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PREFACE

The Acid Precipitation Act of 1980 established an Interagency Task
Force on Acid Precipitation. The responsibilities of this Task Force
include the development and implementation of a comprehensive National
Acid Precipitation Assessment Plan. The purpose of this ten-year plan
is to increase our understanding of the causes and effects of acid pre-
cipitation. An important part of the general strategy outlined in this
plan is the analysis of mitigation methods for acidified surface waters.
Mitigation options must address aquatic ecosystems already impacted by
acidic input as well as the protection of those systems which may be
potentially susceptible.

An initial step in this analysis process was the development of
this report, Liming of Acidified Waters: A Review of Methods and Effects
on Aquatic Ecosystems, which provides an up-to-date summary of the avail-
able information on liming. Extensive use is made of the research and
experience gained in liming programs in Scandinavia, Canada, and the U.S.
In addition to the information on the biological response of surface waters
to liming, the report includes an overview of the effects of acidification
on fish and current information on the acid-sensitive areas of the U.S.
Appendices provide a summary of liming projects in the northeastern and
midwestern States and contacts in the State, Federal, and private sectors.
This report is intended to assist biologists, resource managers, and
decisionmakers in assessment of mitigation strategies for acidified
aquatic systems and to provide current information on the various aspects
of liming as a mitigative treatment of acidified surface waters.

Suggestions or comments regarding this report should be addressed
to:

Dr. R. Kent Schreiber
U.S. Fish and Wildlife Service
Eastern Energy and Land Use Team
Route 3, Box 44
Kearneysville, WV 25430



SUMMARY

Acid deposition processes have directly and indirectly affected
aquatic resources throughout many areas of Scandinavia and parts of
North America. Among the most important consequences of surface water
acidification is the loss of important recreational and commercial
fisheries. The direct effects of acidification on fish include: acute
mortality, reproduction failure, avoidance behavior, altered growth
rates, and various chronic impairments to body organs and muscle
tissue. Indirect effects include: fish habitat degradation, changes in
predator-prey relationships, increased bioavailability of toxic metals,
and possible decreased resistance of fish to environmental stress.

Of special concern is the increased concentrations of aluminum in
acidified surface waters. Aluminum is ubiquitous in watershed soils,
quite toxic to fish in its inorganic monomeric forms, and readily
leached into surface waters under acidic conditions. In some situations
the decline in fish populations may be more of a function of elevated
aluminum concentrations than hydrogen ion stress.

It is highly probable that the recently observed trend in surface
water acidification will continue in the near term in some parts of the
continental U.S. Based upon a review of H+ loading factors, surface
water sensitivity maps, and preliminary state surveys of water quality,
the following states have lakes or streams that are most susceptible to
acidification in the near-term: Connecticut, Maine, Massachusetts,
Michigan, Minnesota, New Hampshire, New Jersey, New York, North
Carolina, Pennsylvania, Rhode Island, Tennessee, Virginia, West
Virginia, and Wisconsin. In addition, high altitude lakes in some
western states (California, Colorado, Washington, and Wyoming) also are
susceptible. Fishery declines associated with concurrent reductions in
surface water alkalinity have already been reported for Maine,
Massachusetts, New Hampshire, New York, North Carolina/Tennessee,
Pennsylvania, Rhode Island, and West Virginia. Fish population decline
also has been inferred from the reported decreases in pH values in some
New Jersey streams.

Liming has been effectively used to counteract surface water
acidification in parts of Scandinavia, Canada, and the U.S. Over 100
liming projects have been implemented in the U.S. during the past 25
years. It is anticipated that additional liming projects will be
initiated in sensitive regions of the U.S. To date, liming has been
generally shown to improve physical and chemical conditions and enhance
the biological recovery of aquatic ecosystems affected by
acidification. Although liming is only a temporary solution to a long-
term problem, it can be used to reduce the loss of important fishery
resources while long-term solutions are developed and implemented.
Liming is useful in the restoration of surface waters that have
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completely lost fish populations, as well as in the protection of
susceptible, but still viable, fisheries.

A number of options are presently available for liming surface
waters. Various dolomitic and calcitic substances (quicklime, hydrated
lime, aglime, and limestone gravel) have been applied to aquatic
ecosystems. The calcitic forms of these materials are generally more
effective than dolomitic forms, due to the more rapid dissolution of the
former. Less frequently used alkaline materials include: lye, soda, and
olivine. Although aglime is not as effective in neutralizing acidity as
quicklime or hydrated lime, aglime has been the most commonly used
material. The advantages of aglime include:

" It is easy to handle and is non caustic.

" It is relatively inexpensive.

" Its rate of reaction can be controlled to prevent too rapid a
rise in pH.

" It is relatively free from harmful contaminants.

" It is a natural component of surface water buffering systems.

Particle size, chemical purity, and method of application are important
factors in projecting the effectiveness of alkaline materials to
neutralize acidity.

Lime application techniques for lakes include the use of trucks,
boats, aircraft, sediment injection systems, and in-situ hatching
boxes. Techniques used in rapidly flowing water include: aircraft,
silos, stream barriers, rotary drums, and diversion wells. Trucks with
compressed air blowers have been used to apply aglime to watershed
soils. Many of these application techniques were originally developed
to mitigate acid mine drainage from abandoned coal mines.

Costs associated with lake and watershed liming techniques vary
substantially from a few tens of dollars per hectare to several thousand
dollars per hectare. Similarly, stream liming expenses are quite
variable. The direct application of alkaline materials to surface
waters is more cost-effective than the liming of watersheds, in terms of
improved surface water pH and alkalinity values. The total costs of
restorative and preventive liming projects are determined by the
following factors:

" The project planning costs.

* The liming material costs.

" The method of application.
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" The size and location of the surface water body.

" The quality of surface waters, sediments, and watershed soil.

" The acid loading rate.

" The reapplication rate.

" The water quality monitoring costs.

It is very difficult to establish the costs of liming from historic
projects because adequate records were rarely kept, and because many
projects were undertaken on an experimental basis and do not reflect
commercial-scale operations. Based upon limited information, costs
ranging from $100 to $415 per hectare appear to be adequate
approximations for typical lake projects, excluding planning and
monitoring costs. Approximations for typical stream liming projects
range from $1000 to $7600, excluding planning and monitoring costs.

Although liming can be an effective management tool for fishery
managers, there are certain design aspects and problems associated with
liming that require careful consideration before such a project should
be initiated:

* The long-term ecological effects of liming are not well known
at this time.

" Liming should be planned to neutralize worst case conditions,
such as periodic surges of acid input, because this is often
when most biological damage can occur.

" Lakes with short retention times (less than 1 year), or
running waters with great variations in flow are very
difficult if not quite impossible to lime effectively.

" Toxic aluminum may continue to leach into the lake if
watershed soils remain acidic.

" After liming there will be a short transition period when
precipitation of hydrolized aluminum may be toxic to fish.

" Limed bodies of water should be continually monitored and
relimed when pH falls below 6 because accumulated metals that
have precipitated over a period of time may again become
soluble and create a serious toxic condition.

" Liming in surface waters containing high concentrations of
humic materials may require more lime because humus can
precipitate onto the lime and deactivate it.
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* Acidic sediments, especially those high in clay and organic
material, may use up much or all of the buffering capacity of
residual liming materials resting on lake bottoms.

" None of the existing dose estimating techniques are completely
reliable.

* The design of the project must reflect the unique set of
physical, chemical, and biological characteristics of the
water body and watershed.

In general, liming should be evaluated as a management option only
when several pre-liming conditions are met:

" The surface water is characterized by low alkalinity and high
acidic input or low pH (however, the liming of stable,
naturally acid waters generally should be avoided).

" The surface water contains, or has contained, important food
or game fish.

" The lake or stream represents an important recreational
resource or contains important genetic fish strains.

" There are few confounding physical, chemical or biological
factors.

" The cost of the project is relatively low in comparison with
other options.

It is obvious at the present time, that the data bases for lake
and stream liming activities are too incomplete to resolve the present
uncertainties, alternative hypotheses, and technical problems currently
associated with the chemical neutralization of acidified waters.

It is reasonable to conclude that a research program is needed to
address some of the most critical technological, economic, and
ecological information needs to enable managers to adequately assess the
long-term implications of liming and enhance the efficiency and
effectiveness of future liming projects.
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1.0 INTRODUCTION

Acidic deposition, the sum total of acidic precipitation (acid rain
and/or acid snow) and acidic dry deposition, has become a serious
environmental concern in the United States, Canada, and Scandinavia.
Numerous scientific publications have documented the acidification of
lakes and streams in these countries with resultant damage to fish and
other components of aquatic ecosystems. Furthermore, the incidence of
acidic deposition is not expected to decrease in the near future;
therefore, these aquatic systems probably will realize additional acidic
stresses. A report by the National Academy of Sciences (1981) states
that, at current rates of emissions of sulfur and nitrogen oxides, the
numbers of European and North American lakes affected by acidic
deposition can be expected to more than double by 1990.

While many scientists believe that restricting fossil fuel
combustion emissions of NOx and SO2 at their sources may help to
alleviate the acidic deposition problem, it is not certain whether such
emission control action will occur in the near term. As a result,
techniques and strategies designed to mitigate actual or potential
effects of atmospheric acid deposition need to be investigated. One
potential approach involves the application of lime or other alkaline
materials at the receptor sites (e.g., lakes and waterways) to
neutralize incoming acids. However, increased pH and increased
buffering capacity resulting from liming (liming is a generic term
defined as the addition of any base material to neutralize surface
waters, sediments, and soils) are only temporary effects, if lakes and
streams continue to be subject to atmospheric acid deposition.

1.1 BACKGROUND

Although the economic significance of acid deposition impacts on
the environment is not well established at this time, several countries
already have adopted policies to mitigate surface water acidification
problems through experimental and/or operational liming programs.
Sweden's existing activities represent the largest aquatic liming
program in the world. From 1977 to 1981, approximately 300 liming
projects (consisting of about 1000 lakes, rivers, and streams) have been
conducted, and a total of some 200,000 metric tons (tonnes) of liming
agents has been applied (Bengtsson 1982). The annual Swedish liming
budget for FY 82 is about $6 million and is projected to expand to an
annual budget of approximately $40 million by FY 86 -- at which time,
approximately 20,000 bodies of water will have been limed (Fraser et al.
1982).

Although Norway experiences many of the same surface water
acidification problems as Sweden, Norway has initiated a much smaller
government-funded experimental/research liming program. The Lake
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Hovvatn liming project, which began in the spring of 1980, was the
initial Norwegian experimental/research liming project (Fraser et al.
1982). Since then a small number of lake, river, and terrestrial liming
projects have been conducted or are in the planning phases (Richard
Wright, Norwegian Institute of Water Research, Oslo, Norway; pers.
comm.).

Past aquatic liming experiments in Canada involved the application
of alkaline materials in four lakes near Sudbury, Ontario, from 1973 to
1977 (Scheider et al. 1975a; 1975b; Scheider and Dillon 1976; Yan et al.
1977; and Yan and Dillon 1981). Current Canadian liming projects are in
their initial phases with both federal and provincial researchers
conducting experiments. Federal scientists in Nova Scotia recently have
limed four lakes and are planning on liming a fifth one in the near
future (Walton Watt, Fisheries and Oceans, Halifax, Nova Scotia; pers.
comm.), while Ontario provincial scientists are embarking on a 5-year,
$720 thousand per year, liming project which commenced in the spring of
1982 (Fraser et al. 1982).

In the United States, liming has been used since the early 1940s to
enhance fish production in dystrophic ponds and lakes, especially in
Wisconsin and the Upper Penninsula of Michigan (Hasler et al. 1951;
Johnson and Hasler 1954; Waters 1956; Waters and Ball 1957; Kitchell and
Kitchell 1980; and Jackson 1981). Liming to improve fish production in
soft water ponds and streams in the southeastern United States also has
been practiced for many years (Boyd 1974; Arce and Boyd 1975; and Boyd
1976). The pH values in these southeastern surface waters are usually
circumneutral; although, the bottom sediments are frequently acidic
(Boyd 1974). The chemical neutralization of acid mine drainage from
abandoned coal mines, especially in Appalachia, also has frequently
involved the application of limestone and other alkaline materials
(Pearson and McDonnell 1975a).

Only a limited number of other lake and stream liming projects have
been conducted in the U.S. during the past 25 years:

* 23 lakes in Massachusetts since the late 1950s (Richard L.
Keller, Massachusetts Division of Fisheries and Wildlife,
Field Headquarters, Westboro, Massachusetts; pers. comm.).

* 60 lakes and one stream in New York State since the late
1950s (Blake 1981; and Martin Pfeiffer, New York State
Department of Environmental Conservation, Ray Brook, New
York; pers. comm.).

" Three lakes and one stream in Connecticut during the late
1960s (Charles Fredette, Connecticut Department of
Environmental Protection, Hartford, Connecticut; pers.
comm.).
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" Three lakes and two streams in West Virignia since the late
1960s (Raymond Menendez, West Virignia Department of Natural
Resources, Elkins, West Virginia; pers. comm.; and Lou
Schmidt, Trout Unlimited, Bristol, West Virginia; pers.
comm.).

" Two lakes in Rhode Island since the early 1970s (Richard
Guthrie, Rhode Island Division of Fish and Wildlife, West
Kingston, Rhode Island; pers. comm.).

" Two streams in Pennsylvania since mid-1970s (Arnold 1980;
1980b; and James Strong, Trout Unlimited, Butler
Pennsylvania; pers. comm.).

" Two streams in North Carolina since the early 1980s (Thomas
Harshbarger, Southeastern Forest Experimental Station,
National Park Service, Asheville, North Carolina; pers.
comm.; and Harvey Olem, Tennessee Valley Authority, Water
Quality Branch, Chattanooga, Tennessee; pers. comm.).

These liming projects were initiated to reduce the acidity of surface
waters allegedly acidified by acidic deposition or by unknown and
presumably undeterminable sources. Brief descriptions of these liming
projects, including some physical and chemical characteristics of the
surface waters, are presented in Appendix A, along with descriptions of
12 dystrophic lake liming operations in the states of Wisconsin and
Michigan.

1.2 OBJECTIVE

With the mounting concern of the U.S. general public, the Federal
government, and many state governments over the problem of acid
deposition, it is expected that many separate entities may become
increasingly interested in liming as a potential temporary measure to
ameliorate surface water acidification. The purpose and scope of this
document is to compile information and inform Fish and Wildlife Service
biologists, fishery managers, and administrators as to the potential
benefits, impacts, and uncertainties of liming acidified surface waters
to protect or restore aquatic resources.

The following sections and appendices identify: regions where
liming experiments and/or operations may be conducted (e.g., areas that
are susceptible or already affected by acid deposition); identify state,
Federal, and private sector contacts that may facilitate a liming
project; identify the types of alkaline materials, application
techniques, and dosages that may be utilized; identify the ecological
responses to liming of aquatic ecosystems; and identify the critical
uncertainties that are associated with liming. Also, the effects of
acidification on fish and fish populations are summarized along with a
brief synopsis of acid mine drainage liming techniques.
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2.0 ACID-SENSITIVE REGIONS AND ASSOCIATED AQUATIC FISHERIES

The extent to which acidic deposition may adversely impact the
fisheries and aquatic biota of freshwater lakes and streams is dependent
upon the acid neutralizing capacity (buffering) of the impacted surface
waters and associated watershed. The numerous factors which affect this
buffering capacity, along with the identification of acid-sensitive and
acid-affected regions and fisheries, are presented in the following
subsections.

2.1 FACTORS RESULTING IN ACIDIFIED AQUATIC ECOSYSTEMS

Aquatic ecosystems may become acidified by atmospheric deposition
because of a combination of different factors. The major factors
include the inherent susceptibility of certain ecosystems, topographical
and meteorological conditions, and anthropogenic acid sources and
activities. A listing of the factors indicative of potential ecosystem
sensitivity to acidifying air pollutants is presented in Table 1.

The inherent susceptibility is determined by the geochemistry,
geomorphology, and hydrodynamics of the watershed and its associated
lakes and streams (Haines and Schofield 1980). These factors determine
the capacity of the watershed soil and water to neutralize acids and
resist pH change in surface waters. Aquatic ecosystems generally are
considered susceptible to acidic deposition if: 1) their surrounding
watersheds contain thin, coarse-textured, and often acid soils with low
calcium carbonate content (e.g., podzols), underlain by granite or
gneiss bedrock (Schofield 1981), and 2) they have surface waters with
low total alkalinity (Schofield 1980).

Topography is another important factor because it determines the
size and shape of the watershed, the distribution of overland versus
groundwater flow, and residence time of waters in lakes and streams
(Hendrey et al. 1980a). Typically, areas with small watersheds, low
overland flow, and brief surface water residence times are more
sensitive to acidic deposition than areas having the opposite
conditions.

Meteorologic conditions also are extremely important considerations
in assessing the potential acidification of aquatic ecosystems.
Prevailing winds coming from the direction of emission sources of
airborne acid precursors, coupled with frequent and large amounts of wet
precipitation and/or dry particle deposition, can greatly enhance the
acidification of inherently susceptible surface waters.
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Table 1. Factors indicative of potential ecosystem sensitivity to
acidifying air pollutants.

METEOROLOGY

" Location downwind from emission sources
" Frequent precipitation, dew, frost, or fog
" Precipitation exceeds evapotranspiration

GEOLOGY

" Igneous or metamorphic (aluino-silicate) bedrock
" High concentrations of aluminum, mercury, and other heavy

metals
* History of glaciation

PEDOLOGY

* Thin soils and organic layers (low buffering capacity)
" Mature, severely leached soils
" Low cation exchange capacity and base saturation
" Low sulfate adsorption capacity (high sulfate mobility)
* Absence of carbonates

HYDROLOGY

" Substantial snowpack accumulation
" Rapid discharges following precipitation or snowmelt

HYDROCHEMISTRY

" Oligotrophic surface waters
" Depressed water pH
" High metal concentrations
" Soft waters (low alkalinity, ionic content, conductivity, and

buffering capacity)

TOPOGRAPHY

" High altitude
" Steep terrain
" First and second order streams
* Headwater lakes

BIOTA

" Prevalence of conifers
" Reduced litter generation
" Early successional stage (unstable nutrient cycling)

HUMAN ACTIVITY

" Watershed disturbances (deforestation, urbanization,
fertilization, etc.).

Source: Peterson and Adler 1982.
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Recent paleolimnologic research in several Adirondack lakes has
suggested that terrestrial vegetation also can significantly affect the
acidification process. The predominance of conifers in lake watersheds,
for example, tend to promote acidification in poorly buffered lakes
(Whitehead et al. 1982).

Mountainous regions are often good examples of how several factors
in combination may influence the overall sensitivity of a region. High
altitude areas frequently have thin soils and exposed bedrock (inherent
susceptibility factors), coniferous vegetation (biotic factor), small
watersheds and rapid runoff (topographic factors), and substantially
greater amounts and frequencies of precipitation (meteorologic factors)
relative to lower elevations. The end result is that these combined
factors contribute to the acid sensitivity of high elevation surface
waters such as found in the Adirondack Mountains of New York State
(Pfeiffer and Festa 1980).

In summary, acidification of an ecosystem or region is usually
dependent upon the area being naturally susceptible (deficient in
buffering capacity), and being subjected to continuous or episodic
acidic inputs. The relative importance of each of the factors presented
in Table 1 will vary among different ecosystems and different regions,
but, if many of the factors occur in combination, an ecosystem or region
has a fairly high probability of becoming acidified.

2.2 REGIONS SUSCEPTIBLE TO ACID DEPOSITION

Numerous indices and mapping schemes have been developed by
researchers to identify geographic regions that are sensitive to acidic
deposition. Several maps were initially developed using information
about a single environmental factor to characterize the sensitivity of
an entire region. The first maps designed to identify regions of the
U.S. containing sensitive lakes (Galloway and Cowling 1978; Likens et
al. 1979) were based on large-scale bedrock geology maps. More detailed
sensitivity maps based on bedrock geology were developed by Hendrey et
al. (1980a) and Norton (1980). These maps classified bedrock into four
categories based on capacity of the rock to buffer (neutralize) acidic
deposition. County-level maps, depicting the percentage of Type 1 and
Type 2 rock (rock with low to no buffering capacity and rock with medium
to low buffering capacity, respectively), were developed for the entire
U.S. Other sensitivity maps, based on soil type as the single
environmental factor, were produced by McFee (1980) and Root et al.
(1980). McFee (1980) classified soils in the eastern U.S., and then the
entire U.S., as either non-sensitive, slightly sensitive, or
sensitive. Haines (1981a) utilized water quality data from 300
headwater lakes and ponds in six New England States to classify the acid
sensitivity of these states according to three categories of alkalinity
concentrations.
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Recently several other investigators have incorporated information
relevant to two or more environmental factors to produce more complete
sensitivity maps. Soil chemistry, soil depth, bedrock geology, land
use, and terrain characteristics from the U.S. Geoecology data base were
integrated and interpreted to develop an aquatic input sensitivity map
of the states east of the Mississippi River (Olson et al. 1980).
Sensitivity, categorized as either low, moderate, or high, was plotted
at the county level on a map of the eastern U.S. Similarly, the
National Wildlife Federation (1981) has developed a surface water
sensitivity map (three categories of alkalinity concentrations) of the
eastern U.S. In order to evaluate the vulnerability of fisheries in
each of the 27 eastern states, the National Wildlife Federation (NWF)
researchers examined surface water alkalinity, bedrock geology, soil
type, soil chemistry, and mean annual hydrogen ion (H+) loading
isopleths. The inclusion of H+ loading [combination of the weighted
mean H+ concentration (pH values) of precipitation with mean annual
precipitation quantities] isopleths (Figure 1) is an important aspect to
be considered in the development of sensitivity maps, because this
allows the identification of sensitive areas receiving the greatest
atmospheric acid input.

To date, one of the most comprehensive maps (Figure 2 - see foldout
located at inside back cover) to identify acid sensitive aquatic areas
of the conterminous United States has been produced by Omernik and
Powers (1982). This map was developed from mean annual total alkalinity
values of approximately 2,500 lakes and streams throughout the U.S., and
from the apparent relationships of these data with land use, vegetation
type, soil type, and bedrock geology. Total alkalinity was used as the
index of sensitivity; and the map was delineated into six different
concentration categories ranging from less than 200 eq/l to greater
than 2000 peq/l. Many researchers concur that alkalinity (a measure of
a water's acid neutralizing capacity) generally is a good indicator of
the acid sensitivity of an aquatic ecosystem, because acidification of
surface waters can be measured quantitatively as the decrease in
alkalinity resulting from an equivalent increase in strong acid input
(Schofield 1980; Haines 1981a; Glass et al. 1982). Waters with
alkalinities less than 200 peq/1 are generally believed to be sensitive
to acidification (Altshuller and McBean 1979; Hendrey et al. 1980a;
Thompson et al. 1980; United States-Canada Memorandum of Intent Working
Group I 1981).

However, as with a precipitation map, caution should be exercised
when using this alkalinity map (Figure 2). In many parts of the nation,
nearly all of the surface waters have mean annual alkalinity values
within the range illustrated in Figure 2. In other areas, particularly
where there are complex variations in geology, soil type, and other
factors affecting acid sensitivity, there are wide spatial and temporal
variances in alkalinity. For these types of areas, at this scale of
mapping, Omernik and Powers (1982) were only able to estimate the mean
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Figure 1. Mean annual hydrogen ion (H+) deposition in precipitation over the continental United
States, 1976-1979 (kg/ha).

Source: Wisniewski and Keitz 1982.
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annual alkalinity of most surface waters; many may reflect higher or
lower values.

Based on a review of the various acid sensitivity maps discussed
previously, several generally sensitive areas or regions are evident.
Many of the northeastern and southeastern states, along with northern
Michigan, Minnesota, and Wisconsin, appear to be somewhat sensitive.
Also, some of the higher elevation regions in the Rocky Mountains,
Sierra Nevada Mountains, and Cascade Mountains appear to be sensitive.
This does not imply that all the surface waters in these general areas
would become acidified if subjected to acid deposition, but only that a
greater percentage of lakes and streams in these areas would probably
become acidified in comparison to the surface waters of non-sensitive
regions receiving approximately the same annual load of acidic
deposition.

Based upon Figure 2, at least 27 states contain regions with
surface water alkalinity below 200O eq/l: Alabama, Arkansas,
California, Connecticut, Florida, Georgia, Louisiana, Maine,
Massachusetts, Minnesota, Mississippi, New Jersey, New York, North
Carolina, Oklahoma, New Hampshire, Oregon, Pennsylvania, Rhode Island,
South Carolina, Tennessee, Texas, Virginia, Washington, West Virginia,
Wisconsin, and Wyoming. Although hydrogen ion (H+) loading was not
factored into the development of Figure 2, data presented in Figure 1
suggest that 12 of the 27 states with regions of low surface water
alkalinity also are estimated to have an annual deposition of at least
0.5 kg/ha H+. From this information it may be concluded that
Connecticut, Maine, Massachussetts, New Hampshire, New Jersey, New York,
North Carolina, Pennsylvania, Rhode Island, Tennessee, Virginia, and
West Virginia are the states most prone to surface water acidification.

The data bases used in the development of H+ loading maps and acid
precipitation sensitivity maps are limited; therefore, the previously
stated conclusion should be considered only a preliminary analysis.
Furthermore, the total number of lakes and streams within a susceptible
region, and the types of fisheries associated with these waters also
must be considered prior to determining where future mitigation efforts
may be needed most.

