1976). Although
it has been implicated in plant toxicities on organic soils, copper
is readily adsorbed in the upper 15 cm of mineral forest soils (Sidle
and Kardos 1977a and b). This process generally results in high qual-
ity water yield meeting the 12 ppb copper 1imit and little threat
of copper toxicities to plants or animals.

Stone and Baird (1956), Neary (1974) and Minroe (1975) have
demonstrated the sensitivity of pines to excessive boron applications.
Boron toxicity is generally confined to sewage effluent irrigation
where large quantities of soluble boron compounds are concentrated
in needle tips as a by-product of transpiration (Allaway 1977).

Boron is generally present in sludges at non-toxic levels.

The remaining trace elements listed are not considered
hazardous when applied in waste sludges. Lead applied to soil forms
a relatively insoluble carbonate which dissociates only under extremely
acidic conditions. Chromium once introduced into soil oxidizes to the

trivalent state and precipitates as an insoluble hydroxide which can
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dissociate only at very low pH. Nickel is adsorbed tenaciously

on soil exchange sites and molybdenum forms a very insoluble ferro-
molybdate compound (Lindsay 1973). Iron has not been demonstrated

to be toxic. Manganese, while mobile under reducing conditions in its
divalent form, is naturally abundant and not toxic in forest systems.
Pratt et al. (1977) have suggested that sludge mining for trace
elements or decreasing sludge dosage rates where required may help
diminish future toxicity hazards encountered in land spreading of

sludges.

Pathogens and Pesticides
Menzies (1977) included Salmonella, Shigella, Pseudomonas,

Klebsiella and Escherichia coli bacteria, Entamoeba histolytica

protozoa, Ascaris lumbricoides nematode ova and various viruses among
the pathogenic agents commonly present in sewage sludges. Pathogens
can survive in soils treated with sludge; however, survival rates are
dependent upon soil moisture, formation of spores, temperature, inci-
dent sunlight and presence of ‘chemically and biologically antagonistic
agents (Morrison and Martin 1977). Drying and solar radiation appear
to induce the greatest mortality among sludge borne pathogens, while
soil particles are often effective in entrapping and immobilizing them.
Menzies (1977) has pointed out that the standard practice of using
E. coli counts cannot be relied upon as an accurate index of pathogen
survival in sludges applied to soil.

Edmonds (1976) reported that few bacteria from an anaerobically

digested, dewatered sludge applied to a clearcut forest site on
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gravelly glacial outwash penetrated greater than 5 cm of soil. The
soil acted as an effective biological filter allowing only slight
bacterial penetration to groundwater. Bacterial contamination from
surface runoff in the first season following treatment appeared much
more Tikely than contamination from bacteria percolating to groundwater.
No pathogenic bacteria could be isolated from this soil 267 days after
sludge application.

The following precautions were advised for protection from
the pathogen hazard present in sewage sludges: (1) adequate treatment
of human wastes, (2) allow ample time for pathogen die-off following
sludge application before opening land to human use, (3) limit rates
of waste applications to a site to avoid pathogen population build up,
(4) avoid areas near large populations when applying sludge to land,
(5) maintain high levels of immunity and health care for animals and
humans, and (6) use geologic and hydrologic knowledge to avoid con-
tamination of water resources (Morrison and Martin 1977).

Pesticides also represent a hazard in many sewage sludges.
Although they are often very potently toxic compounds, McCalla et al.
(1977) suggested that organic matter and clay particles present in

soil are effective inactivators of these materials.

Water Quality Implications

A major objective of sludge land spreading management is to
insure the continued yield of high quality water, low in or devoid
of any hazardous material. Nitrate, zinc and cadmium exceeding 10 ppm,

5 ppm and 10 ppb, respectively, are unacceptable in water flowing from
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sludge treated watersheds. Runoff contaminated with pathogens and
pesticide residues is equally unacceptable.