In addition to the information inferred from existing sensitivity
maps, data were compiled from the available literature and from
communications with state, Federal, and private sector research
organizations in an attempt to identify and quantify (surface area
and/or stream kilometers) sensitive surface waters in the contiguous
United States. It is not too surprising, given the limited nature of
many of the data bases, that the quantified sensitive surface waters
(Table 2) do not exactly correspond, geographically, to the information
presented in sensitivity maps.
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Table 2. Areas of the United States reported to be sensitivea to acid deposition.

FLORIDA (FL)

KENTUCKY (KY)

MAINE (ME)

MASSACHUSETTS (MA)

MICHIGAN (MI)

MINNESOTA (MN)

NEW HAMPSHIRE (NH)

REPORTED
LOCATION

OF SENSITIVE AREA

WESTERN SLOPES OF SIERRA NEV-
ADA MOUNTAINS AT ELEVATIONS OF
1700 TO 3000 METERS.

ALPINE AND EASTERN SLOPES OF
SIERRA NEVADA MOUNTAINS AT ELE-
VATIONS GREATER THAN 3000 METERS

GALENA LAKE WATERSHED NEAR
CRESTED BUTTE ON WESTERN POR-
TION OF ROCKY MOUNTAINS

COMO CREEK WATERSHED ON EAST-
ERN SLOPE OF CENTRAL ROCKY
MOUNTAINS

CENTRAL HIGHLANDS IN NORTHERN
FLORIDA

MOST SURFACE WATERS ABOVE 610
METER ELEVATION

PONDS AND HEADWATER STREAMS
IN THE BERKSHIRE MOUNTAINS AND
MANY RESERVOIRS THROUGHOUT
THE STATE

WESTERN HALF OF THE UPPER PEN-
NINSULA OF MICHIGAN

NORTHEASTERN MN. ESPECIALLY THE

COUNTIES OF AITKIN. CASS. CARL-
TON. COOK, CROW WINO. ITASCA.
KANABEC. LAKE. MORRISON. PINE.
AND ST. LOUIS; AND BOUNDARY
WATERS CANOE AREA (BWCA)

ABOVE 610 METERS IN COOS COUNTY
AND GRAFTON COUNTY OF CENTRAL
AND NORTH CENTRAL NH; LONESOME
LAKE. BIG TRIO POND. AND LITTLE

80G POND

REPORTED KILOMETERS
REPORTED REPORTED OF SENSITIVE STREAMS

OR ESTIMATED REPORTED SURFACE OR ESTIMATED AND/OR SURFACE AREA
NUMBER OF AREA OF SENSITIVE NUMBER OF OF DRAINAGE BASIN

SENSITIVE LAKES LAKES (HECTARES) SENSITIVE STREAMS (HECTARES)

10

0

3

12b TO 38

6

30

21

12.141

4.000

2.445 TO 3.762

61

STATE

RONALD TOWNE (UNPUBLISHED
DATA) 1980

REFERENCES

TONNESSEN AND HARTE 1980; TON-
NESSEN 1982; TONNESSEN AND
HARTE 1982

MELACK et at. 1982

JOHN HARTE, LAWRENCE BERKELEY
LAB.. UNIV. OF CA. BERKELEY. CA;
PERS. COMM.

LEWIS AND GRANT 1980; LEWIS 1982

HAINES 1981a; NATIONAL WILDLIFE
FED. 1981

CRISMAN at at. 1980; FLORIDA DEPT.
OF ENVRON. REGULATION 1980

NATIONAL WILDUFE FED. 1981

HAINES 191sa: PFEIFFER 1982; MATT

SCOTT. MAINE DEPT. OF ENVIRON.
PROTECTION. AUGUSTA. ME. PERS.

COMM.

PFEIFFER 1982; ALAN VAN ARSDALE.
DEPT. OF ENVIRON. QUALITY. BOS-
TON. MA; PERS. COMM.

GLASS t at. 1979

THORNTON Sat ".1982

CALIFORNIA (CA)

COLORADO (CO)

CONNECTICUT (CT)



Table 2 (concluded). Areas of the United States reported to be sensitivea to acid deposition.

REPORTED KILOMETERS
REPORTED REPORTED REPORTED SURFACE REPORTED OF SENSITIVE STREAMS

STATE LOCATION OR ESTIMATED AREA OF SENSITIVE OR ESTIMATED AND/OR SURFACE AREA REFERENCES
OF SENSITIVE AREA SESINUMBEROFLAES LAKES (HECTARES) SE NUMBER OF TEAMS OF DRAINAGE BASIN

(HECTARES)

NEW JERSEY INJI PINELANDS REGION IN SOUTHERN NJ; B 13 - JOHNSON 1979; RON HARKOV. NJ

NEW YORK (NY)

NORTH CAROLINA (NC)/
TENNESSEE ITN)

OREGON (OR)

PENNSYLVANIA (PA)

-- RHODE ISLAND (RI)

SOUTH CAROLINA (SC)

VIRGINIA (VA)

VERMONT (VI)

WASHINGTON (WA)

WEST VIRGINIA (WV)

WISCONSIN (WI)

PORTIONS OF NORTH CENTRAL AND
NORTHWESTERN NJ

ADIRONDACK MOUNTAINS REGION
AND CATSKILL MOUNTAINS REGION

GREAT SMOKY MOUNTAINS
NATIONAL PARK REGION; HUSKY
BRANCH CREEK AND CAMEL HUMP
CREEK

ALLEGHENY PLATEAU AND POCONO
MOUNTAINS REGIONS OF PA; DEEP
LAKE IN MONROE COUNTY AND
LACAWAC LAKE IN WAYNE CO.

317 27.806

24.7

10327

SHENANDOAH NATIONAL PARK AREA
OF THE BLUE RIDGE MOUNTAINS;
ESPECIALLY WESTERN SLOPE REGION

SOUTHERN GREEN MOUNTAINS AT
ELEVATIONS GREATER THAN 610
METERS; EXTREME NORTHEASTERN
PORTION OF STATE; GROTON STATE
FOREST

CASCADE MOUNTAINS AND OLYMPIC
MOUNTAINS REGIONS. WITH THE
FORMER BEING THE MOST SENSITIVE
(ESPECIALLY ELEVATIONS ABOVE 760
METERS)

CREST OF CASCADE MOUNTAINS AT
ELEVATIONS GENERALLY GREATER
THAN 3000 METERS

SUMMIT LAKE. SPRUCE KNOB LAKE.
OTTER CREEK. AND CRANBERRY

RIVER AREAS

NORTHERN HALF OF WI FROM WAU-
PACA COUNTY NORTH TO IRON
COUNTY

36

34

29

35

30

30% OF lt. 2nd AND 3rd
ORDER TROUT STREAMS

26

663 km; 344 he

3.2 km

1124

19 so 539 km; 637 ha

2.600 TO 2,700

DEPT. OF ENVIRON. PROTECT.; TREN-
TON. NJ; PERS. COMM.

COLOUHOUN at al. 1981; GLASS at a1.
1932; MARTIN PFEIFFER. NY STATE
DEPT. OF ENVIRON. CONSERV.. RAY
BROOK. NY; PERS. COMM.; PFEIFFER

1982

MATHEWS AND LARSON 1980;
HENDRY tal. 1980a

PFEIFFER 1982

ARNOLD 1980; ARNOLD 1931s;
PATRICIA BRADT. DEPT OF BIOL.,
LEHIGH UNIV.. BETHLEHEM. PA; PERS.

COMM.: GLASS at aI. 192; FRED

JOHNSON. PA FISH COMMISSION.

HARRISBURG. PA; PERS. COMM.

RICHARD GUTHRIE (UNPUBLISHED

DATA) 1982; PFEIFFER 1982

NATIONAL WILDLIFE FED. 1981

GLASS at al. 1982

VERMONT DEPT. OF WATER RESOUR-
CES 1980; KOOIKER 1980; WALLACE
McLEAN. AGENCY OF ENVIRON.
CONSER. (MEMORANDUM) 1982

EUGENE WELCH. DEPT. OF CIVIL ENG..
UNIV. OF WA. SEATTLE. WA; PERS.

COMM.; WELCH 1982 IN PRESS

LOGAN at al. 1982

RAYMOND MENENDEZ. WV DEPT. OF
NAT. RESOURCES. ELKINS, WV; PERS.
COMM.; PFEIFFER 1982

BUSH 1980; GLASS 1980; WEISENSEL
1980

'SENSITIVE AREAS ARE BROADLY DEFINED AS HAVNG SURFACE WATERS WITH A pH<S IPFEIFFER AND FESTA 1980 AND/OR TOTAL ALKALINITIES OF< 200 pEG/1 IU.S.-CANADA MO WORKING GROUP 191).

bTRAIL RIDGE AREA.

NO QUANTIFIABLE INFORMATION.



For the purpose of generating Table 2, the following criteria were
used to classify sensitive areas: 1) surface waters with a pH less than
or approximately equal to 6 (Pfeiffer and Festa 1980); and/or 2) total
alkalinities less than or approximately equal to 200 eq/1 (U.S.-Canada
Memorandum of Intent Working Group I 1981). The greatest numbers of
sensitive lakes were reported from Michigan, Minnesota, and Wisconsin.
Actual numbers of lakes or streams reported to be sensitive in many of
the states were based on the water quality analysis of only a small
percentage of the total surface waters in each particular region.
Limited funding and the remoteness of many potentially sensitive waters
prevented the completion of more comprehensive surveys of existing
surface waters; therefore, the actual number of sensitive lakes and
streams is unknown, and potentially could be much higher than reported
in Table 2.

Recently, however, several newly initiated investigations are being
conducted to identify and quantify acid sensitive surfaces waters and
affected fisheries. In New England, New Hampshire researchers are
attempting to investigate high elevation lakes in order to compare them
to the sensitive and affected Adirondack Mountains lakes of New York
State (Ronald Towne, Water Supply and Pollution Control Commission,
Concord, NH; pers. comm.). Vermont researchers recently have begun a
10-year study to document fisheries affected by acidic deposition
(Kooiker 1980; Vermont Dept. of Water Resources 1980); and they should
have their first data available by the fall of 1982. Also, Terry Haines
(U.S. Fish and Wildlife Service, Columbia National Fisheries Research
Laboratory, University of Maine, Orono, ME; pers. comm.) is producing
new distribution maps of sensitive regions in New England based on
soils, bedrock geology, and surveys of 220 undisturbed headwater lakes
and streams.

Similar new studies also are being conducted in other parts of the
east and midwest. Dean Arnold (Pennsylvania Cooperative Fishery
Research Unit, University Park, PA; pers. comm.) is developing new
distribution maps of sensitive regions in the mid-Atlantic states. New
York State investigators currently are updating the number and surface
acreage of acid-critical and acid-endangered lakes and streams (Martin
Pfeiffer, NY State Dept. of Environmental Conservation, Ray Brook, NY;
pers. comm.). The first year of a 3-year study to investigate several
sensitive lakes in the Pocono Mountains of Pennsylvania is currently in
progress (Patricia Bradt, Lehigh University, Dept. of Biology,
Bethlehem, PA; pers. comm.). Researchers from Minnesota's Pollution
Control Agency and Department of Natural Resources are in the second
year of a long-term study to assess acid-affected fisheries of that
state (Steven Heiskary, Minnesota Pollution Control Agency, Roseville,
MN; pers. comm.). Also, Gary Glass (U.S. EPA Environ. Res. Lab.,
Duluth, MN; pers. comm.) has indicated that EPA's Duluth Laboratory is
conducting a quantification of acid-susceptible lakes in Michigan,
Minnesota, and Wisconsin (the latter should be completed by the end of
1982).
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In the western states, research is continuing on the watershed
sensitivity of the Rocky Mountains of Colorado (John Harte, Lawrence
Berkeley Lab., Berkeley, CA; pers. comm.; Lewis 1982), and the Sierra
Nevada Mountains of California (Melack et al. 1982; Tonnessen 1982;
Tonnessen and Harte 1982). Similarly, studies of the sensitivity of
lakes in the Cascade Mountains of Washington are being performed (Logan
et al. 1982; Welch 1982).

2.3 REGIONS POTENTIALLY AFFECTED BY ACID DEPOSITION

Not only are many regions of the contiguous U.S. susceptible to
acidic deposition, but it is possible that some areas may be currently
experiencing adverse effects from acidific atmospheric pollutants. Such
potentially affected regions are defined as areas with surface waters in
which there have been reported declines in alkalinity and concurrent
declines in fish populations. All areas reported to have been
potentially affected are east of the Mississippi River, with the
predominant number of potentially affected states being in the
northeastern U.S. Specific details on the location of potentially
affected lakes and streams, including quantification (hectares and/or
stream kilometers), whenever possible, are presented in Table 3. To
date, adverse effects on fisheries have been reported by ten states:
Maine, Massachusetts, New Hampshire, New Jersey, New York, North
Carolina, Pennsylvania, Rhode Island, Tennessee, and West Virginia. New
Jersey and New York appear to be two of the more widely affected
states. Much of the reported affected area of New Jersey is comprised
of the low-elevation, dystrophic ecosystems of the Pine Barrens, while
most of the affected lakes and streams of New York are high-elevation
oligotrophic systems.

2.4 REGIONS AFFECTED BY ACID MINE DRAINAGE

Several states that are reported to be sensitive and/or affected by
atmospheric acid deposition are affected by acid mine drainage (AMD).
Streams seriously polluted by AMD are predominantly in Appalachia and
the Ohio River basin where the majority of eastern coal deposits are
located (Figure 3). An estimated 16,900 kilometers of streams have been
affected, primarily in Pennsylvania, West Virginia, Ohio, Kentucky, and
Tennessee (Council on Environmental Quality 1981). Similarly, over 5666
hectares of impoundments have been deleteriously affected by AMD in
Kentucky, Maryland, Ohio, Pennsylvania, Tennessee, Virginia, and West
Virginia (Kinney 1964). Western coal mining regions (e.g., Colorado,
Wyoming, and Montana) also are affected by AMD, but to a much lesser
extent because of the more arid conditions existing in these states.

Fishery managers planning to lime acidified surface waters in
regions potentially affected by both acid deposition (Figure 2 and Table
3) and AMD (Figure 3) should attempt to determine the source of their
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Table 3. Areas of the United States having surface waters reported to be affecteda by acid
deposition.

REPORTED REPORTED REPORTED SURFACE REPORTED REPORTED KILOMETERS
STATE LOCATION NUMBER OF AREA OF AFFECTED NUMBER OF OF AFFECTED STREAMS REFERENCES

OF AFFECTED AREA AFFECTED LAKES LAKES (HECTARES) AFFECTED STREAMS DRAINAGE BASIN (HECTARES)

MAINE (ME) SURFACE WATERS ABOVE 610 METER
ELEVATION

MASSACHUSETTS (MA) CAPE COD; RUTH POND NEAR
BREWSTER. MA

NEW HAMPSHIRE (NH) ABOVE 610 METERS IN GRAFTON
COUNTY OF NORTH CENTRAL NH;
LOON POND

NEW JERSEY (NJ) PINE BARREN REGION; McDONALDS
BRANCH AND OYSTER CREEK;
NORTHCENTRAL AND NORTHWEST-
ERN NJ

NEW YORK (NY) ADIRONDACK MOUNTAINS REGION

NORTH CAROLINA (NC)/ GREAT SMOKY MOUNTAINS; RAVEN
TENNESSEE (TN) FORK CREEK

PENNSYLVANIA (PA) ALLEGHANY PLATEAU AND POCONO
MOUNTAINS REGIONS OF PA

RHODE ISLAND (RI)

WEST VIRGINIA (WV)

5 Is

s.7

2520 he

3156

24

WALLUM LAKE; BURLINGAME PIKE
REARING MARSH

SUMMIT LAKE. OTTER CREEK. AND
CRANBERRY RIVER AREAS

2S 241 km; 121he

^|24 1ST AND 2ND
ORDER STREAMS

6 22.5 km; 21 he

PFEIFFER 1982; SCOTT. PERS. COMM.

VAN ARSDALE. PERS. COMM.

RONALD TOWNE (UNPUBUSHED
DATA) 1980

JOHNSON 1979; HARKOV. PERS.
COMM.

PFEIFFER. PERS. COMM.; PFEIFFER
1362.

HARVEY OLEM, TENNESSEE VALLEY
AUTHORITY; CHATTANOOGA. TN;
PERS. COMM.

ARNOLD 1980; ARNOLD 1981m; GLASS

it aI. 1982; JOHNSON. PERS. COMM.;
PFEIFFER 1962

RICHARD GUTHRIE (UNPUBLISHED
DATA) 19S2; GUTHRIE. PERS. COMM.

MATHEWS AND LARSON 1980;
MENENDEZ, PERS. COMM.; PFEIFFER
182

AFFECTED AREAS ARE DEFINED AS HAVING SURFACE WATERS IN WHICH THERE HAS BEEN A REPORTED DECUNE IN ALKAUNITY AND CONCURRENT DECLINE IN FISH POPULATIONS
RESULTNG FROM ACID DEPOSITION.

bDECLINE IN FISHERIES NOT REPORTED: HOWEVER. pH OF BOTH STREAMS < 4; THEREFORE. ASSUMED THAT FISHERIES HAVE SEEN ADVERSELY AFFECTED.

NO QUANTIFIABLE INFORMATION.
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Figure 3. Streams east of the Mississippi River affected
by acid mine drainage, 1970s.

Source: Council on Environmental Quality 1981.
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acid pollution problem, if possible. Knowing the cause of acidic
pollution (acid deposition, AMD, or combination of both) will aid
fishery managers in assessing whether a liming project should be
attempted and, if so, in determining the dosage, application technique,
and timing and frequency of application of liming materials.

2.5 AFFECTED AND SUSCEPTIBLE FISHERIES

Numerous scientific articles in the past 5 years have documented
the decline or extinction of fish populations as a result of acid
deposition in vast areas of Scandinavia and eastern portions of
Canada. In the U.S., however, fewer fisheries have been reportedly
affected, to date, by acid deposition. A list of affected fisheries
along with other susceptible fish populations are presented in Table 4
and 5, respectively. Affected and sensitive fishes are predominantly
cold water salmonids. Although brook trout are among the most acid
tolerant salmonids, they are the most frequently reported affected and
sensitive species. This is undoubtedly due to their widespread
geographic distribution in high elevation lakes and streams, which by
previous definition are particularly sensitive to acid inputs.
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Table 4. Fisheries reported to have been affecteda by acid deposition
in various regions of the United States.

FAMILY AND SPECIES

SALMONIDAE
BROOK TROUT (SALVELINUS
FONTINALIS)

LAKE TROUT (SALVELINUS
NAMAYCUSH)

RAINBOW TROUT (SALMO
GAIRONERI)

LAKE WHITEFISH (CORE-
GONUS CLUPEAFO MI )

CENTRARCHIDAE
SMALLMOUTH BASS (MICRO-
PTERUS DOLOMIEUI)

CATOSTOMIDAE
WHITE SUCKER (CATOSTOMUS
COMMERSONI)

ICTALURIDAE
BROWN BULLHEAD (ICTALURUS
NEBULOSUS)

STATE

MAINE. NEW
HAMPSHIRE. NEW
YORKb, NORTH
CAROLINA/TEN-
NESSEE, PENNSYL-
VANIA, WEST VIR-
GINIA

NEW YORK

NORTH CAROLINA/
TENNESSEE

NEW YORK

NEW YORK

NEW YORK

NEW YORK

REFERENCES

SCOTT, PERS. COMM.;
TOWNE (UNPUBLISHED DATA)
1980; PFEIFFER AND FESTA
1980; ARNOLD 1980; JOHN-
SON. PERS. COMM.; OLEM,
PERS. COMM.; MATHEWS AND
LARSON 1980; MENENDEZ.
PERS. COMM.

THORNTON at al. 1982

OLEM. PERS. COMM.

PFEIFFER AND FESTA 1980

PFEIFFER AND FESTA 1980

THORNTON at al. 1982

THORNTON at al. 1982

'AFFECTED DEFINED AS FISHERIES WHICH HAVE HAD A POPULATION DECLINE.
b 1 8 0 POND DEVOID OF BROOK TROUT (2886 ha).

C3 LAKES DEVOID OF SMALLMOUTH BASS (2969 ha).
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Table 5. Fisheries reported to be sensitive to acid
deposition in various regions of the United States.

STATEFAMILY AND SPECIES

SALMONIDAE
BROOK TROUT (SALVELINUS
FONTINAUS)

LAKE TROUT (SALVELINUS
NAMAYCUS4)

RAINBOW TROUT (SALMO
GAIRDNERI)

LAKE WHITEFISH (COREGONUS
CLUPEAFORMIS)
BROWN TROUT (SALMO TRUTTA)

CHINOOK SALMON
(ONCORHYNCHUS

COHO SALMON (ONCOR-
HYNCHUS KISUTOH)

CUTTHROAT TROUT (SALMO
CLARK))
KOKANEE (ONCORHYNCHUS
NERKA)

ESOCIDAE
NORTHERN PIKE (ESOX
LUCIUS)

CENTRARCHIDAS
SMALLMOUTH BASS (MICRO-
PTERUS DOLOMIEUI)

LARGEMOUTH BASS (MICRO-
PTERUS SALMOIDES)

ROCK BASS (AMBLOPL TES
RUPESTRIS)

SUNFISH (UNIDENTIFIED)
ICTALURIDAE

BROWN BULLHEAD (ICTA-
LURUS NEBULOSUS)

GADIDAE
BURBOT (LOTA LOTA)

CATOSTOMIOAE
WHITE SUCKER (CATOS-
TOMUS COMMENW)

PERCIOAE
WALLEYE (STiZOSTEDION
V. VITREU )

YELLOW PERCH IPERCA
FLAVESCENS)

CYPRINIDAE
BLACKNOSE DACE (RMINI-
CHTIYS ATRATULUTI

CREEK CHUB iSEMOTILUS
ATROMACULATU )
CYPRINIOS (UNIDENTIFIED)

COTTIDAE
SLIMY SCULPIN (COTTUS
COGNATUS)

REFERENCES

GEORGIA. MAINE.
NEW HAMPSHIRE.
NEW JERSEY. NEW
YORK. OREGON.
PENNSYLVANIA.
NORTH CAROLINA/
TENNESSEE. WEST
VIRGINIA. AND
WISCONSIN
MASSACHUSETTS.
MINNESOTA. NEW
YORK
MASSACHUSETTS.
MINNESOTA. NEW
JERSEY. NORTH
CAROLINA/TEN-
NESSEE. OREGON.
PENNSYLVANIA.
RHODE ISLAND
NEW YORK

NEW JERSEY.
PENNSYLVANIA.
WEST VIRGINIA

OREGON

OREGON

OREGON

OREGON

MINNESOTA

GEORGIA. MASSA-
CHUSSETTS.
MINNESOTA. NEW
JERSEY. NEW YORK.
PENNSYLVANIA.
WISCONSIN

NEW JERSEY

MINNESOTA

MINNESOTA

MASSACHUSETTS.
MINNESOTA. NEW
YORK

MINNESOTA

MINNESOTA. NEW YORK

GEORGIA. MINNE-
SOTA. NEW YORK.
WISCONSIN
WISCONSIN

WEST VIRGINIA

WEST VIRGINIA

WISCONSIN

WEST VIRGINIA
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ARNOLD 1980; JOHNSON. PERS.
COMM.; MATHEWS AND LARSON
1980; MENENDEZ. PERS. COMM.;
PFEIFFER AND FESTA 1980;
PFEIFFER 1982; SCOTT. PERS.
COMM.; TOWNE (UNPUBLISHED
DATA) 1980

PFEIFFER 1982; THORNTON at al.
1982

OLEM. PERS. COMM.. PFEIFFER
1982; THORNTON at al. 1982

PFEIFFER AND FESTA 1980

PFEIFFER 1982

PFEIFFER 1962

PFEIFFER 1982

PFEIFFER 1982

PFEIFFER 1982

THORNTON at al. 1982

PFEIFFER 1962; PFEIFFER
AND FESTA 1960; THORNTON
6t al. 182

PFEIFFER 1982

THORNTON t al. 1982

THORNTON at al. 1982

PFEIFFER 1982; THORNTON
at al. 1982

THORNTON 0t al. 182

THORNTON at al. 1982

PFEIFFER 1982; THORNTON
t al. 1982

PFEIFFER 1982

PFEIFFER 1982

PFEIFFER 1982

PFEIFFER 1982

PFEIFFER 1962



3.0 OVERVIEW OF THE EFFECTS OF ACIDIFICATION ON FISH

The loss of fish from seemingly pristine, oligotrophic waters is
perhaps the most dramatic effect of acidic deposition. Probably the
earliest record of the effect of acid deposition was a noted decline in
Atlantic salmon populations in southern Norway in the late 1940s
(Rosseland 1950). Since then additional declines in inland fisheries
have been reported from districts experiencing acid deposition in Norway
(Jensen and Snekvik 1972; Wright et al. 1976; Wright and Snekvik 1978;
Muniz and Leivestad 1980a), Sweden (Almer et al. 1974; Dickson 1975),
Canada (Beamish 1974; Beamish 1975; Beamish et al. 1975; Beamish 1976;
Farmer et al. 1980; Harvey 1980; Watt 1980; Spry et al. 1981), and the
United States (Schofield 1976; Haines and Schofield 1980; Mathews and
Larson 1980; Pfieffer and Festa 1980; Pfieffer 1982; Thorton et al.
1982). Both episodic and long-term pH reductions have been reported to
affect fish populations adversely (Beamish et al. 1975; Schofield
1977). Various biological effects at the individual, population, and
community level have been reported (Table 6). The apparent pH ranges in
which various fish populations have ceased reproduction, declined, or
disappeared are listed in Table 7.