Managers must not only guard against off-site contamination
but should also insure on-site environmental integrity. Nitrate
enrichment of soil water may be minimized by encouraging denitrifi-
cation on treated sites. Maintaining soil pH near neutral levels will
ensure minimal problems with trace elements (Urie 1975). Continuous
monitoring of free soil water and the unconfined aquifer provide data

relevant to meeting these goals.

Soil and Vegetation Considerations

Barring disturbance, the nutrients in a forest are cycled to
meet the needs of the stand components. Nutrient cycling is facil-
itated by litter decomposition, a process that (1) produces a humus
layer which improves site fertility and soil moisture relations and
(2) slowly releases nutrients which are readily available for plant
assimilation. Excessive buildup of organic matter on the forest floor,
as occurs during stand thinning, can, however, adversely effect the
chemical balance of this decomposition process by temporarily upsetting
the litter carbon to nitrogen ratio (R. E. Miller et al. 1976).

Sludge distributed on the surface to forested sites is applied
directly to the litter layer and surface soil. Nutrients applied in
this manner have been shown to accelerate the decomposition rate of
forest litter (Bramryd 1976). This phenomenon was ostensibly a result
of narrowed carbon to nitrogen ratios (Turner 1977) which stimulated

the metabolic activity of indigenous microbial saprophytes, ammonifiers



21

and nitrifiers (Shumakov et al. 1974). Although fungi appear to be
the dominant microorganism in forest soils and litters (Miller 1973),
bacterial populations are primarily increased by nitrogen additions,
resulting in accelerated litter decay rates (Kelly 1973).

Forest soils are highly variable in nature and their
suitability for processing sewage sludge depends on their microfloral
and macrofaunal populations and their complement of organic matter and
colloidal particles. Sludge organics underwent extensive decomposition
once applied to soil. A major portion was converted to soluble inorgan-
ics, the remainder becoming soil humus following substantial modifica-
tion (Broadbent 1973). The primary effect of adding inorganic nitrogen
to the soil was to stimulate further mineralization of organic nitrogen
(Broadbent 1965). Stanford and Smith (1972) have estimated the "half-
1ife" mineralization rate for nitrogen in entisols, alfisols, aridisols,
ultisols and mollisols to be approximately 12.8+ 2.2 weeks. Ammonium
produced during mineralization which did not undergo nitrification was
reported to exchange for potassium on the exchange complex resulting
in potassium leaching losses (Crane 1972). Nitrate, conversely, was
very poorly held in soil and, as Koenig (1976) pointed out, was highly
susceptible to leaching losses. Trace elements in sludge, as illus-
trated in Germany by Moll et al. (1977), were generally immobilized
in the upper 10 cm of soil, even when applied to a dune sand low in
organic matter and cation exchange capacity.

The forest floor is the most biologically active interface

of the soil system and, to a great degree, determines the composition
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of solutions passing down through the soil below it (McColl 1973).
Adding sludge nutrients to this interface was found to (1) increase
soil moisture and aggregate stability, (2) initially increase hydraulic
conductivity followed by a decrease resulting from soil pore clogging
by the products of microbial decomposition and (3) increase soil carbon
dioxide levels while decreasing soil oxygen, root growth and nutrient
uptake (Epstein 1973). As CO2 tension increases in soil, hydrogen ions
from carbonic acid replace cations on soil particles resulting in
leaching losses of valuable bases (McColl and Cole 1968).

While many researchers have reported that nutrient additions
to forest soils depress mycorrhizae levels, Berry and Marx (1977)
indicated that sewage sludge application rates of 34 to 69 metric
tons per hectare stimulated the formation of ectomycorrhizal assoc-
ciations with and resultant growth increase among loblolly pine
seedlings. Menge (1975) counted fewer mycorrhizal root tips on
loblo11y pine receiving 356 kg N/ha/yr than on controls. However,
Berry and Marx (1976) demonstrated a dynamic interaction between dried
sewage sludge and Pisolithus tinctorius which shows great promise for
growing pines on eroded forest sites.