Acute mortalities of adult fish are rarely observed in nature;
however, acute mortalities during episodic events of acidic
precipitation, such as those associated with individual storms and
spring snowmelt, may be more common than has been reported (Haines and
Schofield 1980). Fish mortalities, caused by sudden reductions in pH
from episodic events, also can occur at significantly higher values of
pH than are usually associated with mortalities from exposure to gradual
pH reductions (Haines and Schofield 1980).

Many researchers agree that recruitment failure is the principal
cause for the gradual disappearance of fish populations from acidified
surface waters. Missing yearclasses (especially the very young classes,
and occasionally the older classes) are easily recognized symptoms of
recruitment failure in acidified aquatic ecosystems (Muniz and Leivestad
1980a). Laboratory studies have confirmed that the production of viable
eggs, egg hatchability, and fry mortality are often the biological
parameters most sensitive to low pH (Haines and Schofield 1980; Tollan
1980).

Numerous studies, both in Scandinavia and North America, have
confirmed that water from lakes and streams seriously affected by acid
deposition is more toxic to fish than dilute solutions of sulfuric acid
and tap water, at the same pH (Daye and Garside 1975; Muniz and
Leivestad 1980a; Rosseland 1980). Furthermore, mortality has been
frequently reported in both the laboratory and in the field at pH values
where the hydrogen ions themselves represent no physiological stress to
fish (Schofield 1976; Muniz and Leivestad 1980a). These studies
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Table 6. List of reported effects of acidification on freshwater fish.

Popul ations

Acute mortality

Ionic balance stress

rates

Reduced blood pH

Suffocation or anoxia

Gill damage

Spinal deformation

Histological changes

Disrupted calcium metabolism

Trace element bioconcentration

Reduced growth rate

Altered feeding behavior

Decreased resistance to

environmental stress

Disrupted reproductive behavior

Failure to reach spawning condition

Delayed or reduced spawning

Delayed egg hatching

Reduced egg viability

Reduced survival of life stages

Altered density

Altered birth rate and death

Altered age structure

Extinction

Communities

Reduced population abundance
Reduced species diversity

Diminished autotrophic and

heterotrophic production

Reduced biomass

Species replacements

Species eliminations
Altered inter- and intra-

specific relations

Source: Peterson and Adler 1982.
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Table 7. Species of fish that ceased reproduction, declined, or
disappeared from natural populations as a result of acidification from
acidic precipitation and the apparent pH at which this disappearance
occurred.

Family and species

Apparent pH at which population
ceased reproduction, declined,
or disappeared (reference)a

Salmonidae

Lake trout (Salvelinus namaycush)
6.9 (3)

Brook trout (Salvelinus fontinalis)
Aurora trout (Salvelinus fontinalis

timagamiensis)
Arctic char (Salvelinus alpinus)
Rainbow trout (Salmo gairdni)i
Brown trout (Salmo trutta)
Atlantic salmon (Salmo salar)
Lake herring (Coregonus artedii)
Lake whitefish (Coregonus
clupeaformis)

5.2-5.5 (1); 5.2-5.8 (2); 4.4-

4.5-4.8 (4); 5 (5)
5.0-5.5 (6)

5 (7)
5.5-6.0
5.0 (4);
5.0-5.5
4.5-4.7
4.4 (3)

(4)
5.0-5.5 (8);

(4)
(1); 4.7 (2)

4.5-5.5 (9)

; 4.4 (3)

Esocidae

Northern pike (Esox lucius) 4.7-5.2 (2); 4.2-5.0 (3)

Cyprinidae

Fathead minnow (Pimephales
rromelas)

Golden shiner (Notemigonous
crysoleucas)

Common shiner (Notropis cornutus)
Lake chub (Couesius plumbeus
Bluntnose minnow (Pimephales notatus)

5.8-6.0 (10)

4.8-5.2 (3)

5.7 (3)
4.5-4.7
5.7-6.0

(1)
(3)

Catostomi dae

White sucker (Catostomus commersoni)
5.3 (10)

Ictaluridae

Brown bullhead (Ictalurus nebulosus)

4.7-5.2 (1,2); 4.2-5.0 (3);

4.5-5.2 (1,2); 4.6-5.0 (3)
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Table 7 (concluded). Species of fish that ceased reproduction, declined,
or disappeared from natural populations as a result of acidification from
acidic precipitation, and the apparent pH at which this disappearance
occurred.

Family and species

Apparent pH at which population
ceased reproduction, declined,
or disappeared (reference)a

Percopisdae

Trout-perch (Percopsis omiscomaycus) 5.2-5.5 (1)

Gadi dae

Burbot (Lota lota) 5.5-6.0 (1); 5.2-5.8 (2)

Centrarchi dae

Smallmouth bass (Micropterus dolomieui)5.5-6.0
4.4-5.0

Largemouth bass (Micropterus salmoides)4.4-5.2
Rock bass (Ambloplites rupestris) 4.7-5.2
Pumpkinseed (Lepomis gibbosus) 4.7-5.2
Bluegill (Lepomismacrochirus) 4.4 (3)

(1); 5.5 (2);
(3)
(3)
(1,2); 4.2-5.0
(1); 4.2 (3)

5.8 (11);

(3)

Perci dae

Johnny darter (Etheostoma nigrum)
Iowa darter (Etheostoma exile)
Walleye (Stizostedion v. vitreum)
Yellow perch (Perca flavescens)

Cottidae

Slimy sculpin (Cottus cognatus)

5.0-5.9
4.8-5.9
5.5-6.0
4.5-4.8
(3)

(3)
(3)
(1);
(1);

5.2-5.8 (2)
4.7 (2); 4.2-4.4

5.3-5.8 (10)

aReferences (1) Beamish 1976; (2) Beamish et al. 1975; (3) Harvey 1980; (4)
Grande et al. 1978; (5) Schofield 1976; (6) Anonymous 1978; (7) Almer et al.
1974; (8) Jensen and Snekvik 1972; (9) Wright and Snekvik 1978; (10) Mills
1982; (11) Pfeiffer and Festa 1980.

Source: Adapted from Haines 1981b.
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strongly suggest that some other factor, in addition to hydrogen ion
concentrations, is an important determinant of fish survival in
acidified waters.

Surveys of water chemistry from affected lakes and streams have
demonstrated high correlations between pH and aqueous aluminum
concentrations (Muniz and Leivestad 1980a). Some forms of aluminum are
known to be quite toxic to fish; and aluminum is readily dissolved and
leached from the soil of most watersheds receiving acidic
precipitation. It is now widely accepted that, in acidified waters,
aluminum is a critical element for fish mortality; moreover, it may be
more important than the direct effects of low pH (Haines and Schofield
1980; Tollan 1980).

The most toxic forms of aluminum are the labile (inorganic)
monomeric aluminum species. These toxic inorganic forms often dominate
during spring snowmelts when hydrogen ion concentrations are
increasing. Organically chelated aluminum apparently is not toxic
(Driscoll et al. 1980).

The biota in clear water and in dystrophic lakes, with similar pH-
regimes, often behave quite differently in response to acidification.
This difference may reflect, in part, the greater ability of the humic
substances in dystrophic systems to chelate and, hence, detoxify
aluminum (Muniz and Leivestad 1980a). Since natural freshwaters contain
a variety of complexing agents for aluminum, it is not suprising that
the relationships between total aluminum concentrations and fish
mortality vary considerably among different aquatic ecosystems (Muniz
and Leivestad 1980b).

The maximum toxic response to aluminum occurs around pH 5.2 to 5.4
(Baker 1981; Baker and Schofield 1981). Above pH 6.0, there are no
significant adverse effects; and below pH 4.5, aluminum has been
reported to ameliorate the effects of hydrogen ion stress on fish eggs
(Baker and Schofield 1980). The toxic action of aluminum on fish
appears to be the combined effects of impaired ion exchange and
respiratory distress caused by mucus clogging of the gills (Muniz and
Leivestad 1980a).

Because aluminum is frequently present in elevated concentrations
in acidified surface waters, and because the effects ol aluminum
generally cannot be distinguished from those of low pH , it is probably
not useful to discuss aluminum toxicity and pH stress separately.

1There are some studies that suggest that sensitivity to elevated
aluminum concentrations increases with increasing age of fish, whereas
sensitivity to low pH is generally agreed to decrease with increasing
age (Baker and Schofield 1981).
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Other potentially toxic metals (e.g., copper, iron, lead,
manganese, mercury, nickel, and zinc) also may become more biologically
available under acidic conditions (Daye 1980; Haines 1981b; Spry et al.
1981); but, with the exception of iron, these are not as ubiquitous as
aluminum in watershed soils and sediments. Mortalities associated with
metals and hydrogen ion concentrations generally occur at higher pH
values in water of low ionic content, than in water of greater hardness
(Spry et al. 1981).

Given the complex interactions among watershed soils, water
chemistry, precipitation chemistry, and the variability in sensitivity
of different life stages of fish, as well as known genetic variations in
the sensitivity of fish populations (Gjedrem 1980), it is not surprising
that the exact relationship between total aluminum (or pH) and the
disappearance of fish species remains somewhat ambiguous.

The following sections contain brief descriptions of the most
significant direct and indirect effects of acidic deposition on fish.
For more detailed information, the reader should refer to some of the
recent comprehensive reviews on the subject, including: Alabaster and
Lloyd 1980; Drablos and Tollan 1980; Fritz 1980; Fromm 1980; Haines
1981b; Sochasky 1981; Spry et al. 1981; Peterson and Adler 1982; Potter
1982; and Potter and Chang 1982.

3.1 DIRECT EFFECTS OF ACIDIFICATION ON FISH

The most important direct effects of acidification on fish appear
to be associated with acute mortality, reproductive failure, and
avoidance movements. Skeletal deformities, reduced growth, and other
chronic effects also have been reported.

3.1.1 Acute Mortality

The failure to regulate body salt content is believed to be the
primary cause of acute mortality in adult fish, in most acidified
aquatic ecosystems. Specifically, exposure to water of low pH increases
the permeability of gill membranes resulting in a lethal loss of sodium
and other ions from the blood (Haines and Schofield 1980). This
situation also occurs in response to elevated aluminum concentrations
(Muniz and Leivestad 1980b). Exposure to low pH and toxic metals also
causes excessive mucous secretion from the gill, thus reducing the rate
of oxygen transfer and causing respiratory distress (Muniz and Leivestad
1980a).
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3.1.2 Reproductive Failure

Aside from a few observations of massive fish kills affecting all
yearclasses, recruitment failure has been commonly regarded as the major
cause of fish population extinction in acidified waters. Recruitment of
young fish in their founding populations can be prevented by
toxicological mechanisms acting on one or more stages of fish
development (Daye 1981). For example, waters of low pH have been
reported to promote 1) failure of gametes to develop or function
properly, 2) failure of fertilized eggs to develop or hatch, and 3)
hatching of larvae that are deformed (see Figures 4 and 5) or otherwise
unfit (Haines and Schofield 1980). There is generally good agreement
between laboratory experiments (Table 8) and field studies (previously
listed in Table 7) regarding the pH at which reproductive failure occurs
(Haines 1981b).

Fritz (1980) has hypothesized that some population declines may be
related to the inhibition of spawning behavior (due to pH-induced
histological changes that affect courtship behavior), or the inability
of adult fish to locate spawning sites (due to effects on visual
perception or olfactory tissues).

3.1.3 Avoidance Behavior

Spatial differences in water quality have marked effects on
salmonids, and stream acidification is known to provoke avoidance
behavior in some fishes. Furthermore, it has been suggested that the
variability observed in fish population responses to lake acidity may be
partially accounted for by the lack, or existence, of localized areas of
higher pH (Muniz and Leivestad 1980a). Figure 6 illustrates fish
habitat selection in response to pH reductions.

3.1.4 Growth Rates

Both increases and decreases in growth rates have been documented
for different surviving fish populations in acidified surface waters
(Almer et al. 1974; Beamish et al. 1975; Ryan and Harvey 1977). Whether
the effects on growth rate are direct (e.g., related to metabolic
changes due to acid stress) or indirect (e.g., related to changes in
predator-prey relationships) is unknown.

3.1.5 Other Chronic Effects

In addition to acute mortality, chronic mortalities of adult fish
have been reported for some exposures to low pH for long periods of
time. Selective mortality of older adult white suckers, brown trout,
and European perch have been recorded in some acidic lakes (Beamish
1974; Rosseland et al. 1980). Because these fish died after spawning,
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Figure 4. Acid-affected Atlantic salmon alevin with head and yolk
sac encapsulated in its egg capsule (photo by Peter G. Daye, Daye
Atlantic Salmon Corporation, Armdale, Nova Scotia).

Figure 5. Dead Atlantic salmon alevin with excessive mucous secretions
epithelial sloughing, absence of pigmentation, and ruptured yolk sac
caused by acid stress (photo by Peter G. Daye, Daye Atlantic Salmon
Corporation, Armdale, Nova Scotia).
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Table 8. Reduced pH levels found in laboratory experiments to cause
various adverse effects on several fish species (duration of exposure
varied from 4 days to full life cycles).

Reduced Reduced Increased Increased
viable egg embryo fry

Family and species eggs hatchability mortality mortality

Salmonidae
Brook trout
(Salvelinus fontinalis)
Rainbow trout
(Salmo gairdneri)
Brown trout
(Salmo trutta)
Atlantic salmon
(Salmo salar)

5. 0 (1)a 6.5(1)
5.6(10)

4.0(2)

4.0(2)
4.0-5.5(13)

4.5(8) 6.1(1)
3.5(14)

5.5(9) 4.1(9)
4.3(15) 4.8(16)
5.0(8)

3.6(4) 4.0(4)
3.9(5) 4.3(5)
5.0(8) 4.3(15)
3.4-4.4(15)

Esocidae
Northern pike
(Esox lucius)

Cyprinidae
Roach
(Leuciscus rutilus)
Fathead minnow
(Pimephales promelas)

Catostomidae
White sucker
(Catostomus commersoni)

Percidae
European perch
(Perca fluviatilis)

5.0(7)

5.6(6)

6.6(12) 5.9(12)

4.5(11)

5.6(6)

aReferences:

(1) Menendez 1976; (2) Carrick 1979; (3) Beamish 1972; (4) Daye and
Garside 1977; (5) Daye and Garside 1979; (6) Johansson and Milbrink
1976; (7) Johansson and Kihlstrom 1975; (8) Johansson et al. 1977;
(9) Kwain 1975; (10) Trojnar 1977b; (11) Trojnar 1977a; (12) Mount
1973; (13) Peterson et al. 1980; (14) Daye and Garside 1975; (15)
Daye 1980; (16) Edwards and Hjeldnes 1977.

Source: Adapted from Haines and Schofield 1980.
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Figure 6. Fish habitat selection in response to freshwater acidification.

Source: Muniz and Leivestad 1980a.
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it has been suggested that the additional stress associated with
spawning may have been responsible (Haines 1981b). Daye and Garside
(1980) and Daye (1981) have reported that long-term exposures to low pH
may cause changes in the heart muscles, brain, eyes, and epithelium of
the nares. The incidence of skeletal deformities in white suckers has
been reported to increase with decreasing pH values in George Lake,
Ontario, over a 6-year period (Beamish et al. 1975).

3.2 INDIRECT EFFECTS

Exposure to sublethal reductions in pH also may cause increased
fish mortality and population decline; however, unequivocal data
supporting this hypothesis do not currently exist. Possible indirect
effects include decreased resistance to diseases, habitat degradation,
changes in predator-prey relationships, increased bioavailability of
toxic substances, and synergistic and additive effects of environmental
stresses concommitant with sublethal physiologic impairment.

3.2.1 Disease

It has been suggested that exposure to reduced pH levels can
destroy the protective epithelial cells of fish, thereby reducing
resistance to disease. Although hypersensitivity to bacterial
infections has been reported by aquaculturists, no controlled laboratory
studies exist to support this effect (Fritz 1980).

3.2.2 Habitat Degradation

Acidic conditions have been reported to enhance the growth of
periphyton communities and mosses such as Sphagnum. Furthermore,
increased fungal growth and accumulation of organic detritus have been
reported to alter the bottoms of acidified lakes and streams.
Alterations in bottom substrates and macrophyte communities change the
physical habitat. It is conceivable that such changes could affect fish
populations significantly (Fritz 1980).

3.2.3 Changes In Predator-prey Relationships

Acidification can affect all trophic levels; and, a perturbation to
any trophic level can disrupt food chains--ultimately altering the num-
bers and/or diversity of fish. Potter (1982) summarizes the changes
likely to occur at various trophic levels as the ambient pH decreases in
lakes:

" Reduction in microbial decomposition, resulting in accumulations
of organic debris (below pH 5).
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9 Changes in phytoplankton composition (below pH 6.0).

" Development of mats of filamentous algae (e.g., Mougeotia,
Batrachospermum).

* Formation of mats of Sphagnai moss on bottoms in littoral areas,
and at greater depths in clear lakes (only observed in two lakes
in North America).

" Reduction in zooplankton diversity and biomass (below pH 5.5).

* Change in benthic invertebrate composition and diversity, and
disappearance of molluscs (below pH 6.0).

" Effects on waterfowl--possibly due to reduced food availability
or to reproductive failure induced by bioaccunulation of metals
mobilized by the acidic environment (pH threshold level
unknown).

In general, acidification retards nutrient cycling, which in turn
should reduce primary productivity; however, consistent reductions in
primary productivity from acidified waters have not been observed
(Dillon et al. 1979; Crisman et al. 1980; Schindler 1980).

Responses of aquatic flora to acidification include species shifts
to acid tolerant forms, lowered species diversity, and increased stand-
ing crops of some species concurrent with decreases in others (Almer et
al. 1974; Yan and Stokes 1978; Crisman et al. 1980; Hendrey et al.
1980b; Schindler 1980). The lower pH tolerance limits among important
phytoplankton groups are presented in Table 9. However, some acidophi-
lic species occur in all major phytoplanktonic taxa (Eilers and Berg
1981).

Table 9. Lower pH tolerance limits reported for the major groups of
freshwater phytoplankton groups.

pH Phytoplankton

6.0 Diatoms
5.25 Desmids
4.6 Green and Yellow Algae
4.5 Blue-Green Algae
3.1 Flagellates

Source: Peterson and Alder 1982 (adapted from Eilers and Berg 1981).

30



Invertebrate fauna are a critical link in the food chain between
primary producers and fish. Acidification may result in reductions in
abundance and diversity of zooplankton, aquatic insects, non-planktonic
crustaceans, snails, and mussels (Tollan 1980). In acidified streams,
invertebrate filter feeders, shredders, and scrapers are typically
reduced in numbers (Friberg et al. 1980; Hall et al. 1980; Hendry et al.
1980b).

Fritz (1980) speculates that if preferred prey species are affected
adversely, surviving fish populations may exhibit reduced growth rates
as they utilize less efficient food sources. He also suggests that
piscivorous fish may further reduce their own populations by resorting
to cannabalism. On the other hand, elimination of some fish species may
enhance the survival of other species by reducing interspecific
competition; and, increased growth rates have been recorded for some
surviving fish populations (Ryan and Harvey 1977). It should also be
noted that, as top predators, fish have profound effects on the
maintenance of energy and nutrient flows in aquatic ecosystems. Any
changes in fish populations will themselves produce changes in all
trophic levels (Muniz and Leivestad 1980a). Some researchers argue that
modified predator-prey relationships in acidified surface waters are
responsible for many of the other biological changes reported in these
systems (Henrikson et al. 1980).

3.2.4 Increased Bioavailability of Toxic Substances

The speciation and relative concentrations of trace metals in
solution are primarily related to pH, and secondarily to alkalinity
(Potter 1982). As pH decreases, the aqueous concentrations of many
potentially toxic metals (e.g., aluminum, copper, cadmium, manganese,
nickel, lead, selenium, and zinc) increases. Concentrations of such
metals may increase in acidified waters as a result of direct
atmospheric deposition or dissolution from watershed soils and sediments
(Haines 1981b). Some examples of metal concentrations in lakes of
various acidities are presented in Table 10.

It also has been reported that fish from acidified waters contain
elevated body burdens of mercury (Thompson et al. 1980; Wood 1980) and
lead (Wood 1980). Increased methylation reactions at pH 7.0 - 5.0 may
enhance the bioavailability of mercury (Tomlinson et al. 1980). Zinc
and selenium also may be methylated at reduced pH (Wood 1980).

3.2.5 Decreased Resistance to Environmental Stress

Sublethal effects of low pH resulting in partial ionic imbalance
(Fritz 1980), reduced oxygen transport (Daye 1981), renal failure (Daye
and Garside 1980), or liver disfunctions (Pennsylvania State University
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Table 10. Concentration ( g/liter) of metals in lake waters of
various acidities.

METAL
LOCALITY

(REFERENCE)a
Al Cu Cd Mn NI Pb Zn

Nonacidtied (pH 6.0 - 7.8)

102 LAKES, ONTARIO (AVERAGE) (1) ___b 2 <0.1 3 <3 <1 <1

BLUE CHALK LAKE. ONTARIO (2) 13 8 --- 40 3 --- 9

LAKE PANACHE. SUDBURY, ONTARIO (3) --- 6 --- --- 28 --- 6

NORTH SWEDEN (RANGE) (4) <50 --- 0.06-0.23 <100 --- --- 10 - 30

CENTRAL NORWAY (RANGE) (6) --- 1 -10 0 - 0.6 --- --- 0-6 1 -17

NORTH NORWAY (RANGE) (6) <20 - 66 --- --- --- --- --- ---

Intermedate (pH 6.5 - 6.0)

SOUTH-CENTRAL ONTARIO. 14 LAKES (AVERAGE) (2) --- 5.7 --- 49 3.6 --- 12.6

NELSON LAKE,.ONTARIO (7) 13 13 --- 18 10 --- 16

Acidified (pH 4.1 - 6.3)

FOUR LAKES. ONTARIO (AVERAGE) (1) --- 3 0.4 239 10 2 30

CLEARWATER LAKE. SUDBURY. ONTARIO (2) 463 97 --- 300 215 --- 46

FOUR LAKES, SUDBURY, ONTARIO (AVERAGE) (8) --- 460 --- 338 820 --- 83

WEST COAST SWEDEN (RANGE) (4) 200 - 600 --- 0.06 -0.63 300 - 400 --- 1 - 5 30 - 122

SOUTHEAST NORWAY (RANGE) (6) --- 1 - 10 0 - 0.6 --- --- 1 - 10 3 - 3

LAKE LANGTJERN NORWAY (AVERAGE) (9) 216 6 0.21 --- --- 2 16

SOUTH NORWAY (RANGE) (10) 50 - 600 --- --- ---

ADIRONDACK LAKES.NEW YORK (AVERAGE) (11) 286 --- --- 46 --- --- 23

SOUTH NORWAY (RANGE) (6) 40 - 600 --- --- --- --- ~-~---

LAXFORSEN. WEST SWEDEN (12) 288 1 0.2 190 --- 3 26

*REFERENCES: (1) BEAMISH 1976; (2) DILLON et al. 1979; (3) YAN et al. 1979; (4) DICKSON 1976; (5) WRIGHT AND GJESSING 1976; (6) WRIGHT et ml.

1976; (7) YAN et al. 1977; (9) ADAMSKI AND MICHALSKI 1975; (9) HENRIKSEN AND WRIGHT 1977; (10) WRIGHT AND SNEKVK 1978; (11) SCHOFIELD
AND TROJNAR 1980; (12) DICKSON 1980.

bVALUES NOT REPORTED.

SOURCE: HAINES 1981b.
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1971), may cause physiological stress that contributes to increased fish
mortality in conjunction with other environmental stresses unrelated to
acidification.
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4.0 PREVENTIVE AND MITIGATIVE LIMING

Since the first biological symptoms of acidification of surface
waters were noticed in Scandinavia in the 1920s and 1930s, fishery
managers have become increasingly concerned about remedial measures that
may be employed to restore or protect important commercial and sport
fisheries.

Acid precipitation has been implicated in the widespread
elimination of entire fish communities in some of the lakes of the
Adirondack Mountains of New York (Schofield 1976), LaCloche Mountains of
Ontario (Beamish 1975), and in some of the coastal rivers of Nova Scotia
(Farmer et al. 1980; and Watt 1980). In Sweden alone, 25% of the
country's surface waters have critical pH values sometime during the
year; and 20,000 lakes and countless kilometers of brooks and rivers are
affected (Tollan 1980). In Norway, 13,000 kmL f surface water are now
devoid of fish life and an additional 20,000 km are reported to have
declining fish populations. It has been projected that, by 1990,
southern Norway will have lost 80% of its trout streams (Tollan 1980).