The literature is replete with accounts of the many benefits
derived by plant species from nutrient applications. Macy (1936)
treated the concept of "critical nutrient percentage" in some detail,
contending that a crucial minimum level exists for every nutrient in
each plant species below which metabolic processes are impaired. In

their extensive bibliography on forest fertilization research, White
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and Leaf (1956) stated that forest plants have their critical nutrient
requirements adjusted to Tow levels as an adaptation to low ambient
soil fertility conditions, while agricultural plants have been
selectively bred for higher yields, resulting in a greater nutrient
demand. Pritchett (1977) has stated that forest site quality can
improve through fertilizer application, thus enhancing plant growth
and nutrient status.

Numerous fertilizer benefits to growth are cited in the
literature. While Mitchell and Kellogg (1970) found 1little volume
increase in a 50-year-old Douglas-fir stand treated with less than
200 kg N/ha, Morrison et al. (1976) reported an excellent growth
response in 45 year old jack pine fertilized with nitrogen at rates
up to 448 kg/ha. Twenty-year-old Douglas fir treated with nitrogen
demonstrated increased basal area, stem height, branch length, needle
length and width and number of needles per branch (Brix and Ebell 1969).
Nitrogen fertilized balsam fir produced darker green needles, heavier
terminal buds, greater number of buds and longer leaders, lateral
shoots and needles (Timmer et al. 1977). White et al. (1971) reported
that 392 kg diammonium phosphate/ha increased both fine root and total
root biomass in slash pine 145% and 58%, respectively, whereas,
Rawson (1972) found diameter increases exceeding 500% for radiata
pine in New Zealand treated with superphosphate. Leaf et al. (1975)
reported increased leader and radial growth in red pine fertilized

with potassium.
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Improvement of foliar nutrition through fertilizer application
is commonly noted. Wells (1970) and H. G. Miller et al. (1976) in
the United States and Hippeli (1976) and Franz and Bierstedt (19756)
in Germany are among those who have improved foliar nitrogen status in
pines with nitrogen fertilizer applications. Baker (1970) and Timmer
and Stone (1978) have shown similar results in western hemlock and
balsam fir, respectively. Weetman and Algar (1974) have determined
that maximum basal area growth occurs in 40-year-old jack pine when
foliar nitrogen is maintained near 1.7%. Bulgarian white pine is seen
to improve its foliar phosphorous levels when phosphorous fertilizer
is applied (Donov 1977) while red pine foliar potassium was found to
increase 140% when supplied with potassium soil additions (Wittwer
et al. 1975).

As with commercial fertilizers, sludge nutrient additions
were seen to augment plant growth and improve plant nutrition (Smith
and Evans 1977). Urie et al. (1978) reported a doubling of vegetation
production in rye growing in wildlife openings treated with 14.6 metric
tons of sludge per hectare, this equivalent to 446 kg N/ha. Increased
height and diameter growth of red pine in Pennsylvania was observed
following sewage waste application (Sopper 1973). Nitrogen content
of the herbaceous understory was reportedly increased 63% following
treatment with raw sewage wastes (Johnson and Urie 1976) while crude
protein content of grass treated with sludge increased 26% (King and
Morris 1974).

An important step in recycling the nutrients delivered to

a site in sewage sludge is the harvesting of useful products and
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the nutrients they contain. Kardos et al. (1977) have reported
nutrient harvests as high as 390 kg N, 62 kg P and 380 kg K/ha/yr
from three cuttings of reed canarygrass on a site treated with sewage
effluent. Additionally, the potential immobilization of elements in
non-consumable woody plant parts exists. Urie (1971), however,
cautions that tree bole removal at harvest cannot be looked upon

as the total answer to immobilization of harmful elements, as a great
proportion of any tree's assimilated nutrients are left on-site in the
form of leaves and branches. Cooley (1978) has determined that har-
vesting whole poplars during the dormant season removed 80% of the
nitrogen accumulated during irrigation with sewage oxidation pond

effluent, while harvesting only stems removed approximately 30%.



CHAPTER III

STUDY SITES

Geography

The sites examined in this study are located in the northern
portion of the Manistee National Forest near Cadillac, Michigan. The
first site is on the Udell Experimental Forest 7 km west of Wellston,
Michigan and legally located in NE)%, SE%, Section 18, Township 21
North, Range 14 West, in Manistee County (see Figure 2). The second
site is on the Pine River Experimental Forest 13 km east of Wellston,
Michigan and legally described as N4, SE)%, Section 17, Township 21
North, Range 12 West, in Wexford County.

Both sites lie in the Manistee-Grayling Plain physiographic
region of Michigan's lower peninsula (Sommers [Ed.] 1977). Surface
topography ranges from nearly level to gently rolling hills. Both
sites lie in the watershed of the Manistee River which drains westward

to its terminus at Lake Michigan's eastern shore.

Geology

Surface formations on both sites are dominated by a medium
altitude outwash plain of stratified, coarse unconsolidated deposits.
These materials are primarily sands and gravels which were deposited

during the Port Huron substage of Valdern late Pleistocene

26
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Figure 2. Udell Experimental Forest and Pine River Experimental Forest.'®

1udell Experimental Forest, Wellston, Michigan. Lake States
Forest Experiment Station. Forest Service, U.S.D.A.
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continental glaciation (Urie 1977). Depth to a bedrock of Lower
Marshall Sandstone (Martin 1936) which is Mississippian in age
(Sommers [Ed.] 1977) ranges from 180 m (590 ft.) to 210 m (690 ft.)
(Urie 1977).

Soils and Hydrology

Soils on the Udell study site consist primarily of the Rubicon
and Croswell (Entic Haplorthods) series (Watson 1977). The northern
half of this study site is underlain with Rubicon sand of 0-2% slope
with Tittle or no erosion. The southern portion is underlain with
Croswell sand of 0-2% slope with 1ittle or no erosion. Both of these
soils are typical of sandy outwash plains in Northern Michigan.
Original vegetation on these soils consisted of red pine with minor
mixtures of white pine, jack pine and hardwoods (Weber et al. 1966).

Rubicon sand is generally well drained, while Croswell sand
is described as moderately well drained. Minimum infiltration rates
for soils of this region are generally in excess of 300 mm per hour
(Sommers [Ed.] 1977), with runoff being very slow. These soils have
a low available moisture capacity and a low native fertility and are
unsuited for general farming (Weber et al. 1966). A typical soil
profile description for the Rubicon series is presented in Figure 3
and a typical soil profile description for the Croswell series is seen

in Figure 4.
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Figure 3. Soil horizon description for the typifying pedon of
the Rubicon series (Soil Conservation Service 1976).
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Typifying Pedon: Rubicon Series

Profile Depth

Description

Al 0-1"
A2 1-6"
B21ir 6-10"

B22ir 10-18"

B3 18-36"

C1 36-60"

Black (10 YR 2/1) sand, flecked with 1ight
brownish gray (10 YR 6/2); weak fine granular
structure; very friable; common roots; very
strongly acid; abrupt smooth boundary; % to

3 inches thick.

Light brownish gray (10 YR 6/2) sand; very weak
medium structure; very friable; common roots;
very strongly acid; clear smooth boundary;

2 to 7 inches thick.

Dark brown (7.5 YR 4/4) sand; weak medium
granular structure; very friable; many roots;
medium acid; clear wavy boundary; 4 to 12 inches
thick.

Dark yellow brown (10 YR 4/4) sand; weak coarse
granular structure; very friable; common roots;
medium acid; clear irregular boundary; 0 to 20
inches thick.