Remedial actions consist of two basic strategies: control the
sources of acid precipitation, and/or treat the symptoms. Although some
source control measures are currently available, their effectiveness in
reducing surface water acidification cannot be reliably predicted at
this time. Furthermore, substantial reductions of SO2 and NO probably
will not occur in the immediate future. Nowhere is this more true than
in Scandinavia which has been estimated to receive more than half of its
total acid loading from foreign sources (Bengtsson et al. 1980).
Further reductions in acidic precipitation in Scandinavia will require
substantial emission reductions in central Europe. It is not
surprising, therefore, that Sweden is the first country to initiate a
nationally organized remedial action program based upon the treatment of
receptors rather than sources of acid precipitation (Fraser et al.
1982).

Liming is the major method of protecting and restoring acidified
lakes and streams in Sweden and Norway. In Sweden, a major objective of
the program is to save waters of special value for fishery and nature
conservancy use (Bengtsson 1982). Similarly, in Canada (Fraser et al.
1982) and the United States (Blake 1981), most liming projects are
designed to protect important fisheries (usually waters that can support
naturally reproducing populations of salmonids, and especially waters
that contain important genetic stocks). Liming also is used to restore
fisheries to lakes and streams that have completely lost their fish
populations (in contrast to protecting surviving populations).

Different types of liming agents have been tried in a variety of
aquatic environments (Grahn and Hultberg 1975; Scheider et al. 1975a;
Bengtsson et al. 1980; and Fraser et al. 1982). Most liming programs
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have involved the direct application of alkaline materials to surface
waters. These generally seem to be the most cost-effective techniques;
however, whole watershed liming and partial watershed liming combined
with direct surface water liming sometimes are used in Sweden (Bengtsson
1982). Terrestrial liming often requires doses of neutralizing agents
that are 100 times greater than those used in direct applications, to
produce acceptable leach rates to surface waters (Bengtsson et al.
1980). It has been suggested that the combination of surface water and
watershed liming may be most effective where watershed soils are
especially susceptible to the leaching of aluminum (Hultberg and
Andersson 1981). Lakes and ponds with high flush rates are not good
prospects for direct surface water liming programs because extensive
reapplication of lime is needed. Watershed liming and the liming of
feeder streams may be required to circumvent the problems associated
with high flush rates (Swedish Ministry of Agriculture Environment
Committee 1982).

Stream liming also has been used to enhance the spawning success of
anadromous fishes. In large lakes, selective liming of embayments to
provide adequate spawning sites and refugia during episodic influxes of
low pH water has been attempted. In addition, the use of limestone-
supplemented hatching boxes and limestone filters have been used
successfully to promote hatching of salmonid eggs. More detailed
descriptions of these and other application techniques are presented in
Section 5.0.

Currently, it does not seem feasible, scientifically sound, or
economically justifiable to lime all acid-sensitive aquatic ecosystems
within a region; therefore, careful consideration is usually given to
several environmental characteristics of sensitive or affected surface
waters prior to the selection of liming targets. Such environmental
characteristics usually include the biological factors previously
described (e.g., the current or historic ability of the system to
support a viable and important fishery); sociological factors (e.g.,
recreational area and public access to the waters); chemical factors
(e.g., present pH, alkalinity, and acid loadings); and physical factors
that influence the economics of a liming operation (e.g., geographic
location, type of liming material available, quantities required, and
reapplication rates). These general characteristics along with other
potentially confounding factors need to be considered on a site-specific
basis before the feasibility of liming can be adequately assessed. A
generalized decision path for evaluating a body of water as a candidate
for liming is presented in Figure 7.

The liming of both dystrophic and clearwater oligotrophic systems
has been conducted. The two systems behave differently in response to
liming, as well as acid precipitation. This may, in large part, be due
to the reduced potential for metal toxicity in dystrophic systems (e.g.,
aluminum is chelated by organic ligands in humic waters). Furthermore,
it should be noted that many dystrophic systems have been naturally
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LOW ALKALINITY AND
HIGH ACIDIC INPUT

OR LOW pH

YES CONTAINS OR CONTAINED
IMPORTANT FOOD OR

NO 2 GAME FISH

'YES

NO REPRESENTS IMPORTANT
3 RECREATIONAL RESOURCE

NO YES

CONTAINS YES 5 FEW CONFOUNDING
4 IMPORTANT PHYSICAL AND

GENETIC FISH CHEMICAL
STRAINS FACTORSa

NO YES

NO

LOW COST
g OF LIMING

RELATIVE

NO TO OTHER OPTIONS

YES

LIVING NOT LIMING MAY
APPROPRIATE BE APPROPRIATE

aCONFOUNDING PHYSICAL AND CHEMICAL FACTORS INCLUDE HIGH FLUSHING RATES,
HIGH AQUEOUS METAL CONCENTRATIONS, EXTENSIVE ACCUMULATIONS OF SNOW-,
PACK, RAPID Al LEACH RATES IN WATERSHED SOIL, PREDOMINANCE OF SOFT SEDI-
MENTS, AND PRESENCE OF HUMIC SUBSTANCES.

Figure 7. Generalized decision path for evaluating a body of water
as a candidate for liming.
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acidic for long periods of time. They often contain biological
communities well adapted, and sometimes endemic, to this environment.
Such systems can be significantly altered by the addition of alkaline
material; therefore, the extensive liming of such systems may not be
warranted unless significant economic or water quality benefits will be
attained. Similar precautions should be taken before artificially
manipulating any naturally acidic aquatic system.

Based upon the results of North American and Scandinavian liming
experiences, the biological responses to liming have been quite
favorable, although some problems associated with residual metal
toxicity after liming acid waters have been reported. Water quality has
generally been improved substantially, and the production of both fish
and fish food organisms has been restored or improved (Section 6.3
contains detailed descriptions of the physical, chemical and biological
responses to liming). Although the chemical neutralization of acidified
surface waters is not advocated by its major practitioners as a solution
to the acid precipitation problem, it may represent a viable option for
the management of affected fisheries, from a short-term biological
standpoint, when used wisely and selectively.

If the initiation of additional preventative or mitigative liming
projects is determined to be necessary in some acid sensitive regions of
the U.S., then the individuals responsible for the planning and
implementation of such projects may benefit considerably from the
experience of fishery managers and others who have previously been
involved with similar research or operational activities. The legal and
policy implications and the permitting requirements to conduct a liming
project, however, have not been established by many state governments.
To aid individuals interested in the feasibility of liming surface
waters, a list of individuals from the Federal, state, and private
sectors are presented in Appendix B to provide technical assistance,
facilitate coordination with existing Federal and state governmental
programs, and answer questions regarding legal and regulatory matters.
Furthermore, representatives from the lime and limestone industry, and
Canadian researchers with technical experience in the development of
liming programs are listed as resources who can provide additional
information about the characteristics of liming materials and
application techniques, respectively.

37



5.0 LIMING TECHNIQUES

Although the use of lime to mitigate surface water acidification is
not a new practice, little information has been published in the English
language on the feasibility and relative advantages of using different
materials and application techniques, or on the resource requirements
associated with the various practices. This section attempts to
alleviate these data gaps by summarizing the latest available
information in these areas.

5.1 LIME MATERIALS

Many alkaline materials have been used to neutralize acidified
surface waters. These range from industrial by-products and wastes such
as cement plant by-pass dust, water softening sludge from water
treatment facilities, and fly ash, to the more common reagents (see
Table 11) such as olivine, lye, soda, calcitic and dolomitic limestone,
calcitic and dolomitic lime, lime slags, and lime suspensions (Grahn and
Hultberg 1975; Scheider et al. 1975a; Edzwald and DePinto 1978;
Bengtsson et al. 1980; Hultberg and Andersson 1981; Theiss 1981;
Bengtsson 1982; and Boyd 1982a). For most liming situations, limestone
(CaCO3), slaked or hydrated lime [Ca(OH)2], and unslaked lime or
quicklime (CaO) represent the most readi y available and chemically
consistent materials. Although lower in calcium content, dolomite,
dolomitic hydrated lime, and dolomitic quicklime (each exceeding a 35%
magnesium content) also are frequently available; moreover, they have a
slightly higher neutralizing value (i.e., they can neutralize more
acidity) than equivalent weights of their high-calcium counterparts
(Lewis and Boynton 1976). However, limestones containing more than 10%
magnesium carbonate dissolve too slowly in acid systems to be of
practical use in the neutralization of most acidified surface waters
(Lewis and Boynton 1976; Bernhoff 1979). For comparison of neutralizing
values, if pure CaCO 3 is assigned a neutralization value of 100%, then
the relative neutralizing values of other pure compounds are: CaO,
179%; Ca(OH) 2, 136%; and CaMg(C0 3 )2 (dolomite), 109% (Boyd 1982b).
Because commercial limestone is rarely pure CaCO 3, the neutralizing
value of most agricultural limestone varies from 85 to 95% (Rafaill and
Vogel 1978).

Calcium hydroxide and calcium oxide are manufactured as fine
powders, whereas limestone can be obtained in a variety of particle size
ranges. Since small particles react much faster than large particles
(Boyd 1982b), it is important to evaluate the fineness of agricultural
limestones. Also, because the dissolution rate of limestone is
dependent upon the pH of the water (the dissolution rate increases as pH
decreases), finer ground limestones can compensate for slower
dissolution rates, especially in surface waters with pH values greater
than 5.7 (Sverdrup 1982a). One measure of fineness for limestone is the
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efficiency rating. Efficiency ratings are determined by the amount of
limestone particles which pass through United States standard sieves of
#8 mesh (2.36 mm openings), #20 mesh (0.855 mm openings), and #60 mesh
(0.250 mm openings) (Boyd 1982b).

Boyd (1982b) reports that the efficiency ratings and neutralizing
values of limestone can provide an estimate of their overall
effectiveness in neutralizing acidity in surface waters (see Appendix C
for further details).

Table 11. Common reagents for acid neutralization.

Empirical
formulaReagent Chemical description

Caustic Lye
Soda
High calcium limestone
Dolomitic limestone
High calcium quicklime
High calcium hydrated lime
Dolomitic quicklime
Dolomitic hydrated lime
Highly hydrated dolomitic lime
Olivine

NaOH
Na2C03

CaCO3
CaC 03.-MgCO3
CaO
Ca(OH)7
Ca0-Mg0
Ca(OH)2.MgO
Ca(OH)2.Mg(OH)2
(Mg, Fe)2 5i04

Sodium hydroxide
Sodium carbonate
Calcium carbonate
Calcium-magnesium carbonate
Calcium oxide
Calcium hydroxide
Calcium-magnesium oxide
Normal dolomitic hydrate
Special dolomitic hydrate
Magnesium iron silicate

Currently, in the experimental and/or operational liming programs
of the United States, Canada, and Scandinavia, limestone (particularly
its crushed form, aglime) has been the primary alkaline material used to
neutralize acidified surface waters and watershed soils (Fraser et al.
1982). Limestone is a relatively inexpensive natural material and is
much less caustic than either CaO or Ca(OH)2. However, a lesser
percentage of CaCO3, relative to CaO or Ca(OH)2 , is reactive and soluble
in a water solution (Lewis and Boynton 1976; Boyd 1982b; Swedish
Ministry of Agriculture Environment Committee 1982). Consequently, it
takes more CaCO3 to produce the same acid neutralizing capacity in a
particular body of water. The slower dissolution rate of CaCO3,
however, is not necessarily a detrimental attribute. In fact, it
reduces the likelihood of potentially adverse pH shock which can be
induced in aquatic biota by rapid pH increases when either CaO or
Ca(OH)2 are directly applied to surface waters (Scheider et al. 1975b;
DriscoTl et al. 1982). A summary of the differences between lime and
limestone is presented in Table 12.
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Table 12. Comparison of lime and limestone.

NEUTRALIZING LIME LIMESTONE (CaCO3)
MATERIALS

CALCIUM CALCIUM PULVERIZED LIMESTONE
OXIDE/ HYDROXIDE/ LIMESTONE/ ROCK

QUICKLIME HYDRATED AGLIME
CHARACTER- LIME

ISTICS

SOLUBILITY INSTANTANEOUS INSTANTANEOUS INTERMEDIATE SLOW

DISSOLUTION RAPID RISE RAPID RISE LESS RAPID RISE LESS RAPID RISE
EFFECT ON pH IN pH IN pH IN pH THAN LIME IN pH THAN AGLIME

CORROSIVITY EXTREMELY LESS CAUSTIC NOT CAUSTIC NOT CAUSTIC
CAUSTIC THAN CaO

REACTIVITY HIGH REACTIV- HIGH REACTIV- LOWER REACTIVITY LOWER REACTIVITY
IN WATER ITY; LESS ITY: LESS THAN LIME a THAN LIME a

QUANTITY RE- QUANTITY RE-
QUIRED THAN QUIRED THAN

LIMESTONE LIMESTONE

LENGTH OF SHORT SHORT LONGER LONGER THAN LIME
EFFECTIVENESS THAN LIME

NEUTRALIZING 179% 136% 100% 100%
VALUEb

UNCERTAINTY EXISTS AS TO WHETHER THE CaCO3 THAT DOES NOT GO INTO SOLUTION BECOMES
REACTIVE AT A LATER DATE OR BECOMES NON-REACTIVE.

bRELATIVE NEUTRALIZING VALUE IF PURE CaCO 3 IS ASSIGNED A VALUE OF 100%.

Source: Adapted from Fraser et al. 1982.
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The dissolution rate of limestone is a function of:

" Particle size.

" Porosity.

* Impurities in the stone (particularly magnesium).

" Chemistry of the receiving body of water.

" Turbulence of receiving body of water.

" Temperature of the receiving body of water.

" Extent to which metal hydroxide and carbonate precipitates
coat the stone.

Pearson and McDonnell (1975a; 1975b), Bernhoff (1979), and
Driscoll et al. (1982) report that the greatest dissolution of limestone
occurs when it is finely ground, porous, low in magnesium content, and
mixed in cold waters having low concentrations of organics and metals.
Bengtsson (National Swedish Liming Project, Swedish National Board of
Fisheries, Goteborg, Sweden; pers. comm.) indicates that if at least 90%
of the limestone particles are less than 0.0255 millimeters (mm), the
dissolution efficiency for the first 2 to 3 years will be approximately
50-60% if applied in lakes and rivers, 10-20% if applied in strategic
seepage areas, and 1 to 2% if deposited on land.

Due to the plating of insoluble metal hydroxides and carbonate
precipitates onto the exposed surfaces of the limestone, it is difficult
to predict whether the CaCO3 that does not go into solution immediately
(within several weeks) will become reactive in the body of water at a
later time. This point is further discussed in Section 6.1 "Chemical
Changes."

The amount of alkaline material required varies according to the
following conditions:

" Type of material used.

" Material's dissolution rate.

" Volume of the body of water.

" Flushing rate of the body of water.

" Acidity of the water.

" Acidity and makeup of associated sediments.
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" Quantity of organic material in the water.

* Concentration of acid input from incoming waters.

" Concentration of acid input from atmospheric deposition.

Data on the quantities of liming materials used for past projects
are difficult to use as a basis to derive average resource requirements,
both because of the experimental nature of many of the projects and the
lack of detailed data on the other factors which affect the amount of
neutralizing material required. Based on information from current North
American and Scandinavian liming projects, approximately 0.4 to 2.2
tonnes (metric tons) of agricultural limestone (aglime) per surface
hectare per year may represent a reasonable average range, assuming the
limestone is applied directly to the lake (Dickson 1978; Bengtsson et
al. 1980; Blake 1981; Chubbuck and Patterson 1981). In waters
containing greater than 100 milligrams per liter (mg/l) platinum color
units, approximately 30 to 50% additional limestone may be needed in
excess of the established dose, because of the loss of limestone in the
precipitation of humic colloids (Bengtsson, pers. comm.). More frequent
liming, however, may be more effective than increasing the total dosage
in waters with high concentrations of humic materials (National
Fisheries Board of Sweden 1982). DePinto et al. (1980), based on liming
of acidified microcosms, report that it may be desirable to
supersaturate the affected waters with enough CaCO to cause some of the
CaC03 to precipitate. In this way, they theorize the system would have
an additional future source of alkalinity. However, Sverdrup (1982a)
reports that residual CaCO3 in several limed lakes in Scandinavia failed
to produce significant long-term buffering effects. For the present, in
the Adirondack lakes of New York State, 2.2 tonnes of aglime per hectare
is the general rule for initial treatment of these dilute waters;
however, because of the variability among lakes, in the longevity of
acid neutralizing capacity, a more precise application rate based on
water chemistry is being developed (Blake 1981). Similarly, other New
York State researchers are attempting via quantitative system modeling
to assess the appropriate loading rates and predict reapplication rates
(DePinto et al. 1982; Rodgers et al. 1982). If hydrated lime is used,
New York fishery workers use only about one-fifth the amount of material
by weight than when aglime is used (Blake 1981).

5.2 APPLICATION TECHNIQUES (Acid Deposition Liming)

A variety of application techniques has been used to disperse
liming materials into aquatic systems. These techniques vary according
to the type of liming material, the availablity of dispersal equipment,
and the target areas being limed. The basic technical options used for
the application of liming materials to aquatic systems and their
watersheds in the United States, Canada, and Scandinavia are illustrated
in Figure 8.
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LIMING APPLICATION TARGET
MATERIALS EQUIPMENT AREAS

POWDERED/SPREADER WATERSHED SOIL
LIMESTONE TRUCK BLOWER AND VEGETATION

HYDRATED
HY ATE -- -- --- BA 8G LAKES ANDLIME m BOAT-BLOWER

Lia(H)2) SLURRYPOD

QUICKLIME[ M EJ --- m- - AIRCRAFT

SILOS ---- - - -- STREAMS

DIVERSION-- / /
CALCITIC WELLS

OR DOLOMITIC
LIMESTONE

GRAVEL
(Ca -Mg -C03) \/

LIMESTONE
BARRIERS

ROTARY
DRUM

---- COMMONLY USED OPTION

-- - OCCASIONALLY USED OPTION

Figure 8. Summary of techniques used in the application of lime to aquatic
systems and their watersheds.
Source: Adapted from Fraser et al. 1982.
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The required equipment for application is determined largely by
the choice of target area and its accessibility. For example, the only
way to lime a remote lake or stream is by aircraft, while a lake or
stream that is accessible by road may be limed either by truck or
boat. For readily accessible sites, the final selection of equipment
options is based on whether the lake or stream is to be directly
neutralized by adding liming materials into the water or indirectly
neutralized by liming the surrounding watershed.

Direct lime application into a lake or stream is the most commonly
used and effective method (Fraser et al. 1982) and accounts for 60% of
the total application tonnage in Sweden (Bengtsson 1982). This method
appears particularly appropriate and cost effective for lakes with
flushing rates greater than one year (Bengtsson et al. 1980). Blake
(1981) also reports that a flushing rate of more than one year is a
major criterion for liming lakes and ponds in the State of New York. In
certain watersheds, where lakes with rapid flushing rates are located
immediately downstream of larger lakes with slower flushing times,
liming the larger lakes often results in relatively long-term buffering
effects on the downstream lakes (Dickson 1978). Similarly, the liming
of tributary streams can provide a long-term buffering capacity to
downstream lakes and rivers, and also can produce a more adequate pH for
stream spawning fish.

Some researchers are optimistic about the possibility of
neutralizing acidified aquatic ecosystems by treating their associated
watersheds with liming materials; Sweden has actually applied 40% of its
total tonnage of liming materials on land (Bengtsson 1982). Whether the
acidification of aquatic ecosystems may be ameliorated more effectively
by liming drainage basins, or the lakes and streams themselves, has yet
to be determined (Gorham and McFee 1980), however, it has been suggested
that watershed liming may be the the only correct way to counter lake
acidification from spring and autumnal acid spates (Swedish Ministry of
Agriculture Environment Committee 1982). The major disadvantage of
application on land is that the alkaline dosage must be a hundred times
greater than for direct lime application to water, to achieve a
comparable acid neutralizing capacity in the surface water (Bengtsson et
al. 1980). Based solely on economics, lime application directly into
the water appears to be a more effective neutralization technique
(Bengtsson et al. 1980).

Timing and location of lime application are important factors in
the success of a liming operation and/or experiment. In surface waters
that still support fish populations, the critical times are periods of
high influxes of new acid (e.g., the spring snowmelt and autumnal
rains); therefore, the lime application should be scheduled to precede
one or both of these events. Lake liming during the spring overturn
takes advantage of lake circulation patterns to enhance mixing and
distribution of neutralizing agents, but neutralization may occur too
late to prevent embryo and fry mortality in numerous fish species
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(Haines and Schofield 1980) during the potentially serious pH reductions
associated with melting snow (Jeffries et al. 1979; Johannessen et al.
1980). Spring acidic snowvnelt also creates another problem; at this
time, the colder snowmelt water may be less dense than the deeper lake
waters, and mixing, therefore, will be minimal. Liming strategy also is
influenced by the sequence of frozen ground-snow-snowmelt. If the
ground freezes before the snow cover develops and remains frozen during
snowmelt, the spring snowmelt has little interaction with any
potentially buffered soils that may help alleviate the acidity of the
meltwaters (Fraser et al. 1982). Bengtsson et al. (1980) indicate that
to counteract this acidified meltwater, either large overdosing of
liming material is needed when applied directly to the water, or lime
has to be applied annually to the snowpack. Another option that appears
to be practical, but has been infrequently reported, is to apply lime
during the autumnal overturn, perhaps in combination with liming (at a
reduced dosage) of the spring snowpack and/or lake ice.

Distribution of liming material over an entire lake surface may be
the most ideal placement (Sverdrup 1982b); however, because of time and
resources, this may be economically infeasible. As an alternative, lime
may be deposited over the deepest portion of the lake, thus allowing the
larger particles of CaCO 3 to have an extended amount of time to react
while passing through the water column. This distribution technique is
probably best suited for deep lakes having relatively rapid flushing
rates (Bengtsson, pers. comm.). Another alternative, reported by Blake
(1981) and Driscoll et al. (1982), is to distribute limestone in the
shallow littoral zones where maximum turbulence caused by wave action
and currents may enhance the dissolution process. Observations in
several Swedish lakes, however, indicate water movements in the littoral
zone do not increase the dissolution rate or erode the CaCO3 particles
(Sverdrup 1982b). If it is desirable to apply lime in shallow water,
then a finer ground of powder will compensate for the slower dissolution
rate and shorter water column retention time of the particles (Sverdrup
1982a). Some researchers suggest that applications in areas with sandy
bottoms are preferable to muddy (heavy loams or clays) bottoms, because
the former will minimize the loss of limestone through chemical bonding
with organic sediments (Boyd 1982a; Driscoll et al. 1982). If lake size
and/or economics limit a liming program to a small portion of a lake
(e.g., a shallow cove), fish survivability still may be enhanced. Hall
et al. (1980) and Muniz and Leivestad (1980a) indicate certain fish
species will seek out "havens" of better water quality during incidents
of episodic pH reductions. The probability of finding chemically
buffered havens with- elevated acid neutralizing capacity will increase
with lake size and volume regardless of the fact that increased volume,
by dilution, will dampen the fluctuations in water chemistry (Muniz and
Leivestad 1980a). Liming to create less acidic (or neutral) havens has
been conducted successfully in Scandinavia (Fraser et al. 1982).

There have been several reports of fish mortality after stocking
limed lakes that were formerly acidic (Powell 1977; Bengtsson et al.

45



1980; Bengtsson 1982). These incidents generally have been attributed
to metal toxicity. When stocking fish in lakes that have been limed,
fishery managers should wait at least several weeks prior to the
introduction of fish, in order to allow potentially toxic metals to
precipitate from the water column (Bengtsson et al. 1980).

The liming of watersheds may prove to be a desirable technique,
but because the majority of the information on acid deposition-related
liming focuses on lake and stream liming, the emphasis in the following
descriptions of lime and limestone distribution equipment is for direct
application to surface waters. Much of the information on these
technical options was derived from personal communications with
individuals involved in North American and Scandinavian liming projects
as reported in Fraser et al. (1982).

5.2.1 Truck with Spreaders or Blowers

The use of trucks to transport liming materials to the areas where
the materials are spread (e.g., using a manure spreader to spread the
materials on ice) or blown by compressed air onto the target areas may
be the most appropriate application method for surface waters which are
readily accessible by roadway.

This system has been extensively used in Sweden by adapting
equipment originally designed for cement construction projects. A large
trailer (about 40 tonne capacity) serves as a depot near the area being
limed. A truck with a pair of six tonne tanks and a blower system are
used to spread the lime along accessible waterways, including roadside
drainage ditches (see Figure 9). A crew of two men can apply about 80
tonnes daily working 10 to 12 hours a day. One operation near Surtan,
Sweden, entailed the application of 1600 tonnes, at a dose approximating
5 tonnes per hectare along roadsides, resulting in a dosage of 0.5
tonnes per hectare for the entire watershed (Fraser et al. 1982).

Another technique was used in the experimental liming of Lake
Hovvatn in Norway in the spring of 1981. Tractors were used to haul
pallet-loads of bagged aglime from the nearest road to the lake. A
manure spreader applied the lime on the lake ice (see Figure 10)
parallel to the shoreline, and a snowblower then was used to blow the
lime shoreward (Fraser et al. 1982). The tractor and manure spreader
technique to apply lime on lake ice was also used at Wallum Lake,
Massachusetts/Rhode.Island (lake borders both states) during the winter
of 1971 and 1982, but will be replaced in the future by boating
techniques because of a tractor falling through thin ice (Guthrie; pers.
comm.)
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Figure 9. Truck and blower system spreading aglime along roadside
stream in Sweden (photo by Joe Wisniewski).