Yellowish brown (10 YR 5/6) sand; very weak
coarse subangular blocky structure; very friable;
medium acid; chunks of orstein occur at depths of
18 to 24 inches and represent about 15 percent of
the surface area of the horizon exposed; chunks
are 4 to 6 inches in diameter; colors are
yellowish brown (10 YR 5/6) representing 60
percent of the mass and dark reddish brown

(5 YR 3/4) and pale brown (10 YR 6/3) rep-
resenting the remaining colors, sand; massive;
few roots; weakly to strongly cemented; medium
acid; clear irregular boundary; 4 to 20 inches
thick.

Light yellowish brown (10 YR 6/4) sand with some
coarse sand in upper portion; single grained;
loose; slightly acid.
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Figure 4. Soil horizon description for the typifying pedon of the
Croswell series (Soil Conservation Service 1975).
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Typifying Pedon: Croswell Series

Profile Depth Description

Ap 0-8" Dark grayish brown (10 YR 4/2) sand; weak medium
granular structure; very friable; medium acid;
abrupt smooth boundary; 6 to 10 inches thick.

A2 8-12" Pinkish gray (7.5 YR 7/2) sand; single grain;
loose; very strongly acid; abrupt irregular
boundary; 4 to 10 inches thick.

B21ir 12-20" Dark brown (7.5 YR 4/4) sand; weak medium
subangular blocky structure; very friable;
strongly acid; gradual wavy boundary; 2 to
8 inches thick.

B22ir 20-30" Brown (7.5 YR 5/4) sand; few fine distinct
yellowish brown (10 YR 5/8) mottles; single
grained; loose; strongly acid; gradual wavy
boundary; 10 to 20 inches thick.

C1 30-60" Light yellowish brown (10 YR 6/4) sand with
common medium distinct yellow (10 YR 7/8),
strong brown (7.5 YR 5/8) and reddish yellow
(7.5 YR 6/8) mottles; single grain; loose
slightly acid.
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This area is among the richest groundwater aquifers in
Michigan, with water yields from wells 25 cm in diameter commonly
exceeding 1,893 liters (500 gal.) per minute (Sommers [Ed.] 1977).
Hydrologically this site is connected via Pine Creek with the Manistee
River to the north, toward which its groundwater slowly moves. The
water table on this site is commonly within 3 m of the soil surface

during the wet season and somewhat deeper during drier periods.

Pine River

Soils on the Pine River site are found to consist primarily
of the Grayling (Spodic Udipsamment) and Menominee (Al1fic Haplorthod)
series (Soil Conservation Service 1958). The western third of the
study site is underlain with Grayling sand of 7-12% slopes with little
or no erosion. The eastern portion is underlain with Menominee sand
of 3-6% slope with 1ittle or no erosion. Grayling soils are typical
of coarse textured outwash plains in this region, while Menominee
soils have incorporated within them higher proportions of smaller
sized particles and may be found on old lake plains as well as outwash
plains. Native vegetation on Grayling soils consists of jack pine and
scrub oaks, whereas that on Menominee soils is comprised of northern
hardwoods and aspen.

Grayling sand is well drained and very rapidly permeable with
very slow runoff. Available water in this soil is very low commonly
leading to droughty conditions. Native fertility is very low making
this soil unsuitable for general farming. A typical soil profile

description for the Grayling series may be seen in Figure 5.
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Figure 5. Soil horizon description for the typifying pedon of
the Grayling series (Soil Conservation Service 1976).
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Typifying Pedon: Grayling Series

Profile Depth Description

Al 0-3" Black (N21) (A1), and grayish brown (10 YR 5/2)
and sand, (A2); coated and uncoated sand grains

A2 mixed throughout the horizon, giving a salt

and pepper appearance; moderate organic matter
content in upper part; weak medium granular
structure; very friable; very strongly acid;
abrupt smooth boundary; 2 to 4 inches thick.