Figure 10. Tractor pulling a spreader to apply aglime on lake ice
in Sweden (photo by National Baord of Fisheries, Sweden).
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5.2.2 Boat

The application of liming materials by boat is probably the least
expensive method for accessible lakes devised to date; it is presently
the most commonly used method. Emptying bags of powdered aglime by hand
from a slowly moving boat is the most widely used technique for
treatment of accessible ponds in the Adirondack Mountains. From 1975 to
1979, 16 lakes and ponds in the Adirondacks were treated by this method
(Blake 1981). Also, Bengtsson (1982) indicates that this is a widely
used technique in Sweden.

An experimental liming project in Nova Scotia, Canada, utilized
another boat system which involved the use of two Boston Whalers. One
was equipped with a slurry tank and pump and the other boat served as a
ferry to transport bagged aglime from a lakeside truck-mounted crane.
The dry aglime was mixed with lake water and pumped onto the lake
surface at a rate of 1136 liters per minute (see Figure 11). The
slurried mixture also was sprayed into shallow areas inaccessible to the
boat (Fraser et al. 1982).

Pontoon boats or rafts transporting large tanks and compressed air
blower systems (see Figure 12) is another technique frequently used in
Sweden to disperse aglime over the entire surface area of a lake. This
system is capable of distributing up to 1 tonne per minute (Bentgsson,
pers. comm.).

5.2.3 Aerial Application

The application of liming materials by aircraft appears to be the
most efficient and cost-effective method for remote situations devised
to date. Blake (1981) has summarized the experience of the New York
State Department of Environmental Conservation (DEC) in using
helicopters to apply lime, primarily on remote ponds in the Adirondack
Mountains. After unsuccessful trials with bagged aglime (dumped from
the helicopter or off-loaded on a frozen lake) and with hydrated lime
mixed as a slurry and dispersed from a fire-fighting bucket, the DEC
resorted to a new dry dispersal system. With this system, a bucket
(approximately 1 tonne capacity) is first loaded on the ground with
powdered agricultural limestone. As the helicopter moves over the pond,
the pilot opens a trap door in the bucket, thus dispersing the aglime
into the pond. The delivery system also involves having a ground crew
load one bucket while a second bucket is being emptied over the target
pond.

Hans Hultberg (Swedish Water and Air Pollution Research
Laboratory, Goteborg, Sweden; pers. comm.) described the helicopter
application of powdered aglime in the vicinity of Goteborg, Sweden (see
Figure 13). During September 1979, the helicopter applied 30 tonnes of
aglime in a strip 10 meters wide and 600 meters long following the
course of a small stream leading into a lake that had previously
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Figure 11. Aglime slurry being pumped onto lake surface in Nova
Scotia (photo by Joe Wisniewski).
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Figure 12. Pontoon boat with blower system dispersing aglime onto
lake surface in Sweden (photo by National Board of Fisheries, Sweden).
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supported a population of char until the late 1960s. The course was
marked by plastic bags, which were later removed, tied to tree tops.
Application was completed within 4 hours.

Helicopters also were used to apply 6 tonnes per hectare of aglime
and olivine to watershed forests in Sweden during December 1979.
Altogether, 18 tonnes of olivine, comprised mostly of Mg, Fe, and Si,
were applied in one watershed and 12 tonnes of aglime were applied in
another (Hultberg, pers. comm.).

Walton Watt (Fisheries and Oceans Canada, Halifax, Nova Scotia;
pers. comm.) plans to use a fixed-wing fertilizer airpline to apply
liming materials to a headwater lake in Nova Scotia during 1982. During
lake overturn, he expects to release calcium oxide (CaO) onto the lake
by airplane and then manually add limestone gravel at the head of the
outlet stream as an additional buffering measure to protect the
downstream Atlantic salmon population. In the aerial application,
calcium oxide will be applied instead of powdered aglime (even though
there is a potential for an adverse pH shock using the former), because
CaO is physically lighter in weight and less costly (i.e., the greater
acid neutralizing capacity of CaO, relative to aglime, significantly
decreases the total quantity of liming material required).

5.2.4 Silos

Silos are mechanical devices which release lime into a body of
water as needed. Two large silos (30 tonne capacity) have been tested
in the Hogvadsan river system, south of Goteberg, Sweden (Edman and
Fleischer 1980). Both were adapted from systems used in industrial and
water treatment facilities to release various powdered materials. One
of the silos releases powdered agricultural limestone when a probe 2
kilometers downstream detects a decrease in pH below 6.0 (see Figure
14). The other is activated by a flow meter, releasing aglime during
periods of high flow. The latter has had problems with foundation
subsidence, and both have had mechanical or electrical breakdowns. When
operating, they are capable of releasing 1300 kg per day (Fraser et al.
1982). Other silos (500, 1000, and 2000 kg capacity) are being marketed
by Hallefors Utvecklings Aktiebolag in Sweden. These are flow activated
and can release up to 100 kg each time the hopper is opened.

5.2.5 Diversion Wells

Bernhoff (1979) reports the use of "limestone wells," consisting
of limestone filled concrete rings embedded either in the stream bank or
in the bottom of the stream, to release limestone into flowing water in
Norway and Sweden. Stream water is diverted through a tube which opens
at the bottom of the well. The conveyed water flows up from the bottom
of the well and agitates small pieces of limestone, leading to abrasion
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Figure 13. Helicopter dispersing aglime over a lake in Sweden
(photo by National Board of Fisheries, Sweden)..
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Figure 14. Silo used to release aglime in the Hogvadsan River
system, Sweden (photo by Joe Wisniewski).
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and release of small alkaline particles (see Figure 15). The Swedish
Ministry of Agriculture Environment Committee (1982) describes these
wells as uncomplicated and reliable devices which are effective in the
liming of running waters.

5.2.6 Limestone Barriers

In Sweden, Canada, and the United States, attempts have been made
to raise the pH of stream water by dumping gravel-sized limestone into
streams. Limestone approximately 2 centimeters in diameter were used at
one site in Sweden, but high flow (approximately 125 cubic meters per
second) washed much of the material downstream into a lake, forming a
delta. This delta, furthermore, had little effect on the pH of the
lake, because the typically lowered stream velocity over the delta
resulted in less abrasion of the limestone gravel, thus, additional
reactive surface areas were not exposed (Fraser et al. 1982). Another
site (a 300 m reach) in the Hogvadsan river system has been treated with
100 tonnes of limestone, to a depth of 50 cm. Little change in pH,
however, has resulted from this treatment. For example, during June
1981, the pH was 5.2 upstream from the barrier and 5.4 downstream from
it (Fraser et al. 1982).

Limestone barriers have been built at several sites in Canada. In
Killarney Provincial Park, Ontario, a 100 m reach of a creek was filled
to a depth between 1.0 and 1.5 m with 318 tonnes of dolomitic
agricultural limestone (approximately 1.2 to 1.8 cm diameter). At the
downstream end, 27 additional tonnes of much larger sized limestone were
dumped to prevent the smaller pieces from being washed away (see Figure
16). During summer low flow, the barrier raised the pH from about 6.3
to 7.0, but had little effect on raising the pH (5.5) of spring high
flow (Fraser et al. 1982). William Keller (Ontario Ministry of the
Environment, Sudbury, Ontario; pers. comm.) reported that the barrier
was adding about 18 tonnes of CaCO3 alkalinity per year to the stream,
and fish could survive downstream from the barrier but not upstream from
it. Another experimental placement of limestone rock into a streambed
was attempted in Lower Great Brook, Nova Scotia. In August 1980, 9
tonnes each of calcitic and dolomitic limestone, approximately 5 to 15
cm in diameter, were dumped from a truck and spread with a backhoe in a
3 to 4 meter, single layer band across the stream bottom where the brook
was 7 to 8 meters wide. This particular technique was not a true
barrier as water approximately 0.5 meters deep was flowing over top of
the limestone rock. Some initial increase in pH was detected, but the
limestone became coated with an insoluble metal precipitate which
greatly reduced neutralization (Fred Baker, Mersey Fish Cultural
Station, Milton, Nova Scotia; pers. comm.).

Arnold (1980; 1981b) has reported on the effectiveness of an
experimental limestone flow-through device for maintenance of pH for
poorly buffered streams in Gifford Run, Pennsylvania. During the fall
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Figure 15. Diagram of diversion well utilized to neutralize streams
in Sweden and Norway (photo by National Board of Fisheries, Sweden).
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Figure 16.
Provincial

Limestone stream barrier in Unnamed Creek, Killarney
Park, Ontario, Canada (photo by James Fraser).
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of 1976, approximately 36 tonnes of limestone, secured by gabions, were
placed in the stream (see Figure 17). On the first day, a rise of
nearly a full pH unit was obtained. Thereafter, only 0.1 to 0.4
increases in pH were observed during occasional low flow periods. It
was concluded that to achieve significant results, a series of these
barriers were needed--each containing uniform size (4 inches in
diameter), high-calcium limestone, such as cupola fluxing stone. Also,
trash rack devices (rows of vertical bars approximately 2 inches apart)
were necessary upstream of the barrier to prevent clogging by leaves.

Another experimental limestone barrier was constructed in
Constable Creek, an acid stream (pH 4.8) which flows into Big Moose
Lake, located in the Adirondack region of New York State (Driscoll et
al. 1982). The barrier was constructed with 55-gallon drums, perforated
at both ends, and stacked 2-barrels high across the width of the
stream. Approximately 2.6 tonnes of crushed limestone (mean diameter 1
cm) were used to fill the barrels and the void spaces between them.
Trash screens were placed upstream to prevent clogging of the pores of
the limestone barrier. Similar to the other barriers, neutralization of
the acid stream only occurred for a.short period of time (approximately
one week), after which coatings by silt ahd metal hydroxides prevented
further neutralization (Driscoll et al. 1982).
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Figure 17. Limestone stream barrier in Gifford Run, Pennsylvania
(photo by Pennsylvania Cooperative Fishery Research Unit).
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5.2.7 Hatchery Liming

A modified version of a barrier is being used at the Mersey River
salmon hatchery in Nova Scotia to regulate the pH of the hatchery
influent water. Water for concrete rearing ponds is fed through a
plywood box containing CaCO3 chips (see Figure 18), approximately 0.6 to
1.0 cm in diameter, and the pH of the influent is raised from 4.9 to 6.0
(Baker, pers. comm.).

Inflow waters from Raven Fork Stream, North Carolina/Tennessee, to
two North Carolina trout hatcheries owned and operated by Cherokee
Indian tribesmen, are being limed to increase pH and prevent fish kills
during storm precipitation events (Harvey Olem, Tennessee Valley
Authority, Chattanooga, Tennessee; pers. comm.) Prior to each raceway,
aglime is slurried in a 500 gallon tank from which a small pipe meters
the slurry into the raceway. Preliminary results indicate that the
resulting increase in pH has been successful in reducing fish kills
during storm events.

Dean Arnold (Pennsylvania Cooperative Fishery Research Unit,
University Park, Pennsylvania; pers. comm.) has described the past
liming of an American shad hatchery in Pennsylvania (Van Dyke Research
Station, Thompson Town, PA). He indicated that the hatchery influent
water was cascaded onto limestone rock prior to introduction into the
rearing ponds. The method apparently had been somewhat effective in
raising the alkalinity of the influent water with no adverse effect on
the fishery. The practice, however, had been discontinued because of
the formation of insoluble coatings on the limestone (Vincent Mudrack,
Pennsylvania Fish Commission, Benner Spring Research Station, Bellefont,
Pennsylvania, pers. comm.).

5.2.8 Limestone Substrate Hatching Boxes

The placement of limestone hatching substrates in the littoral
zone of a lake has been attempted in Ontario, Canada. Gunn and Keller
(1980; 1981) reported that. in acidic George Lake (pH approximately 5.2)
located southwest of Sudbury in the LaCloche Mountains, the in situ
incubation of rainbow trout, lake trout, and brook trout eggs within
crushed limestone substrate hatching boxes (see Figure 19) greatly
enhanced hatching success and sac fry survival during 7- and 30-day
holding periods, thereby indicating that small-scale limestone
applications can prove beneficial to salmonid recruitment in some acidic
lakes.

5.2.9 Limestone Rotary Drum

A prototype limestone rotary drum recently has been tested in
Otter Creek, West Virginia (Menendez, pers. comm.). Stream flow
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Figure 18. 7.6 m Swede pond limestone filter.

Source: T.R. Goff, F.S. Baker, and D.L. MacDonald, Fisheries and Oceans, Mersey Fish
Cultural Station, Milton, Nova Scotia.



velocity turns the drum, grinding limestone rock (5 centimeters in
diameter) together, thus forming a fine powdered limestone which is
released into the stream. At a flow velocity of 0.14 cubic meters per
sec (m /sec), approximately 59 to 64 kilograms/hour (kg/hr) of limestone
are dispersed, raising the pH of the creek from 4.7 upstream of the
rotary drum to 8.3 approximately 1.6 kilometers downstream of the
drum. The rotary drum is fed by a hopper holding approximately 10
tonnes of limestone (about 1 week's supply).

f4

Figure 19. Limestone substrate hatching boxes in George Lake,
Ontario (photo by John Gunn and William Keller).
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5.2.10 Other Potential Techniques

One potential technique, under the trademark Contracid, was
developed by the Instititue of Limnology, Lund University, Sweden, in
cooperation with Atlas Copco. In this method (Figure 20) a sediment
harrow, a structure similar to a regular farming harrow, is pulled along
the bottom of a lake raking the top 20 cm of the sediment and injecting
sodium carbonate (Na2CO3) with a compressed air dispersal system
(Stoclet 1979). Twenty-five percent of the total lake sediment of Lake
Lilla Galtsjon was treated this way in October 1980 with 270 g Na2CO 3/m2

of lake surface area. This treatment increased the sediment's base ion
exchange with acidified waters (Lindmark 1981). In laboratory
experiments, this treatment has been shown to be about five to seven
times as efficient as adding lime on an equivalent basis (Ripl 1980).

Multiple inversion of a lake's water colun coupled with the
addition of Ca(OH)2 (hydrated lime) is another technique reported to
help raise the pH and acid neutralizing capacity of a lake. Laing
(1980) states that multiple inversion raises the pH by exhausting carbon
dioxide to the atmosphere, and by reducing nitrate to nitrogen gas
(through bacterial action), which in turn is exhausted to the
atmosphere. He also indicated that the addition of the Ca(OH)2
decreases sulfate concentrations and adds acid buffering capacity to the
body of water. Studies of several-year duration indicated a permanent,
stable reduction in sulfate and nitrate along with a concurrent increase
in pH (Laing 1980).

Another proposed technique involves modifying the hydrology of a
watershed. The theory of this technique is that, since many surface
soils have been depleted of their base saturation (acid neutralizating
capacity), hydrologic engineering would ideally allow potentially acidic
precipitation to be neutralized through permeation into deeper, more
alkaline soil layers, prior to entering streams, lakes, or aquifers
(Kramer 1980).

5.3 COSTS OF LIMING MATERIALS AND APPLICATION (Acid Deposition Liming)

The technical options (materials and application techniques)
available for liming aquatic ecosystems affected by acidic deposition
are numerous, as discussed previously in this section. The choice of
liming material will affect both the resource costs and requirements.
For example, hydrated lime is approximately twice as expensive as
agricultural limestone, but because of its greater reactivity it will
reduce the quantity required. However, because hydrated lime dissolves
rapidly, its effects may be short-lived, depending on the flush rate of
the lake, thus necessitating an increased frequency of application
(Blake 1981).
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The costs of the most commonly used alkaline materials (i.e.,
limestone gravel, aglime, hydrated lime, and quicklime) are
approximately $18, $46, $84, and $92 (1982 dollars) per tonne,
respectively, delivered to a site within 300 kilometers (Kenneth
Gutschick, National Lime Association, Arlington, Virginia; pers.
comm.). A major cost governing the price of the materials is the
transportation charges, which are primarily a function of the distance
of the material source to the liming site. This is especially true for
limestone gravels and aglime. Information on cost and transport
distance (i.e., location of nearest commercial alkaline material
producer/supplier) can be ascertained through contact with
representatives of the lime/limestone industry (see Appendix B).

Data available for current operational liming projects suggest
that direct lime application to lakes, as practiced in the Swedish and
New York State liming projects (Bengtsson et al. 1980; Blake 1981), is
more cost effective than the liming of watersheds or tributary
streams. Specific cost data for watershed liming projects, however,
have not been documented.

Based on a review of 27 recent liming projects which employed a
variety of techniques in the Adirondack Mountains, Blake (1981) revealed
that the costs for the lime and lime application (between 1975 and 1979)
ranged from a low of $75 per hectare for accessible lakes limed by boat,
up to a maximum of $730 per hectare for remote lakes limed by
helicopter. Blake, however, suggests that if helicopter liming was
practiced on a routine basis (enabling a more efficient operation), the
cost could be lowered to approximately $250 per hectare (1979
dollars). In southern Sweden, the average total costs for spreading 1
tonne of aglime, during the period of 1977 to 1981, have been estimated
at between $50 and $70, or approximately $20 to $28 per hectare
(Bengtsson et al. 1980; Bengtsson 1982; Bengtsson, pers. comm; National
Fisheries Board of Sweden 1982). A breakdown of the per tonne costs for
the purchase, transport, and application of limestone (0-0.5 mm) in
Sweden during 1981 is presented in Table 13.

Chubbuck and Patterson (1981), in their review of liming costs,
reported the cost of $75 per hectare (1975 Canadian dollars) for the
liming [Ca(OH)2 and CaCO3] of two lakes near Sudbury, Ontario. A
summary of the costs of timing, estimated lime requirements, estimated
rate of application, and number of personnel utilized for manual labor
for various specific liming techniques that have been deployed
experimentally and/or operationally in North America and Scandinanvia is
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Table 13. Range of costs for limestone materials, transport, and
application in Sweden 1981.

Liming
Parameters Costsa

Materials
Bulk limestone $20-$30/tonne
Bagged limestone $40/tonne

Transport of limestone $10-$20/tonne

Application Techniques
Truck $4- $6/tonne
Pontoon boat with blower $10-$16/tonne
Helicopter $30-$40/tonne
By hand $20-$60/tonne

a1981 U.S. dollars.
limestone (0-0.5 mm size).

Source: National Fisheries Board of Sweden 1982.

presented in Table 14. This table, however, does not include the aspect
of reapplication rates which would obviously affect the suitability or
economic feasibility of a technique for a specific lake or stream. All
cost data have been converted to 1981 U.S. dollars. Currency
conversions are based only on foreign exchange rates and implicit price
deflaters for Gross National Product.

In general, based on the cost data presented in Table 14,
approximately $100 per hectare is probably a reasonable estimate of
present day lake liming costs for application by boats in small-scale,
experimental projects. Helicopter application costs average
approximately $415 per hectare. Although fixed-wing aircraft liming
costs have not been reported, hypothetical application costs using
large, multi-engine, fixed-wing aircraft have been estimated to range
from $265 per hectare to $500 per hectare for liming small remote lakes
(Table 15). Although truck application costs for specific sites have
not been reported, a hypothetical truck liming operation for Wisconsin
lakes has recently been estimated to cost approximately $75 perflectare
(Table 15). Sediment injection technologies, such as ContracidT ,
although reportedly more efficient than liming techniques, are very
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Table 14. Summary of costs, manpower, estimated lime requirements, and estimated application
rates for various liming techniques utilized in North America and/or Scandinavia.

Maximum Manual
estimated labor

Total application Estimated utilized Costsa
quantity rate/unit lime require- in 8 hour converted

Application added time (tonnes/ ments (tonnes/ workday Reported to 1981 U.S.
technique Location Material (tonnes) hour) hectare) (# people) costs dollars References

TRUCK

- with spreader Lake Hovvatn, Aglime 200b -- 2b -- -- -- Fraser et al. 1982
Horway

- *with blower Surtan Water- Aglime 1600 7 5 2 -- -- Fraser et al. 1982
shed, Sweden

BOATS

- with slurry Middle & Hannah Aglime and 55.8 1 1.1 5 $75/hacd $116/had Scheider et al. 1975a;
pump Lakes, hydrated (1975 $'s) Chubbuck & Patterson

Sudbury, Ontario lime 1981

Sandy Lake, Aglime 118 1 1.7 4 $93/hac $93/ha Fraser et al. 1982
Halifax, Nova (1981 $'s)
Scotia

- dumping 6 Ponds in Aglime and 61 -- 0.8 3 $132/had $173/had Blake 1981
bagged lime Adirondack hydrated (1978 $'s)

Mountains, lime
New York

- with comp- Southwestern Aglime -- 60 0.4 3 $20-$28/had $28/had Bengtsson et al. 1980;
pressed air Sweden (1977-1981 Bengtsson, pers. comm.
blowers $'s)

- hosing aglime Big Moose Lake, Aglime 36.4 6 0.6 4 $5/hae,f $5/hae'f Driscoll et al. 1982;
off barge Adirondack (1981 $'s) Charles Driscoll, Syra-

Mountains, cuse Univ., Syracuse,
New York New York, pers. comm.

AIRCRAFT

- helicopter Inlet Brook to
Char Lake,
Sweden

4 Ponds in
Adirondack
Mountains,
New York

Aglime

Aglime

30 7.5

60 5

-- Fraser et al. 1982

1.5 8 $343/had
(1979 $'s)

$415/had

2 silos on
Hogvadsan River
System, Sweden

Aglime 200/
silo/
year

0.05 0 $20,000
construc-
tion costs/
silo
(1981 $'s)

$20,000
construc-
tion costs/
silo

Fraser et al. 1982SILOS

Blake 1981



Table 14 (concluded). Summary of costs, manpower, estimated lime requirements, and estimated
application rates for various liming techniques utilized inNorthAmerica and/orScandinavia.

Maximum Manual
estimated labor

Total application Estimated utilized Costsa
quantity rate/unit lime require- in 8 hour convertedApplication added time (tonnes/ ments (tonnes/ workday Reported to 1981 U.S.technique Location Material (tonnes) hour) hectare) ( people) costs dollars References

BARRIERS Unnamed Creek, Dolomitic 345 Not applicable -- 450 hrs $ '7/tonnec e $22/tonnee Fraser et al. 1982
Killarney Pro- limestone labor (1980 $'s)
vincial Park, donated
Ontario free
Lower Great Calcitic & 18 Not applicable -- 3 $60/tonnecd $60/tonned Chubbuck & Patterson
Brook, Milton, dolomitic (1981 $'s) 1981; Fraser et al.
Nova Scotia limestone 1982
Gifford Run, Dolomitic 36 Not applicable -- 5 $20/tonne $30/tonnee Arnold 1981b; Arnold,
Pennsylvania limestone (1976 $'s) pers. comm.
Constable Creek, Calcitic 2.6 Not applicable -- 3 $8/tonne'' $8/tonnee'f Driscoll et al. 1982;
Adirondack limestone (1981 $'s) Driscoll, pers. conun.
Mountains,
New York

ROTARY DRUMS Otter Creek, Calcitic -- 0.069 -- 0 -- -- Menendez, pers. conun.
West VA. limestone

DIVERSION WELL Southwestern Calcitic -- -- -- 0 $3000 con- $3000 con- National Fisheries
Sweden limestone struction construction Board of Sweden 1982

costs/well cost/well
(1981 $'s)

aCosts have been converted to 1981 U.S. dollars by applying only foreign currency exchange rates (when appropriate) and implicit price deflators on
U.S. Gross National Product. Because labor wages and/or material costs do not necessarily fluctuate at the same rate as national or annual
average inflation, and because of inherent differences in labor costs among different countries, these reported values represent only rough
approximations.

bRepresents liming in main portion of lake only; smaller quantities (40 tonnes) of aglime also were applied, at higher doses, in an embayment.

cCanadian dollars.

dAssumes cost for labor is included.

eLabor donated free.

Cost does not include limestone transportation charges.

9At a flow velocity of 0.14 m3/sec.

-- No data available
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Table 15. Cost estimate for hypothetical liming operations in Wisconsin
lakes.

Reported cost factors
converted to 1981

Application technique Assumptions dollars

Fixed-Wing Aircraft

" B-26 Capable of delivering " $0.30/liter for
entire payload (3400-4160) slurry
liters lime/water slurry) " $565/hr flying
on 8.1 ha lake cost

" $565/day aircraft
availability
charges

" Total $265-$290/ha

" B-17 or DC-4 Capable of delivering " $0.30/liter for
entire payload (6800-8330 slurry
liters lime/water slurry) " $1017/hr flying
on 8.1 ha lake cost

" $565/day aircraft
availability
charges

* Total $450-$500/ha

Source: Adapted from Sheffy et al. 1980.
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expensive to use on a per hectare basis (Ripl 1976). No cost data have
been reported for neutralizing lakes through watershed hydrology
modification or multiple inversion of a lake's water column.

The annual per hectare costs of lake liming are a direct function
of the reapplication rate of the lime material. The frequency of
reapplication will depend, in broad terms, on:

" The acidity of the lake and its sediments.

* The flush rate of the lake.

* The severity of new acid input.

* The management practices of those who do the actual liming.

" The type of alkaline material used.

* The application techniques selected.

At the present state-of-the-art, reapplication rates appear very
difficult to predict with reliability.

Based on past and present stream liming experience with limestone
barriers (Table 14), the costs, excluding labor, have typically ranged
from approximately $1000 to $7600 per project, although some projects
have been conducted for as little as $20 (with substantial donations of
labor and transportation costs). Although operational cost data are
lacking for silos and diversion wells, construction costs for silos are
substantial ($20,000), while the construction costs for wells ($3000)
fall within the range of costs for limestone barriers.

5.4 APPLICATION TECHNIQUES (Acid Mine Drainage Liming)

Although acid mine drainage (AMD) and acidic deposition both
contribute to the acidification of surface waters in the United States,
the results of attempts to neutralize their effects on lakes and streams
are not strictly comparable because of the inherent differences in their
water quality and volume (Bisogni and Vaillancourt 1980). These authors
point out that surface waters in regions affected by acid deposition are
generally very dilute, while AMD typically contains high concentrations
of solids. Secondly, the acidity and pH of AMD are typically much
higher and lower, respectively, than that found in waters acidified by
acid deposition. Finally, the volume of water that must be neutralized
in lakes and streams affected by acid deposition is large compared to
typical AMD flows. Nevertheless, the technical application options
utilized by mining industries to neutralize AMD wastes may be adaptable
for use in the liming of surface waters and watersheds affected by
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atmospheric acid deposition; therefore, a brief summary of various AMD
liming techniques is presented below.

5.4.1 Automatic Lime Slurry Plants (Silos)

Typical of larger mining operations, the Jones and Laughlin Steel
Corporation operates an automated lime slurry plant on the Plum Run
tributary of Ten Mile Creek in Washington County, Pennsylvania. Jones
(1967) describes the operation of this automatic silo plant which is
capable of neutralizing 570,000 liters per day of 3.5 pH raw mine water
having an average acidity of 400 milligrams per liter (mg/l) as CaCO3,
and average metal concentrations of 101 mg/l ferrous iron, 21 mg/l
ferric iron, and 55 mg/l aluminum. Mine drainage is discharged into a
raw water lagoon, from which the acid water is then fed to a tank where
it is mixed with a lime slurry. Hydrated lime at a rate of 136 to 318
kilograms per day (kg/day) is utilized in the slurry mixture, depending
on the pH of the raw mine water. The treated water (pH 8.2) then flows
to a settling lagoon where iron and other pollutants are allowed to
settle out. Finally, the clarified treated effluent is discharged to
surrounding watershed streams.

Two similar automated hydrated lime plants are being operated in
the Dents Run Watershed (at the Loar and Sears sites) near Morgantown,
West Virginia (Consolidation Coal Company 1975).

A variation of the large AMD treatment plant is the smaller
automated in-channel hydrated lime treatment plant, such as the Little
Scrubgrass Creek Plant described by Maneval (1968). This type of
automatic silo is situated on a single acid-polluted stream and does not
have any facility for liquid-solid separation. Because of the lack of
settling ponds, these silo units are located only in streams where iron,
aluminum, manganese, and other precipitation salts are present in low
quantities, or where stream velocity is sufficient to transport and
disperse any precipitates that may be formed. Little Scrubgrass Creek
in Venango County, Pennsylvania, has an iron content of 1 mg/l and an
average acidity of 68 mg/l.as CaCO3. The small automated silo located
there is controlled by a float mechanism. As the float rises with
increased quantities of water, the rate of the hydrated lime fed to the
water is also increased. Because of lime compaction, a series of air
pads are installed near the base of the silo bin through which air is
forced to fluidize the lime. During winter, an infrared heater is
installed directly over the stream to provide the necessary heat to keep
the stream free of ice beneath the lime feeder. Hydrated lime is
utilized at a rate of 225 to 1080 kg/day which raises the pH of the
stream water from 4.2 upstream of the silo to approximately 7.5 at a
location 5.8 kilometers downstream (Maneval 1968).

Another technique, similar in principle to the silos, is currently
being used by the Falconbridge Nickel Company's Strathcona mill near
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Levack, Ontario, Canada (Fraser et al. 1982). Liquid mine tailings,
leaving the mill and entering the Upper Moose Lake tailings pond, have
an initial pH of 9.2 which gradually lowers to an average pH of 3.1 (due
to oxidation of iron) near the neutralization dam at the mouth of the
lake. An average of about 90 tonnes per month of 1.25 to 2.0 centimeter
diameter dolomitic agricultural limestone is ground in a ball mill until
80% is less than size 325 mesh. The ground dolomitic limestone then is
mixed with water to form a slurry. The slurried limestone, at a rate of
about 200 liters per minute, is mixed with the dam weir flow of about 50
million liters per day. The lake water pH of approximately 3.1, just
prior to the dam weir, is raised to a pH of between 6.5 to 7.0 after
treatment with the limestone slurry.

The previously described automatic silo techniques all have
utilized hydrated lime, except for the Falconbridge Nickel Company's
neutralization facility which used limestone. Wilmoth (1977), in a 2
year study comparing limestone versus hydrated lime as an automated AMD
treatment process, specified that although the limestone process was
demonstrated to be technically effective, it was judged not to be
feasible for general application to AMD because the reaction and
aeration detention time requirements for the limestone process were two
to three times that for the lime process. The results of two other
studies, one at the U.S. Environmental Protection Agency's (EPA) Crown
Mine Drainage Control Field Site facility near Morgantown, West
Virginia, and the other at the Will Scarlet Mine neutralization facility
near Carrier Mills, Illinois, have indicated that a combination
limestone-lime treatment process, in full-scale automated AMD
neutralization plants, is more cost effective and has better effluent
water quality and sludge settling characteristics than either lime or
limestone used separately (Wilmoth 1978; McDonald and Grandt 1982).
These studies describe the two-step neutralization process, in which
rock-dust limestone is mixed with the influent AMD, followed by the
addition of hydrated lime to the intermediate pH limestone effluent in a
polishing reactor.

5.4.2 Limestone Barriers

In 1970 and 1971, six limestone barriers were constructed in
streams in the Trough Creek Watershed, Huntingdon County, Pennsylvania
by the Pennsylvania Department of Mines and Mineral Industries, to
alleviate acid pollution of the streams from coal mine drainage (Pearson
and McDonnell 1975b; Yocum 1976). The barriers were miniature porous
dams set within the stream channel, and consisted of cores of crushed
limestone contained by heavy rocks on the upstream and downstream
faces. T e quantity3of limestone in the barriers ranged from 130 cubic
meters (m ) to 821 m of rock (Yocum 1976). Pearson and McDonnell
(1975b) and Yocum (1976) reported that limestone barrier performance was
excellent during periods of low streamflow, in terms of reducing acidity
and raising the pH of the water; however, the effectiveness of barriers
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was marginal at design or average streamflow and completely ineffective
during high runoffs. They also indicated that the barriers were most
efficient in neutralization of the waters when initially installed or
after being reconditioned, and that the rate of deterioration of barrier
performance was due to two major factors: (1) accumulations of either
silt or iron sludges clog interstices of stone; and (2) silt and/or iron
hydroxides coat the surfaces of the stone. Yocum (1976) recommended
that in-stream neutralization of AMD by limestone barriers should be
limited to waters having very low iron concentrations (less than 1
mg/l), and a maintenance program should be established to recondition
(scrape and clean) the barriers periodically to restore neutralization
efficiency. Leedy and Franklin (1981) reported that limestone
neutralization barriers have had only limited success in treating AMD
streams and may result in the formation of floc injurious to fish food
habitat on the stream bottom.

5.4.3 Limestone Rotary Drums

Both mechanically-powered (Lovell 1971) and water-powered (Zurbuch
1963) tumbling (rotary) drums-loaded with crushed limestone have been
used successfully to neutralize acidic streams. Pearson and McDonnell
(1978) specify that rotary drums are best suited to the complete
neutralization of mildly acidic waters, but they also have special
advantages as process units for the neutralization of AMD from
underground abondoned mines where a hydraulic head is available because
of a pumped discharge or a sloped tunnel discharge. This type of
hydraulic head, or the head produced by a rapid drop in stream
elevation, can be used to power the unit, causing the limestone
particles in the partially filled drum to collide and, thus, abrade into
more reactive limestone fines which are released into the water. The
rotary drum has two major advantages over limestone barriers: (1) the
collision between the limestone particles removes the insoluble coatings
from the stone surfaces that would otherwise inhibit the neutralization
process; and (2) a more finely crushed limestone (resulting in more
reactive surface area and, thereby, reducing the total quantity needed)
is produced than is possible with static permeable barriers (Pearson and
McDonnell 1978).

An efficient design for a rotary drum unit has been reported as
one in which the outside diameter of the water wheel is approximately
1.5 times the diameter of the drum, with the water wheel comprised of 22
blades curved to a radius of 0.25 times the drum diameter (Pearson and
McDonnell 1978).

5.4.4 Self-Sealing Limestone Plugs (Underground Precipitation)

The placement of porous crushed limestone in mine openings has
been used to treat and eventually seal mine adits which are discharging
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AMD (Halliburton Company 1970). This is accomplished by filling a mine
opening with limestone aggregate. Because the aggregrate is porous,
mine water seeps through and is filtered and neutralized. Precipitation
of iron hydroxide and calcium sulfate sludges (formed in the
neutralization process) gradually seals the aggregate limestone, thus
forming a plug which eventually eliminates or greatly reduces acid mine
water flow (Penrose and Holubec 1973). A relatively similar technique
was used in the Driscoll No. 4 mine, Cambria County, Pennsylvania. The
flow of acid mine water through a loose rubble barrier in the Driscoll
mine was neutralized and eventually stopped by the precipitates formed
when hydrated lime and limestone were injected into the space upstream
of the barrier (Stoddard 1973).

5.4.5 Truck Technique for Watershed and Lake Liming

Convential lime spreading trucks have been used to spread either
aglime or hydrated lime to surface-mine watershed areas that are
accessible to vehicles (Rafaill and Vogel 1978). These authors also
indicate that in steeper regions aglime is applied with an Estes
spreader, a blower-impactor device, while hydrated lime is applied with
a hydroseeder.

Five AMD lakes (pH ranging from 3.0 to 4.3) located on Peabody
Coal Company's River Queen Mine, Muhlenberg County, Kentucky, were
neutralized either by the application of aglime to the watershed (by
truck/spreader) or surface water of each lake (truck/blower) or a
combination of the two techniques (Rosso 1977). Four lakes were treated
using 44.8 tonnes/hectare of aglime within the watershed of each lake.
Also, the lake surface and shoreline of all but one lake were treated
with aglime applied from a truck with a blower attachment. All lakes
whose waters were limed directly attained a pH of 6.0 within 6 months.
The one lake whose water was not limed directly, achieved a pH of 6.0
after a period of 18 months (Rosso 1977).

5.5 COMPARISON OF APPLICATION TECHNIQUES

The application techniques used in the liming of AMD are in most
cases quite adaptable for use in liming surface waters affected by acid
deposition. In fact, most of the AMD techniques appear to have been
already adapted and/or slightly modified for use in mitigating the
effects of acid deposition. Silos, limestone barriers, limestone rotary
drums, and lake and watershed liming by truck with blower system appear
all to be examples of acid deposition-related liming techniques that are
derived from previously developed AMD techniques. The major difference
is that mine operators seem to favor automated silos, which apply
concentrated doses of hydrated lime, as their preferred neutralization
technique. Fishery managers attempting to protect or restore acid-
affected fish populations will probably not choose this technique
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because of the large capital investment associated with construction of
silos. Also, they will probably utilize aglime instead of hydrated lime
because aglime reduces the possiblity of pH shock to aquatic biota.
However, there is considerable interest in the development of future
techniques that will allow the utilization of hydrated lime or
quicklime, while minimizing pH shock (Tom Potter, Director of
Governmental Affairs, National Lime Association, Arlington, Virginia;
pers. comm.; Ronald A. N. McLean, Director of Environmental
Technologies, DOMTAR, Inc., Montreal, Quebec, Canada; pers. comm.).

A general comparison of the advantages and disadvantages of the
major liming application techniques is summarized in Table 16.

5.6 METHODS TO PREDICT LIMING REQUIREMENTS FOR ACIDIFIED SURFACE
WATERS

Requirements for various methods have been used by fishery
managers, and others interested in lake and stream restoration, to
predict the quantity of alkaline materials needed to neutralize acidic
conditions. It is necessary to estimate liming requirements as
accurately as possible so that the desired water quality can be attained
without unexpected and costly reapplications of alkaline materials due
to initial underestimation. Similarly, initial overestimates of
material requirements will be costly and may prove harmful to aquatic
biota.

The resource requirements of many liming operations have been
developed. The techniques used to determine these dosages vary
substantially in their degree of complexity: they range from methods
based only upon acid-base titrations, to more sophisticated, computer-
assisted, chemical equilibria models.

An evaluation and characterization of nine predictive
methodologies currently used in Scandinavia or North America are
presented in Appendix C. Three of the methods were developed in Sweden:

" Swedish Government Guidelines for Liming Lakes (National
Fisheries Board of Sweden 1982).

" Swedish Government Guidelines for Liming Streams (National
Fisheries Board of Sweden 1982).

" Estimation of Lime Dissolution in Swedish Lakes (Sverdrup
1982a, Sverdrup 1982b)

Four methods were developed in the United States:

" Calculation of Base Neutralizing Capacity and Lime
Requirements in Adirondack Lakes (Driscoll et al. 1982).
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Table 16. General comparison of the various liming application techniques.

COUNTRIES
TECHNIQUE EMPLOYING RECEPTOR ADVANTAGES DISADVANTAGESTCNQE VARIOUS TYPE

TECHNIQUES

BOATS 0 CANADA " LAKES 0 SIMPLE AND RELATIVELY INEXPENSIVE " APPLICATION IS A RELATIVELY SLOW PROCESS
SWEDEN TECHNIQUE IF BAG DUMPING OR SLURRY TECHNIQUES ARE
UNITED STATES USED

" ALLOWS CHOICE OF ELEMENTARY TO " DIFFICULT TO UTILIZE AT REMOTE BODIES OF
SOPHISTICATED DISTRIBUTION OPTIONS WATER

SEDIMENT 0 SWEDEN " LAKES " REPORTED TO BE FIVE TO SEVEN TIMES " COST - INTENSIVE
INJECTION AS EFFICIENT AS ADDING LIME DIRECTLY

TO LAKES ON AN EQUIVALENT BASIS " NEED LARGE SOPHISTICATED EQUIPMENT

" ONLY APPLICABLE TO LAKES ACCESSIBLE BY ROADS

TRUCK AND " NORWAY 0 LAKES 0 CAN DISTRIBUTE LARGE AMOUNTS OF LIME " CAN ONLY BE APPLIED IN AREAS WHERE THE
SPREADERS SWEDEN IN A RELATIVELY SHORT TIME PERIOD STREAMS AND LAKES ARE ACCESSIBLE BY ROADS
OR BLOWER " STREAMS

AERIAL " CANADA " LAKES " FACILITATES ACCESS TO REMOTE SITES 0 COST-INTENSIVE
APPLICATIONS SWEDEN

UNITED STATES " STREAMS 0 LESS LABOR-INTENSIVE

" CAN APPLY LARGE AMOUNTS OF LIME IN
A RELATIVELY SHORT TIME PERIOD

SILOS " SWEDEN " STREAMS " ALLOWS FOR MORE PRECISE MAINTENANCE 0 NEED REGULAR MAINTENANCE, AS EXISTING SILOS
OF pH. SINCE LIMING MATERIAL IS APPLIED CONTINUALLY BREAK DOWN
AS NEEDED

" OVERALL, RELATIVELY EXPENSIVE TO BUILD AND
MAINTAIN

DIVERSION " NORWAY 0 STREAMS " SIMPLE AND RELATIVELY INEXPENSIVE " NOT ADAPTABLE TO SLOW FLOWING STREAMS
WELLS SWEDEN

" EFFICIENCY NOT KNOWN

LIMESTONE " CANADA 0 STREAMS 0 SIMPLE AND RELATIVELY INEXPENSIVE " TECHNIQUE ONLY SUITABLE FOR EASILY ACCESSIBLE
BARRIERS SWEDEN TECHNIQUE SITES

UNITED STATES
* ONCE APPLIED, THE LIMESTONE IS PRESENT " TECHNIQUE FAILS DURING HIGH WATER FLOWS

FOR A RELATIVELY LONG TIME
" CONTROVERSY OVER LONG-TERM BUFFERING

CAPABILITIES
ROTARY " UNITED STATES " STREAMS " EFFECTIVE MAINTENANCE OF STREAM pH 5 NOT ADAPTABLE TO SLOW FLOWING STREAMS
DRUMS BECAUSE CONTROLLED BY STREAM FLOW

* STILL IN PROTOTYPE STAGE, THEREFORE, MAY STILL
" CONTINUAL ABRASION OF LIMESTONE NEED SOME DESIGN CHANGES

PREVENTS COATING BY IRON HYDROXIDE
AND CALCIUM SULFATE PRECIPITATES S HOPPER RELOADING REQUIRED REGULAR MAINTENANCE

Source: Adapted from Fraser et al. 1982.



" Estimation of Lime Requirements of Acidic Aquatic Sediments
(Boyd 1974; Boyd 1982b; Boyd and Cuenco 1980).

0 Calculation of Lime Effectiveness (Boyd 1982b).

" Estimation of Limestone Requirements for Stream Barriers
(Pearson and McDonnell 1975a, Pearson and McDonnell 1975b).

Two methods were developed or used by Canadian researchers:

" Titration of Sudbury Lakes (Scheider et al. 1975a).

" Titration of Nova Scotia Lakes (Watt; pers. comm.).

Not all of these methods were developed for neutralizing acidic
deposition; however, they all may be applicable, in whole or in part, to
approximating liming requirements in acidified surface waters.

In virtually all methods evaluated in this study, initial
applications in acidified surface waters indicated that the theoretical
liming requirements were inadequate to attain (or maintain) the desired
and projected water quality. Many practictioners of these methods
therefore, have incorporated various multiplicative factors into the
methodologies to compensate (increase material requirements) for
deficiencies in theoretical calculations.

None of the methods have been assessed in enough situations to
establish their degree of reliability with any confidence. Those that
have been successfully used in the past are likely to be successful in
future applications under similar circumstances. The selection of a
model or other predictive method to use in the planning of a liming
project should depend upon:

" The expertise of the planner.

" The time availability and/or financial resources necessary
for obtaining the required input data.

" The similarity of the lake or stream (physical and chemical
characteristics) to be limed with previous application
target areas of the model or methodology.
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6.0 ECOLOGICAL RESPONSES TO LIMING OF AQUATIC ECOSYSTEMS

The addition to surface waters of any of a variety of calcium-
based alkaline compounds to mitigate the effects of acid deposition may
cause chemical, physical, and biological changes to aquatic
ecosystems. Numerous scientific publications have documented these
liming-related changes in the surface waters of North America and
Scandinavia. The following subsections are a summarization of this
information.

6.1 CHEMICAL CHANGES DUE TO LIMING OF AQUATIC ECOSYSTEMS

6.1.1 Chemical Reactions

Hydrated lime [Ca(OH)2] and especially its base constituent,
limestone (CaCO3), have been the most widely used alkaline materials in
the neutralization of acid deposition-affected lakes and waterways
(Scheider et al. 1975a; Bengtsson et al. 1980; Bengtsson 1982; Fraser et
al. 1982; Swedish Ministry of Agriculture Environment Committee 1982).
Because of their wide usage [Ca(OH)2 in many of the older original
experiments, and now mostly CaCO3], the chemical reactions of these two
materials with a strong acid will be described.

Since dissolution of Ca(OH) 2 (a strong base) is almost
instantaneous, the following initial reactions with strong acid occur
very rapidly (Yan and Dillon 1981):

Ca(OH)2 + H+ Ca(OH)+ + H20 , (6-1)

Ca(OH)+ + H+ Z Ca 2+ + H 20 . (6-2)

Initially, the pH will rise well above 7 because the rate of Ca(OH)2
dissolution will exceed the rate of CO2 diffusion from the atmosphere,+
but as CO enters the lake,.bicarbonate (HC03) is formed, producing H ,
and the pA drops until an equilibrium is reached (Yan and Dillion 1981):

CO2 (gas) CO2 (aqueous) , (6-3)

CO 2 (aqueous) + H 20 - H 2C03  , (6-4)

OH + H 2C03  H20 + HCO3 , (6-5)

HCO3 + H+ _ H2C03  . (6-6)

Ruttner (1963) states that although quite insoluble itself,
limestone (a weak base) readily goes into solution as calcium and
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bicarbonate in the presence of carbonic acid (H2C03). The formation of
soluble bicarbonate may be written as:

CaCO3 + H+ Ca2+ + HC03- . (6-7)

Two additional chemical reactions occur as long as there is inorganic
carbon in solution:

HC03- + H+ : H2C03  , (6-8)

H2C03  H20 + CO2  , (6-9)

Pearson and McDonnell (1975a) indicate that the reaction described
by equation (6-8) attains equilibrium almost instantaneously, while
equations (6-7) and (6-9) represent slower reactions which limit the
rate of the overall dissolution process. For calcium bicarbonate to be
stable and remain in equilibrium [equation (6-7)], a surplus of CO2 must
remain free in solution [equation (6-9)]. This needed amount of surplus
free CO increases very rapidly with increasing concentrations of lime
materials (Ruttner 1963). If a solution of calcium bicarbonate loses
this needed surplus of free C02, the following reaction takes place:

Ca2+ + 2HC03 --P CaC0 3 I + H2O + C02 , (6-10)

with the precipitation of CaCO3 proceeding until there is enough free
CO2 in the solution to bring about a new equilibrium. When there is
less limestone present, the precipitation is very slow.

In most natural waters, alkalinity is largely a function of
bicarbonate, but other substances such as organic acids, are important
in the weak acid/base buffering systems of low alkalinity lakes most
susceptible to acidification (U.S.-Canada Memorandum of Intent Working
Group I 1981). Driscoll and Bisogni (1982) report that natural organic
carbon and inorganic aluminum are significant weak acid/base systems in
the dilute (inherently low inorganic carbon buffering capacity)
acidified waters of the Adirondack region of New York State; therefore
aluminum and organic carbon. base neutralization capacity (BNC), which is
the equivalent sum of all acids that can be titrated with a strong base,
should be considered when evaluating base addition (see Appendix C for
additional information).

6.1.2 Changes in Water Chemistry

The dissolution of limestone or other alkaline materials in acidic
waters invariably results in an increase in alkalinity, an increase in
pH, and a decrease in acidity. Boyd (1974) reported that liming not
only leads to increased concentrations of anions which contribute to
increased alkalinity, but it also leads to increased concentrations of
cations (i.e., calcium) which contribute to increased water hardness.
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Increases in pH, alkalinity, and calcium, however, may not occur
immediately throughout the entire water column. For example, Lake
Lysevatten in Sweden was limed from boats in April 1974. This initiated
a very rapid and maximal increase in these parameters following liming
of the epilimnetic water; but the corresponding changes in the
hypolimnion did not occur until the autumnal circulation (Hultberg and
Andersson 1981; 1982). Another Swedish lake, Lake Skitjarn, which
receives less acid than Lake Lysevatten (located in a different
province), and which was limed by direct deposition of limestone on ice
in March-April 1974, experienced as quick an increase in pH as Lake
Lysevatten, but alkalinity and calcium did not reach their highest
values until 2 years after the limestone treatment (Hultberg and
Andersson 1981; 1982). This indicates that the combination of different
liming techniques and different amounts of acidic deposition may alter
the response of pH, alkalinity, and calcium concentrations.

The mobilization and subsequent increase in concentration of
metals may have potentially adverse effects on the biota of acidified
waters. Additions of liming materials, in most cases, should negate
these effects, even if precipitation of metals does not always occur
instantaneously (Bernhoff 1979). Decreases in metal concentrations are
either the result of direct precipitation (i.e., chemical control of
solubility by raising pH) and/or physical removal by settling of the
particulate metal component in the form of phytoplankton or zooplankton
biomass (Yan and Dillon 1981). The pH-controlled solubility of metals
appears to be the most important mechanism for the removal (i.e.,
precipitation) of toxic metals, based on the decrease in average metal
concentrations after experimental liming of four lakes (Middle, Hannah,
Lohi, and Nelson) near Sudbury, Ontario (Yan and Dillon 1981). The
percentage decrease ranged from 32 to 95% for copper, 23 to 81% for
nickel, 22 to 73% for zinc, 15 to 89% for iron, 15 to 79% for manganese,
and 66 to 91% for aluminum (Dillon et al. 1977; Yan et al. 1979; Yan and
Dillon 1981). The precipitation of aluminum hydroxide, as a result of
boosting the pH from liming, occurs the fastest in small, shallow,
clear-water lakes where Al content can drop from 300 ug/liter to less
than 100 ig/liter in a month (Swedish Ministry of Agriculture
Environment Committee 1982). However, a subsequent decrease in pH will
cause aluminum and other soluble metals to be reintroduced into the
aquatic ecosystem, as evidenced by the increase in metal concentrations
in Lohi Lake as the lake water gradually reacidified from 1977 to 1979,
after alkaline treatments during 1973 through 1975 (Yan and Dillon
1981).