B21ir 3-9" Dark brown (7.5 YR 4/4) sand; weak coarse
granular structure; very friable; strongly
acid; clear smooth boundary; 4 to 8 inches
thick.

B22ir 9-15" Strong brown (7.5 YR 5/6) sand; very weak coarse
granular structure; very friable; medium acid;
clear irregular boundary; 4 to 14 inches thick.

B3 15-23" Brown (7.5 YR 5/4) sand; single grained; loose;
medium acid; gradual smooth boundary; 3 to 10
inches thick.

o 23-60" Light brown (7.5 YR 6/4) sand; single grained;
loose; medium acid.
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Menominee sand can be well drained or moderately well drained,
having rapid permeability in upper horizons and moderate permeability
in finer textured lower horizons. Surface runoff is slow to medium.
This soil has a moderate available water capacity and is low to medium
in fertility suiting it to farming use in many cases (Weber et al.
1966). A typical soil profile description for the Menominee series
appears in Figure 6.

This study site appears to be hydrologically connected via an
intermittently flowing drainageway to the Pine River which subsequently
flows into the Manistee River. Depth to groundwater below this site is

estimated to be greater than 25 m throughout the year.

Present Vegetation

This region is identified as the Pine-Oak-Aspen forest
association (Sommers [Ed.] 1977). Today the forest cover here is
a mosaic of red, white and jack pines, northern hardwoods, aspen and
scrub oaks.

The Udell site is dominated by an overstory of red pine (Pinus
resinosa, Ait.) which were planted in 1936. This forty-year-old pole-
sized plantation averaged 13 m (42.8 ft.) in height with a prethinning
average basal area of 42.2 m?/ha (184 ft2/A) in early 1976 (Figure 7).
Post thinning basal area was 22 m?/ha (95.6 ft2/A), nearly a 50% reduc-
tion. Using regression equations developed by Alban (1976), the site
index was estimated to be 52 for red pine, a medium quality site

(Buckman 1962).
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Figure 6. Soil horizon description for the typifying pedon of
the Menominee series (Soil Conservation Service 1976).
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Typifying Pedon: Menominee Series

Profile Depth Description

Ap 0-9" Very dark grayish brown (10 YR 3/2) loamy sand;
1ight brownish gray (10 YR 6/2) dry, very weak
medium granular structure; very friable; many
fine roots; medium acid; abrupt smooth
boundary; 6 to 10 inches thick.

B21ir 9-18" Dark brown (7.5 YR 4/4) sand; weak medium
subangular blocky structure; very friable;
many fine roots; medium acid; gradual wavy
boundary; 6 to 14 inches thick.

B22ir 18-32" Yellowish brown (10 YR 5/4) sand; single
grained; loose; common fine roots; medium acid;
clear wavy boundary; 5 to 20 inches thick.

A2 32-35" Pale brown (10 YR 6/3) 1light loamy sand; weak
fine subangular blocky structure; very friable;
common fine roots; medium acid; abrupt
irreqgular boundary; 0 to 6 inches thick.

11B2t 35-45" Dark brown (7.5 YR 4/4) clay loam; thin to
thick pale brown (10 YR 6/3) coatings of A2
on ped faces, and in root and worm channels;
moderate medium angular blocky structure; firm;
few thin discontinuous reddish brown (5 YR 4/4)
clay films; few fine roots; 3 percent pebbles;
slightly acid; abrupt wavy boundary; 6 to 40
inches thick.

IIC 45-66" Brown (7.5 YR 5/4) light clay loam; weak medium
angular blocky structure; firm; 5 percent
pebbles; strong effervescence; moderately
alkaline.
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The understory flora consisted primarily of braken fern,
sweet fern, blueberry, a variety of grasses and sedges, mosses,
lichen and numerous seedlings and suppressed saplings of oak, cherry
and maple. An exhaustive listing of vascular plants identified
(Gleason and Cronquist 19<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>