Brosset and Svedung (1977) reported that in Scandinavia the
mobilization of mercury may cause increased mercury concentrations in
fish flesh following application of lime to acidic ponds. The
investigation of selected acid and limed lakes in New York's Adirondack
Mountains by Sloan et al. (1979) resulted in contrary findings, as no
increase in mercury concentrations was apparent in fish from either
limed or control waters. The Swedish Ministry of Agriculture
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Environment Committee (1982) reported that recent data seem to indicate
that liming can be a means of lowering mercury concentrations in fish.

It is unclear whether liming mitigates or enhances the toxicity of
hydrolyzing aluminum (Al), prior to its precipitation out of the water
column. Even though aluminum concentrations of 0.2 milligrams per liter
(mg/1) resulted in measurable reductions in survival and growth of brook
trout larvae and postlarvae at all pH levels between 4.2 to 5.6 (Baker
and Schofield 1981), Schofield and Trojnar (1980) indicated that
increasing brook trout mortality and gill damage occurred because of
aluminum reactions with hydroxide as pH rose from 4.4 to 5.2. Raker and
Schofield (1981) and Baker (1981) have recently reported that Al was
most toxic to fish in over-saturated solutions of aluminum at pH levels
5.2 to 5.4. Their observations suggest the mechanism for toxicity under
these conditions involves precipitation and coagulation of Al(OH)3 on
gill and other surfaces. Evaluation of aluminum speciation in acidified
Adirondack waters indicated that complexation of aluminum with organic
ligands seemed to eliminate its toxicity, and that Al was only a concern
to fisheries in an inorganic form (Driscoll et al. 1980). The
ameliorating effect of organic complexation on Al toxicity suggests that
liming lakes and waterways having high organic content may improve fish
survival. This has been confirmed at the Mersey Fish Cultural Station
in Nova Scotia, where liming of the brown, organic/humate-laden,
hatchery inflow water (pH 4.9 to 5.0) has lowered the mortality of the
Atlantic salmon parr from between 19% and 38% to less than 5% during the
third and fourth weeks after first feeding (Farmer et al. 1980; Goff et
al. 1981). Personal communication with hatchery personnel (Fred Baker
and Trevor Goff) indicated that none of the symptoms of aluminum
toxicity have ever been witnessed after raising the pH of the hatchery
water by passing it through limestone filter boxes. Fishery managers,
however, should be cautiously aware that if they are planning to lime
surface waters having a pH of 5.2 or less, low in dissolved organics,
and containing surviving fish populations, then the addition of liming
material with the subsequent rise in pH and precipitation of Al(OH) 3 may
cause additional stress to the fishery they are attempting to protect.
Similarly, most limed lakes will still receive acidic inputs from
streams (and groundwater), resulting in a microenvironment of aluminum
hydroloysis (and toxicity) at the lake-stream interface (Swedish
Ministry of Agriculture Environment Committee 1982).

Aluminum's complexation with organic materials is one other area
in which there exists some degree of concern. Driscoll (1980) and
Johnson et al. (1981) specify that significant correlations have been
observed between organically chelated Al and dissolved organic carbon
concentrations. Driscoll et al . (1982) report that coincident with the
hydrolysis and precipitation of Al following liming, there is a dramatic
decrease in dissolved organic carbon (DOC) concentrations. These
authors suggest that even if reacidification occurs, organic carbon lost
from the water column may be retained (or metabolized) within the
sediments. Therefore, there is the potential that neutralization,
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caused by the addition of alkaline materials, followed by future acid
loading (i.e., reacidification), may result in continuously very low
concentrations of dissolved organic carbon, thus allowing any
resolubilized Al to remain in a toxic inorganic form (Driscoll et al.
1982).

Nitrogen and especially phosphorus are usually limiting factors to
primary productivity in oligotrophic lakes, including those that have
been acidified or limed. The long-term concentrations of these two
nutrients are therefore of special interest after lime treatment.

Previous studies of total phosphorus (TP) concentrations after the
application of alkaline materials have produced contradictory results.
Increased total phosphorus concentrations following the addition of lime
were reported by Hasler et al. (1951), Waters (1956), and Wilander and
Ahl (1972). However, the lakes studied by Hasler et al. (1951) and
Waters (1956) were high in humic content, and the precipitation and
subsequent breakdown of the organic matter could have been the source of
phosphorus (Scheider et al. 1975b). Yan and Dillon (1981) stated that
essentially no changes in concentrations of TP occurred after liming
four lakes near Sudbury Ontario, because any actual changes that did
occur were smaller than the year-to-year variations of TP observed in
the untreated control lake. Data from four lakes in Sweden (two limed
clear-water lakes, one limed humic lake, and one acidified control lake)
indicate that phosphorus concentrations have been reduced by
approximately 50% in all the lakes, limed or acidic (Hultberg and
Andersson 1981; 1982). Increased retention of phosphorus in surrounding
watershed soils, probably as a result of increased leaching of Al, and
precipitation of the phosphorus by Al in the lake water, were the
suggested explanations for the observed decreases. Because of this
potential problem, Hultberg and Andersson (1981;1982) pointed out that
liming lakes and streams exclusively, without adding lime to the
watershed and/or phosphorus to the bodies of water, may not restore
aquatic ecosystems to conditions similar to those existing before
acidification. Bengtsson (1982), however, recently has reported that
the availability of phosphorus in lakes may be initially lowered after
liming, but it eventually increases again over a period of time. This
initial decrease in phosphorus concentrations after elevation of pH is
probably the result of precipitation with aluminum (Dickson 1978).

The reported effects of acid neutralization on total nitrogen (TN)
concentrations are less discordant in the literature, and do not
indicate any potential limiting of primary productivity. Yan and Dillon
(1981) reported that there was no apparent long-term change in TN after
lime additions to the four Sudbury lakes, even though there was some
change in the distribution of organic and inorganic nitrogen species in
three of the four lakes. Several lakes in Sweden, investigated by
Hultberg and Andersson (1981), had somewhat similar responses. In the
epilimnetic water, inorganic nitrate nitrogen (NO 3-N) concentrations
remained almost unchanged and, although nitrate concentrations decreased
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during the summer in the hypolimnion, an increase in organically-bound
nitrogen caused an overall increase in total nitrogen.

6.1.3 Longevity of the Chemical Reactivity of Calcium Carbonate

Whether the limestone added to an acidified lake or stream will
continue to react/dissolve over a period of several years is important
economically in determining the viability of liming as a technique to
neutralize acidification. Many of the individuals involved with the
Swedish liming program believe that CaCO 3 continually goes into solution
at a slow rate for several years (Fraser et al. 1982). Others also
concur with this theory. Rosso (1977) and DePinto et al. (1980)
indicate that unreacted excess CaCO3 material would be present for an
extended period to contribute alkalinity to the bicarbonate buffer
system. Similarly, Boyd and Cuenco (1980) suggest that the residual
effect of liming should last for several years in ponds which receive
little or no runoff.

Other researchers, however, disagree with the theory of long-term
reactivity of CaCO3. Many Canadian scientists and some Swedish
researchers hypothesize that CaCO 3 becomes non-reactive after a
relatively short period of time (as little as two weeks) (Peter Dillon,
Ontario Ministry of the Environment, Toronto, Ontario, Canada, pers.
comm.; Watt, pers. comm.; Sverdrup 1982a; 1982b). They attribute this
to the complexation of limestone with bottom sediments, inhibition by
humus, or coating by insoluble metal carbonates or hydroxides (see
Appendix C for additional details). The most common types of inhibitory
coating that may form on crushed limestone appear to be iron and
aluminum hydroxide and sediment (Pearson and McDonnell 1975a). Similarly,
Bernhoff (1979) stated that limestone may become deactivated when
limestone particles settle into the soft bottom of a lake and lose
contact with the water column. Arnold (1981b; pers. comm) and Driscoll
et al. (1982) specified that formation of an insoluble coating of
hydrolized aluminum, iron, or organic detritus on limestone has been a
significant problem in limestone barrier experiments in Pennsylvania and
New York, respectively. Bisogni and Vaillancourt (1980) reported,
however, that significant chemical precipitation is unlikely to occur
(particularly precipitation of metal hydroxides) in waters having low
dissolved solids, such as the Adirondack lakes.

6.1.4 Summary of Chemical Changes

Numerous chemical changes have been reported in the literature to
occur in limed bodies of water. The major changes, discussed in detail
in the two previous subsections, are summarized in Table 17.
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Table 17. Summary of major chemical changes reported in limed aquatic ecosystems.

Chemical parameters

Reported
Changes pH

Water Buffering and Related
Status Capacity Parameters Hardness Metals Organics Nutrients

* Increase " increase in " increase in " change in " complexation with " increase, decrease
in HCO pH hardness speciation soluble metals or no change in
buffering of soluble and calcium total phosphorus

metals concentrations

* increase in " increase in " decrease in 9 decrease in con- " slight increase or
LIMEDa BODY OF alkalinity concentra- metal concen- centration of no change in total

WATER tion of trations by dissolved organic nitrogen concentra-
calcium precipitation matter by precip- tions

or physical itation or deposi-
settling tion (e.g., dis-

solved organic
carbon chelated
with Al)

* decrease in 9 changes in the
acidity distribution of

organic and inor-
ganic nitrogen
species

aControversy over length of reactivity time of added CaCO3:

- Dissolution over of long period of time (up to 3 years).

- Becomes non-reactive in a relatively short period of time (as little as 2 weeks)
because CaCO 3 is complexed with bottom sediments or coated by insoluble metal
compounds.
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6.2 PHYSICAL CHANGES DUE TO LIMING OF AQUATIC ECOSYSTEMS

6.2.1 Changes in Physical Parameters

Only a few physical changes occur following the addition of lime
materials to aquatic ecosystems. These physical changes are generally
the opposite of the physical changes resulting from acidification.
Hultberg and Andersson (1981; 1982) suggest that liming often results in
a decrease in the transparency of surface water, due to increased
numbers of small phytoplankton chrysomonads in the epilimnetic waters of
limed lakes. In Middle, Lohi, and Hannah Lakes near Sudbury, Ontario,
the immediate effects of acid neutralization were different from the
long-term effects. Secchi disc transparency increased immediately after
the lime treatment (at least partially because of major decreases in
phytoplankton biomass due to the rapid rise in pH), but decreased over
the long-term (Yan and Dillon 1981). Similar effects (an initial
increase in lake water transparency followed by a more or less
continuous decrease in transparency) in six Swedish lakes are reported
by Hultberg and Andersson (1981).

The addition of alkaline materials to an aquatic system may not
always result in eventual decreased water transparency. The liming of a
less acidic lake near Sudbury, Nelson Lake (pretreatment pH of 5.7), had
no apparent effect on lake water transparency (Yan and Dillon 1981).
Hasler et al. (1951) and Hultberg and Andersson (1981) reported that the
transparency of humic (colored) lakes increased after treatment with
alkaline materials. This increased light penetration in humic lakes,
can alter the heat budget and consequently increase the depth of the
epilimnion and thermocline (Stross and Hasler 1960). Although liming
has not always resulted in the removal of organic colloidal color in bog
lakes (Waters 1956), Kitchell and Kitchell (1980) indicate that
successive additions of hydrated lime over a period of 27 years (1951-
1978) have maintained an increased transparency in one experimental
dystrophic lake (Peter Lake, Upper Peninsula of Michigan).

If water transparency. decreases after additions of alkaline
materials to non humic surface waters, then other subsequent physical
changes may also occur: for example, a decrease in the depth of the late
summer epilimnion and thermocline, along with decreased hypolimnetic
temperature, have been observed in both Canadian and Scandinavian lakes
(Hultberg and Andersson 1981; Yan and Dillon 1981).

6.2.2 Summary of Physical Changes

Very few physical changes, caused by liming of aquatic ecosystems,
have been reported in the scientific literature. The few changes
discussed in the preceding subsection are summarized in Table 18.
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Table 18. Summary of major physical changes reported in limed aquatic ecosystems.

Physical parameters

Reported

Changes Water
Trans parency Epil imnion Thermocl ine Hypol imnion

Water

Status

* initial increase " decrease in depth " decrease in depth " decrease in temperature
in transparency of epilimnion of thermocline
(short-term)

" decrease in water
LIMED CLEAR WATER transparency
BODY (long-term)

" no change in trans-
parency (mildly
acidic lake)

LIMED'HUMIC WATER " generally an increase " increase in depth " increase in depth
BODY in water transparency of epilimnion of thermocline

--- no data available
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6.3 BIOLOGICAL CHANGES DUE TO LIMING OF AQUATIC ECOSYSTEMS

Addition of alkaline materials to mitigate the ecological effects
resulting from acidification may result in numerous biological changes
to the aquatic ecosystem which could indirectly or directly affect the
fishery resource. Because many of the changes reported in the
scientific literature are somewhat contradictory, an attempt will be
made to discuss all aspects of the potential changes.

6.3.1 Biological Changes (Indirect Effects on Fishery Resources)

Populations of aerobic heterotrophic bacteria in acidic waters are
affected by the addition of alkaline materials. Neutralization of
acidified lakes near Sudbury caused the numbers of aerobic heterotrophic
bacteria to increase by several orders of magnitude, and also caused a
change in taxonomic composition (Scheider and Dillon 1976). The
increase in these bacteria intensifies microbiological activity in the
bottom sediment, resulting in improved decomposition of organic matter
(Bengtsson 1982). Increased bacterial populations, however, may not
always be beneficial. Raising the pH of the hatchery inflow water from
5.0 to 6.5, at the Mersey Fish Cultural Station in southwestern Nova
Scotia, resulted in the incidence of bacterial fin rot on Atlantic
salmon smolts (Farmer et al. 1980).

The sphagnum mosses and benthic algal mats, typical of many
acidified lakes (Grahn et al. 1974) are severely-damaged or eradicated
when lime is applied (Bengtsson et al. 1979; Hultberg and Andersson
1981; 1982). The elimination of these thick algal mats should improve
fish growth because the mats are very poor substrata for fish food
organisms (Hultberg and Grahn 1975). Also, because of their strong ion-
exchange capacity and their absorption of sediment nutrients, the
disappearance after liming of Sphagnum and other benthic mosses and
algae should increase the availability of nutrients and ions important
to biological production (Hultberg and Grahn 1975; Hultberg and
Andersson 1981).

Boyd and Cuenco (1980) reported that phytoplankton growth may be
limited by low concentrations of inorganic carbon (CO2 or HCO3) and
calcium in acidic waters, and that liming would be an effective
inorganic fertilization method for increasing phytoplankton
productivity. Other authors have reported conflicting data that suggest
that liming does not increase phytoplankton standing stock. Scheider et
al. (1975b) indicated that phytoplankton biomass experienced a severe
decline, probably resulting from the rapid rise in pH, following liming
in Middle, Lohi, and Hannah Lakes, Sudbury, Ontario. The much less
acidic Nelson Lake, near Sudbury, however, exhibited no relative change
in phytoplankton biomass after lime treatment (Yan and Dillon 1981).
Phytoplankton biomass in Middle, Hannah, and Lohi Lakes was
reestablished (species changed from acid-tolerant dinoflagellates to non
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acid-tolerant chrysophytes) within several months (Scheider et al.
1975b), but it never surpassed the pre-neutralization levels (Yan and
Dillon 1981). The liming of lakes Lysevatten, Stensjon, and Bredvatten
(pre-liming pHs all less than 5) in Sweden resulted in very similar
effects on phytoplankton biomass; that is, an initial decline, a change
in species, and an increase approaching the levels which were evident in
the acidic state (Hultberg and Andersson 1981; 1982). Renberg and
Hellberg (1982) report, however, that although liming of Lake Lysevatten
allowed the return of non-acid tolerant diatom species, sediment core
analyses indicated these species to be different from the historic
diatom flora found in the lake prior to its acidification. Examining
the changes in phytoplankton biomass over time at different pH levels,
Yan and Stokes (1978) reported that 8 days after an increase in pH,
phytoplankton biomass decreased in all experimental cylinders (enclosed
columns of water anchored in a lake), with the extent of decrease being
proportional to the extent of pH change. The addition of phosphorus,
after acid neutralization, appears to enhance phytoplankton recovery and
increase the overall biomass (Scheider and Dillon 1976).

Population changes in invertebrate fauna, after neutralization of
acidic waters, are somewhat similar to the changes affecting
phytoplankton standing stock. Following the addition of alkaline
material, the biomass of zooplankton usually decline immediately,
probably due to the rapid rise in pH, followed by an eventual recovery
up to less than pre-neutralization levels (Yan and Dillon 1981) or
occasionally greater than pre-neutralization levels (Bengtsson et al.
1980; Hultberg and Andersson 1981; 1982). However, recovery of
zooplankton biomass, when compared to phytoplankton, usually took
several years instead of several months (Bengtsson et al. 1980; Yan and
Dillon 1981), probably due to the slower rates of reproduction in
zooplankton (Scheider and Dillon 1976). Changes in taxonomic
composition of zooplankton also generally occurred, with a predominance
of cladocerans usually changing to a predominance of copepods (Hultberg
and Andersson 1981; Yan and Dillon 1981). Yan and Dillon (1981)
reported that fertilization of two Sudbury lakes (addition of 5.0 to 7.0
mg/m of phosphorus), following treatment with liming materials,
resulted in an enhanced zooplankton biomass recovery. They also noted
that the zooplankton standing stock of less-acidic Nelson Lake remained
relatively constant after lime treatment, but no phosphorus addition.

Similar to the effects on phytoplankton and zooplankton,
neutralization of acidic lakes generally affected benthic macro-
invertebrates by an almost immediate substantial reduction in biomass
(Scheider and Dillon 1976; Hultberg and Andersson 1981). Acid-tolerant
chironomids were usually replaced over a period of 1 to 2 years by
proportional increases of less acid-tolerant species found in normal
circumneutral (pH approximately 7) lakes (Hultberg and Andersson
1981). Bengtsson et al. (1980) indicated that benthic communities
associated with pre-acidic conditions will eventually return over time
if immigration is possible. Hultberg and Andersson (1981) noted that
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benthic invaders could successfully establish good populations within 2
years after liming. Because some benthic organisms were completely
eradicated by acidification, the reintroduction of invertebrates to
several limed lakes was attempted in Sweden, generally with success
(Hultberg and Andersson 1981; 1982). The introduced organisms, mostly
ephemeropterans and crustaceans (crayfish), were ones that might be
considered important food sources for fish. Survival and growth of
crayfish have been especially successful with large areas of limed
waters being productive (Bengtsson 1982). In addition to a replenished
supply of fish food, Hultberg and Andersson (1981) reported that the
reintroduction of invertebrate species may increase diversity, and thus
may create a more stable ecosystem and enhance the positive effects of
liming in special cases.

6.3.2 Biological Changes (Direct Effects on Fishery Resources)

For the most part, the effects of lime treatment on fish
populations have been favorable. Investigators generally have indicated
improved fish communities with only a few isolated incidents of fish
mortality from metal toxicity. Bengtsson et al. (1980) stated that
during the liming of an acid lake, organisms suffer a transition period
before metals have precipitated, and that aluminum toxicity has killed
salmon and rainbow trout (Bengtsson 1982) stocked immediately after
liming. The pH-dependent toxicity of aluminum to fish has been
described by Driscoll et al. (1980), Schofield and Trojnar (1980), Baker
(1981), and Baker and Schofield (1981), and has been discussed
previously in subsection 6.1 entitled, "Chemical Changes Due to Liming
of Aquatic Ecosystems."

In Middle and Lohi Lakes, which are very close to the Sudbury
smelters (about 5 km), highly elevated metal concentrations produced
fish mortalities in the stocked species (smallmouth bass and brook
trout, respectively) even after whole-lake neutralization had
successfully raised pH (Powell 1977; Keller et al. 1980). Powell (1977)
suspected that the mortalities of the stocked fish in Middle and Lohi
Lakes were related to copper toxicity; later experiments with rainbow
trout in these two lakes confirmed the lethal copper toxicity (Yan et
al. 1979). Therefore, despite the significant reduction of heavy metals
as a result of raising the pH through addition of alkaline materials,
the concentrations of metals in these specific Sudbury lakes were still
too high for fish survival. Neutralization of Nelson Lake (pH about
5.7), which is considerably further away from the Sudbury smelters than
Middle and Lohi Lakes, produced no visible effects on the established
inshore fish community, but improved water quality allowed a
reintroduced smallmouth bass population (formerly extinct) to spawn
successfully (Keller et al. 1980; Yan and Dillon 1981), and also
resulted in the resurgence of a remanent lake trout population (Kelso
and Gunn 1982).
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Similarly, successful reproduction and increase in biomass of acid
sensitive Atlantic salmon (Salmo salar) (Bengtsson et al. 1979;
Bengtsson et al. 1980; Bengtsson1982), arctic char (Salvelinus alpinus)
(Bengtsson et al. 1980; Bengtsson 1982), European perch (Perca
fluviatilis) (Bengtsson et al. 1980; Hultberg and Andersson 1981), roach
(Rutilus rutilus) (Hultberg and Andersson 1981; Bengtsson 1982),
unidentified cyprinids (Bengtsson 1982), brook trout (Salvelinus
fontinalis), brown trout (Salmo trutta), and northern pike (Esox lucius)
(Hultberg and Andersson 197)have been noted in many Swedish lakes
after treatment with lime. Gunn and Keller (1980; 1981) reported that
in acidic George Lake (pH approximately 5.2) located southwest of
Sudbury in the LaCloche Mountains, the in situ incubation of rainbow
trout, lake trout, and brook trout eggs within crushed limestone
substrates greatly enhanced hatching success and sac fry survival during
7- and 30-day holding periods, thereby indicating small-scale limestone
applications could prove beneficial to salmonid recruitment in some
acidic lakes. This was further verified at the Mersey Fish Cultural
Station in Nova Scotia, where limestone filters are used to raise the pH
of the hatchery inflow water. This has resulted in increased survival
of Atlantic salmon parr from between 62 and 81% (1975 to 1978) to
greater than 95% (1979 and 1980) during the third and fourth weeks after
first feeding (Farmer et al. 1980; Goff et al. 1981). Bengtsson (1982)
has noted that reproduction of fish has been successful, without
exception, in Swedish projects where the expected increase in pH has
been achieved. Bengtsson also reported that the growth of fish becomes
normal after liming. A summary of the fish populations reported to have
been affected favorably by liming is presented in Table 19.

A general conclusion on the response of fish to liming is that
most species affected by acidification respond positively and directly
to liming; however, the potential problems of gradual or sudden
reacidification (e.g., from snowmelt) and subsequent remobilization of
toxic metals must be prevented, especially in running water and lakes
with short turnover times (Hultberg and Andersson 1981). These authors
(1982) indicate, when lakes that have been neutralized begin to
reacidify and drop below pH 6.0 to 5.5, acidic inflow from temporary
brooks and seepage can increase toxic Al concentrations enough to
influence the whole lake; therefore inflow of Al must be lowered by
liming the watershed, or lake liming must be periodically repeated to
prevent the reaching of the critical values (pH less than 6.0 to 5.5).

6.3.3 Summary of Biological Changes

The major biological changes resulting from liming of aquatic
ecosystems discussed in detail in the two previous subsections, are
summarized in Table 20. Because the various liming-related changes in
aquatic ecosystems appear to differ based on pre-neutralization pH and
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Table 19. Fish populations reported to be affected favorably by liming.

Family and species Observed effect after liming treatment References

SALMONIDAE

Lake trout (Salvelinus namaycush)

Brook trout (Salvelinus fontinalis)

Arctic char (Salvelinus alpinus)

Rainbow trout (Salmo gairdneri)

Brown trout (Salmo trutta)

Atlantic salmon (Salmo salar)

Cisco (Coregonus albula)

cO

Successful hatching of eyed eggs in limed hatching boxes in George Lake,
Ontario

Enhanced survival of natural populations in Nelson Lake, Ontario

Successful hatching of eyed eggs in limed hatching boxes in George Lake,
Ontario

Enhanced survival of natural populations in Adirondack lakes of New York
State

Successful reintroduction, spawning, and enhanced survival in Swedish lakes

Successful introduction and enhanced survival in Spruce Knob and Summit Lakes,
West Virginia
Enhanced survival of natural populations in Lake Nedsjon and Lake Ostra
Skalsjon, Sweden

Successful reintroduction and spawning in Swedish lakes

Successful hatching of eyed eggs in limed hatching boxes in George Lake,
Ontario

Successful introduction and enhanced survival in Spruce Knob and Summit Lakes,
West Virginia

Successful introduction in Swedish lakes, and enhanced survival and spawning
in natural populations of anadromous strains in Swedish rivers

Successful introduction in Lake Hovvatn, Norway

Enhanced survival of natural populations in Hogvadsan River system, Sweden

Enhanced survival of parr in Mersey Fish Cultural Station, Nova Scotia,
after installation of limestone filters

Enhanced survival of natural populations in Lake Nedsjon, Sweden

Gunn and Keller 1981

Kelso and Gunn 1982

Gunn and Keller 1981

Blake 1981; Haines 1981b

Hultberg and Andersson 1981; 1982

Menendez, pers. comm.

Bernhoff 1979; Bengtsson et al.
1980

Bengtsson 1982

Gunn and Keller 1980

Menendez, pers. con.

Hultberg and Andersson 1981

Fraser et al. 1982

Bengtsson et al. 1980

Farmer et al. 1980; Goff et al.
1981

Bernhoff 1979



Table 19 (concluded). Fish populations reported to be affected favorably by liming..

Family and species Observed effect after liming treatment References

ESOCIDAE

Northern pike (Esox lucius) Successful reproduction and enhanced survival of natural populations in Hultberg and Andersson 1981
Swedish lakes

CENTRARCHIDAE
Smallmouth bass (Micropterus dolomieui) Successful spawning of reintroduced fish in Nelson Lake, Ontario Keller et al. 1980; Yan and

Dillon 1981

PERCIDAE

European perch (Perca fluviatilis) Successful reproduction and enhanced survival of natural populations in Bengtsson et al. 1980; Hultberg
Swedish lakes and Andersson 1981

CYPRINIDAE

Roach (Rutilus rutilus) Successful reproduction and enhanced survival of natural populations in Haines 1981b; Hultberg and
Swedish lakes Andersson 1981; Bengtsson 1982

Co
Others (unidentified) Successful reproduction and enhanced survival of natural populations in Bengtsson 1982

Sweden



Table 20. Summary of major biological changes reported in limed aquatic ecosystems.

Biological parameters

Reported
Changes

Phytoplankton &
Water Other Primary Benthic
Status Bacteria Producers Zooplankton Macro-Invertebrates Fish

LIMED BODY OF " bacterial pop- " initial decline in phy- immediate decline in * immediate decline in biomass " aluminum toxicity lethal to
WATER ulations in- toplankton biomass (Ly, biomass (Ly,S,B) (Ly,S,B) trout and salmon introduced

With pre-neu- creased result- S,B) Sdwaely after living
tralization pH of ing in an inci-
4.0 to 5.5 and dence of fin
low metal concen- rot (Mersey Fish
trations [e.g., Hatchery, Nova
Lysevaten (Ly), Scotia)
Stensjon (S), and " increase in mic- " change in speciation " gradual recovery of " acid-tolerant chironomids reproduction of acid sensitive
Bredvatten (B) robial activity from acid-tolerant to biomass, up to or oc- replaced by less acid- Atlantic salmon, arctic char,

Lakes in Sweden] resulted in in- less acid-tolerant casionally greater than tolerant species in several brook trout, brown trout,

creased organic species (Ly,S,B) pre-liming levels, in years (Ly,S,B) European perch, roach, northern

decomposition several years (Ly,S,B) pike, and cyprinids (Sweden)

(Sweden) " phytoplankton biomass " species changed from " reintroduced emphemeropteran " incubation of rainbow trout,

recovered In several acid-tolerant clado- and crustacean species gen- lake trout, and brook trout

months almost up to pre- cerans to less acid- erally survived (S&B) within crushed limestone

liming levels (Ly,S,B) tolerant copepods substrates greatly enhanced

(Ly,S,B) hatching success and sac
fry survival (George Lake,
Ontario)

. sphagnum mosses and " raising pH of hatchery water
benthic algal mats by limestone filters increased

severely damaged or survival of Atlantic salmon

eradicated (Ly,S,B) parr during third and fourth
weeks after first feeding
(Mersey, Nova Scotia)

LIMED BODY OF
WATER
With pre-neu-
tralization pH of
5.6 to 5.7 and
average or slight-
ly high metal
concentrations
[e.g., Nelson
Lake (N) near
Sudbury, Ontario]

* no change in phytoplank-
ton biomass (N)

* zooplankton biomass
remained relatively
constant (N)

" no effects on established
inshore fish communities (N)

" reintroduced smallmouth bass
successfully spawned (N)

* resurgence of remanent lake trout
population (N)
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Table 20 (concluded). Summary of major biological changes reported in limed aquatic ecosystems.

Biological parameters

Reported Phytoplankton &
Water Changes Other Primary Benthic
Status Bacteria Producers Zooplankton. Macro-Invertebrates Fish

LIMED BODY OF
WATER

With pre-neu-
tralization pH
of 4.0 to 5.0
and very high
metal concen-
trations [e.g.,
Middle (M),
Hannah (H),
and Lohi (L)
Lakes near
Sudbury,
Ontario]

" aerobic heter-
otrophic bac-
teria increased
several orders
of magnitude
(M&L)

* taxonomic com-
position
changed to more
acid-tolerant
species (M&L)

" initial decline in phyto-
plankton biomass (M,H,L)

" phytoplankton biomass re-
covered in several months
almost up to pre-liming
levels (M,HL)

" species changed from
acid-tolerant dino-
flagellates to less
acid-tolerant chryso-
phytes (M,H,L)

" addition of phosphorus
enhanced phytoplankton
recovery and caused an
increase in biomass
(M&H)

" innediate decline in * immediate decline in " stocked smallmouth bass (M) and
biomass (M,H,L) biomass (M,H,L) stocked brook trout (L) were

eradicated due to metal toxicity

" gradual reestablish-
ment of biomass, up to
almost pre-liming
levels, in several
years (L)

" species changed from
acid-tolerant clado-
cerans to less acid-
tolerant copepods
(M,H,L)

" addition of phosphorus
enhanced recovery of
biomass (M&H)

" experiments with stocked rainbow
trout also resulted in mortality
due to metal toxicity (M&L)



metal concentrations, the summary table is divided into three surface
water categories to incorporate the different pH levels and metal
concentrations reported in the literature.
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7.0 INFORMATION NEEDS

In 'the preceeding sections of this report, and in Appendix C, there
are several examples of conflicting information regarding the
effectiveness and chemical and biological implications of liming
operations. Furthermore, many liming strategies are based upon
different sets of assumptions. At the present time, the data bases for
lake and stream liming activities cannot resolve all of the
uncertainties, alternative hypotheses, and technical problems currently
associated with the chemical neutralization of acidified surface waters.

Additional research designed to resolve some of the present
uncertainties and problems will be needed to evaluate adequately the
long-term implications of liming and to enhance the efficiency and
effectiveness of any future liming projects.

Some of the major information gaps and problem areas described
elsewhere in this report are summarized in the following sections.
Information needs are categorized by technological, economic, and
ecological areas.

7.1 TECHNOLOGICAL INFORMATION NEEDS

" Which alkaline materials are most effective and longest
lasting (and under what conditions)?

" How can more reliable dosages be calculated for different
types of acidified surface waters?

" What is the most effective reapplication rate for different
application techniques and alkaline materials?

" What is the best way to neutralize episodic acid surges such
as those that occur during snowmelt?

" When is the best time (season) to apply liming materials?

* How important are sediments to the total liming requirements
of surface waters (and how can deactivation of residual
alkaline materials be prevented)?

" Where are the most effective placement areas for liming
materials in different types of systems?

" Is terrestrial liming necessary in watersheds containing high
aluminum concentrations in soil, to prevent leaching into
surface waters.
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" How can lakes with high flush rates, or streams with large
fluctuations in flow rates, be adequately neutralized.

7.2 ECONOMIC INFORMATION NEEDS

" How would costs differ in large-scale operations relative to
smal1-scale operations.

" What are total costs of liming when the design and pre- and
post-water quality monitoring costs are considered?

* Which proven liming application techniques are most cost
effective under different environmental conditions?

" How important is the reapplication rate to total costs of a
project?

7.3 ECOLOGICAL INFORMATION NEEDS

* What are the long-term effects of liming on nutrient and
mineral cycling, and aquatic biota in lakes and streams?

" How can the problems of metal toxicity best be avoided?

" Is the carbon cycle permanently altered by liming?

" How effective is the addition of nutrients (especially
phosphorus) at the time of liming, in restoring the biological
community?

" At what season and life-stages are various fish species most
susceptible to acidification effects?
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APPENDIX A

A SUMMARY OF LIMING PROJECTS IN THE NORTHEASTERN AND
MIDWESTERN UNITED STATES

(References cited in this appendix are listed in the previous section
entitled REFERENCES)
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Max.
Size Depth

Lake/Stream (ha) (m)

Green Falls
Reservoir

Horse Pond

Norwich Pond 11.3 11.6

Norwich Pond
Inlet Stream

State CONNECTICUT

Alkaline Material Application
Application

Quantity Method or
Date (kg) Type Location

< 1966 3.4 kg/ CaCO3 (aglime)
acre foot

1972

1966 17,237 CaCO3 (aglime)

Jul 25, 1968 15,422 CaCO3 (aglime)

1972

Pre-Liming Post-Liming

Date pH Date

1966

Jul 5, 1968

5.8 1966

6.1 Aug 23, 1968

Jul 2, 1973

726 CaCO3 (pebbles) stream barrier Jul 5, 1968 6.2

PHl Reference

Fredette (unpublished
data) 1982

Fredette (unpublished
data) 1982

7.0 Fredette (unpublished
data) 1982

6. Fredette (unpublished
data) 1982

7.0 Fredette (unpublished
data) 1982

Fredette (unpublished
data) 1982

CY)



State MASSACHUSETTS

Lake/Stream

Baker Pond,
Orleans

Berry Pond,
N. Andover

Big Sandy Pond
Plymouth

Cliff Pond,
Brewster

Deep Pond,
Falmouth

Fearing Pond,
Plymouth

Flax Pond,
Brewster

Fresh Pond,
Dennis

Goose Pond,
Chatham

Great Pond,
Truro

Grew's Pond,
Falmouth

Little Cliff
Pond,Brewstei

Little Hell Por
Fort Devens

Max.
Size Depth Q
(ha) (i) Date

11.3 14.6 Nov 8, 1973

Feb 19, 1957
May 23, 1957

Sep 25-27 and
Dec 16-17, 1974

Sep 5-7, 9,
13-14, 1977

Sep 13, 1979

9.7 6.1 Oct 12, 1971

Sep 11, 1979

11.7 2.4 Sep 26, 1972

Sep 12, 1979

6.9 10.7 Nov 5, 1973

5.1 10.7 Sep 23, 1974

Sep 8, 1977
r

nd 9.1 Jun 14, 1963
Jul 12, 1963

line Material Application Pre-Liming Post-Liming
Application

Quantity Method or
(kg)

18,144

680
454

72,576

90,720

12,701

13,608

21,773

13,608

18,144

9,072

9,072

18,144

1,742
1 ,452

Type

CaCO 3 (agl ide)

CaCO 3 (aglime)
CaCO3 (aglime)

CaCO3(aglime)

CaCO3(aglime)

CaCO 3(aglime)

CaCO 3(aglime)

CaCO 3(aglime)

CaCO 3(aglime)

CaCO 3(aglime)

CaCO 3(aglime)

CaCO 3(aglime)

CaCO 3(aglime)

CaCO3 (aglime)
CaCO3(aglime)

Location Date pH Date pit I1Reference

Mar 19, 1973 5.5 Mar 13, 1974 6.3 Keller (unpublished
data) 1982

Keller (unpublished
data) 1982

Keller (unpublished
data) 1982

Keller (unpublished
data) 1982

Keller (unpublished
data) 1982

May 13, 1972 5.4 Mar 3, 1972 6.8 Keller (unpublished
data) 1982

Keller (unpublished
data) 1982

Jun 13, 1972 4.0 Sep 27, 1973 5.0 Keller (unpublished
data) 1982

Keller (unpublished
data) 1982

Mar 19, 1973 5.5 Feb 26, 1974 6.0 Keller (unpublished
data) 1982

Mar 9, 1973 5.5 Jan 22, 1975 6.7 Keller (unpublished
data) 1982

Keller (unpublished

Apr 24, 1963 4.7 Jul 29, 1963 6.9 Keller (unpublished
data) 1982

Ata



Lake/Stream

Little Pond,
Plymouth

Lout Pond,
Plymouth

Mares Pond,
Falmouth

Mary's Pond,
Rochester

Pickerel Pond,
Plymouth

Russells-Sawmill
Pond, Plymouth

Schoolhouse Pond,
Chatham

Sheep Pond,
Brewster

Spectacle Pond,
Sandwich

Wallui Pond, l
Douglas

Max.
Size Depth
(ha) (m) Date

17.4 12.1 Nov 22,

Sep 19,

Sep 13,

32.8 9.8 Oct 8,

Sep 3,

8.5

57.5

36.8

130.3

13.7

18.3

12.2

22.6

196

19

19

19

196

State

Alkaline Material Application

Quantity
(kg) Type

69 22,680 CaCO3(aglime)

74 7,258 CaCO3(aglime)

79 10,886 CaCO 3 (agl ime)

71 40,824 CaCO3 (aglime)

64 1,996 CaCO3 (aglime)

Sep 16, 1974 1,814

Oct 4, 1971 9,072

Oct 5, 1971 72,576

Nov 12-14, 54,432
1973

Feb 22, 1971 317,520

Only Rhode Island half
(see Rhode Island)

CaCO 3(aglime)

CaCO 3(aglime)

CaC03(aglime)

CaCO3 (aglime)

CaC03 (aglime)

limed in 1981-82

MASSACHUSETTS

Application
Method or
Location

Pre-Liming

Date

Oct 29, 1969

Post-Liming

pH Date

4.9 Jun 29, 1970

pH

6.3

May 13, 1971 5.0 Feb 16, 1972 7.4

tractor/spreader
on ice

Mar 10, 1971

Mar 10, 1971

Feb 19, 1971

Jan 27, 1971

4.8

5.0

5.7

5.1

Feb 22, 1972

Mar 3, 1972

Feb 28, 1974

May 1, 1973

6.2

7.0

6.1

7.0

Reference

Keller (unpublished
data) 1982

Keller (unpublished
data) 1982

Keller (unpublished
data) 1982

Keller (unpublished
data) 1982

Keller (unpublished
data) 1982

Keller (unpublished
data) 1982

Keller (unpublished
data) 1982

Keller (unpublished
data) 1982

Keller (unpublished
data) 1982

Keller (unpublished
data) 1982

00

I
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State MICHIGAN

County ALGER

Alkaline Material Application Pre-Liming Post-Liming
Max. Application

Size Depth Quantity Method or
Lake/Stream (ha) (m) Date (kg) Type Location Date pH Date pH Reference

Starvation Lake 0.7 12.8 summer, 1954 1905 Ca(OH)2  raft and slurry pump May, 1954 5.2 July, 1954 11 Waters 1956
(Bog lake) fall, 1954 1905 Ca(OH)2 raft and slurry pump Oct, 1954 6.8 May, 1955 7.1

County ALGER-DELTA

Stoner Lake 36.4 6.1 1943 2722 Ca(OH)2 -- Waters and Ball 1957
(Colored water 1946 18,144 CaCO3  by boat near shore
lake) (pebble)

early summer, 7711 Ca(OH)2  by boat near shore June, 1952 6.7 June, 1952 7.4
1952

1841 CaCO 3 'MgCO3  by boat near shore
(crushed)

early summer, 18,144 Ca(OH)2  by boat near shore July, 1953 6.6 July, 1953 8.0
1953

County SCHOOLCRAFT

Timijon Lake 0.8 12.8 summer, 1954 1619 Ca(OH)2  raft and slurry pump May, 1954 4.9 Sept, 1954 9.0 Waters 1956
(Bog lake) fall, 1954 1619 Ca(OH) 2 raft and slurry pump Oct, 1954 7.4 Oct, 1954 8.2

'.0



S
Lake/Stream (

Bluegill Lake
(Bog lake)

Corrine Lake 1
(Bog lake)

George Lake 1
(Bog lake)

K tharine Lake
(Bog lake)

Lake Peter.
(Bog lake)

Lake Petrea
(Bog lake)

Max.
ize Depths
ha) (m) I1 Date

m1951

14.6 5.2 sumner, 1957
sumner, 1957

17.3 14.0 July 24, 1956

Sept 6, 1956

~~1951

2.4 20 1951-1978
(successive
addition over
27 years, but
not every year)

1.2 7.5 1951

State MICHIGAN/WISCONSIN

County GOGEBIC, MI/ VILAS, WI

Alkaline Material Application
Application

Quantity Method or
(kg)

2145
2145

Type Location

Ca(0It)2

Ca-Mg(OH)2 boat with slurry pump
Ca-Mg(OH)2  boat with slurry pump

Ca-Mg(OH)2  boat with slurry pump

Ca-Mg(OH)2  boat with slurry pump

Ca(OH)2

Ca(OH)2

Ca(OH)2

Dre-?L.. .
lng_ ru-ii .w -

Date P1i Date PHI

(?&

July, 1956 9.4

Reference

Johnson and Hasler
1954

Stross and Hasler
1960

Stross and Hasler
1960

Sept, 1956 7.2

1951 5.9 1951

4.7

Johnson and Hasler
1954

7.3 Johnson and Hasler
1954;

Kttchell and Kitchell
1980; Stross and
Hasler, 1960

7.2 Johnson and Hasler
1954

N3
O

_ -v J

I

'" 
r J

Pre-Liming Post-Liming I
1



State NEW YORK

Alkaline Material AL olication Pre-LiDinaRPoet-Limane
Max. Application

Size Depth Quantity Method or

Lake/Stream (ha) (m) Date (kg) Type Location Date pHl Date pH Reference

Big Moose Lake
(North Bay
only)

Canachagala Lake

Constable Creek
(Inlet stream
of Big Moose
Lake)

Green Lake

Middle Sargent
Pond

N)

56.7

93.1

3 (mean Aug. 10, 19
depth)

Sept. 7, 1

20.6

5.3

80 18,144 CaC0 3 (aglime)

980 18,144 CaC03 (aglime)

limed by Adirondack League
Fishing Club

2600 CaC03 (mean
diameter 1 cm)

limed by Green Lake
Shoreowners Assoc. and
the Fulton County Federa-
ation of Fish and Game
Clubs

limed by Raquette Lake
Fish and Game Club

boat

boat

Aug. 10, 1980 4.69

limestone barrier

Oct, 1980

winter, 1980

5.6

<5

4.8 increase for
1 week

Driscoll et al. 1982

Pfeiffer; pers. comm.

Driscoll et al. 1982

Pfeiffer; pers. comm.

Pfeiffer; pers. corm.



State NEW YORK

County ESSEX

Alkaline Material. Application
Application

Pre-Liming Post-Liming H1
Size Depth Quantity Method or

Lake/Stream (ha) (o) Date (kg) Type Location Date pH Date pH Reference

Livingston Pond 2.4 Nov, 1979 5443 CaC0 3 (aglime) helicopter July, 1978 6.19 Aug, 1980 7.06 Blake 1981;
Blake (unpublished

data) 1982

County FRANKLIN

272
272

907
907
508
3546

19,958

159

454

816

136
907

408

Ca (OH)2
Ca (OH)2

Ca(OH)2
Ca (OH)2
Ca OH)2
Ca(OH)
CaC03 (aglime)

Ca(OH)2

Ca(OH)2

Ca(OH) 2

Ca(OH)

CaCO3  aglime)

Ca(OH)2

1959

1959

July, 1980

July, 1970

Aug, 1972

1959

June, 1976
July, 1980

July, 1976

boat

boat

4.4 1964

4.5 1964

5.98

5.3

5.1

4.2

5.1
5.54

5.8

Oct, 1980

Feb, 1976

Oct, 1972
Feb, 1976

1964

Oct, 1976

4.8

4.4

6.3

4.4

6.3
5.8

4.8

6.1

Oct, 1976 6.3
July, 1977 6.2
May, 1980 5.84

Blake (unpublished
data) 1982

Blake (unpublished
data) 1982

Blake (unpublished
data) 1982

Blake (unpublished
data) 1982

Blake (unpublished
data) 1982; Blake 1981

Blake (unpublished
data) 1982; Blake 1981

Blake (unpublished
data) 1982

Max.

Amphi theater

Pond

Black Pond

Bone Pond

Bread Pond

Charley Pond

Cooler Pond

Duell Pond

0.4

8.9

3.7

0.8

1.0

0.4

0.6

1959
1960

1959
1960
1975
1976
Oct, 1980

Aug, 1970

Sept, 1972

1961

Sept, 1976
Oct, 1980

Aug, 1976

N

N)



State NEW YORK
County FRANKLIN (cont.)

Lake/Stream

Douglas Pond

Duck (Echo)
Pond

I Alkaline Material Application
Max.

Size Depth
(ha) (i) Date

0.8 1959
1960
1961

6.7 May, 1969
Sept, 1975
Sept, 1976

Duck Pond 12.1

E. Copperas
Pond

4.0

Quantity
(kg)

91
91

363

907
363

2948

Type

Ca(OH)2
CaOH 2
Ca OH 2

Ca(OH)2
Ca (OH 2
Ca(OH 2

Application
Method or
Location

Pre-Liming

Date

1959

boat

Aug, 1967 1361 CaC03 (aglime)

Aug, 1959
Aug, 1960
Aug, 1961
Aug, 1962

454
454

2041
2041

CaC03 (aglime)
CaC03 aglime)
CaC03 aglime)
CaC03 (aglime)

Grass Pond 2.1

Humdinger Pond

Kitfox Pond

Lindsey Pond

Post-Liming

pi

4.6

Date

1964

Dec, 1975 5.1 Oct, 1976
Aug. 1977
May, 1980

July, 1966 4.9 Aug, 1979
Sept, 1980

Aug, 1959 4.4

1959

1.2

3.6

2.0

Sept, 1972

Aug, 1970

Aug, 1970

1089

136

68

Ca(OH)2

Ca(OH)2

Ca(OH)2

Aug, 1972

July, 1970

July, 1970

4.7

4.8

6.0

5.3

II Reference

4.7 Blake (unpublished
data) 1982;

Blake (unpublished
data) 1982; Blake 1981

6.0
6.7
5.92

4.22 Blake (unpublished
5.16 data) 1982

Blake (unpublished
data) 1982

Aug, 1962 6.1
July, 1978 4.55

Blake (unpublished
data) 1982

Feb, 1976 6.3 Blake (unpublished
data) 1982

Blake (unpublished
data) 1982

May, 1973 4.9 Blake (unpublished
data) 1982

N~

WA

i

r



State NEW YORK

County FRANKLIN (cont.)

.. .. - - - ' - - - n _ _ _ _ n. . _ . . . .-

Lake/Stream

L. Black Pond

L.E. Copperas
Pond

L. Ampersand
(Hazzard)
Pond

L. Clear Pond

L. Echo Pond

L. Egg Pond

L.N. Whey

Mikes Pond

N. E.Amphi theater
Pond

N.W. Amphitheater
Pond

N. Whey Pond

Size
(ha)

2.2

0.3

5.3

2.0

0.9

0.6

1.1

0.7

1.0

0.3

1.6

Max.
Depth

(a) Date

1959-61
1962
Sept, 1975
Aug, 1976
Oct, 1980

1959
1963

Aug, 1963
Aug, 1967

1962

1959
1962

1959
1960

1962

Sept, 1972

1959 & 1960
1961 & 1962

1959 & 1960
1961

1959

Quantity
(kg)

862
1678

125
859

4536

141
113

425
454

1134

227
544

272
244

295
257

544

408
748

45
204

181

Type

Ca(OH)2
Ca(OH)2
Ca(OH)2
Ca(OH)
CaC03 aglime)

Ca H2.
Ca OHJ2

Ca(OH)2
Ca(OH)2

Ca(OH)2

Ca(OH )2
Ca(OH)2

Ca OH)2
Ca(OH)2
Ca(OH)2
Ca(OH)2

Ca(OH)2

Ca(OH)2
Ca(OH)2

Ca(OH)2
Ca(OH)2

Ca(OH)2

Application
Method or
Location Date

1959

June, 1980

1959

Aug, 1963

1959

1959

1959

1959

Aug, 1972

1959

1959

1959

eHl

4.3

5.13

4.6

3.6

4.5

4.5

4.3

4.2

4.8

4.3

4.5

4.6

Date

1964

1964

Oct, 1963
Aug, 1975

1964

1964
June, 1976

1964
Feb, 1976

1964
June, 1976

Oct, 1972
Feb, 1976

1964

1964

1964
Feb, 1976

p11 Reference

5.8 Blake (unpublished data)
1982

Blake (unpublished data)
4.3 1982

5.2 Blake (unpublished data)
5.8 1982

5.1 Blake (unpublished data)
1982

5.0 Blake (unpublished data)
4.10 1982
5.0 Blake (unpublished data)
3.5 1982

3.5 Blake (unpublished data)
4.20 1982

6.9 Blake (unpublished data)
5.9 1982

4.6 Blake (unpublished data)
1982

4.9 Blake (unpublished data)
1982

3.2 Blake (unpublished data)
3.80 1982

Aug, 1970 204 Ca(OH)2 July, 1976 5.5 Blake (unpublished data)
1982

Owl Pond 4.1

ALalln na Neeal .1 ppa ceLtO «on g Lv' Pre-Lis ne Post-L m noI Annliratinn



Lake/Stream

Sour Pond

Max.
Size Depth
(ha) (a)

1.1

Sunday Pond 4.2

Turnoff Pond

W. Polliwag
Pond

Wolf Pond

Wood Pond

2.0

1.1

21

2.0

State NEW YORK

County FRANKLIN (conc.)

Alkaline Material Application
Application

Quantity Method or
(kg) Type LocationDate

May, 1964

1959 & 19E
1960 & 19E
Aug, 1970
Aug, 1976

1959 & 19
1961

1959 & 194
1961 & 19
Nov. 1973

1962

60
61

60

60
62

249
680
136

2547

136
544

249
408

1179

363

Ca OH 2
Ca OH 2
Ca OH 2
Ca(OH 2

Ca(OH 2
Ca(OH 2

Ca(OH)2
Ca(OH)2
Ca(OH)2

Ca(OH)2

Pre-Limin

Date

1959

1959

1959

July, 1973

1959

Post-Liming

pit Date iI Reference

July, 1972 5.3 Blake (unpublished data)
1982

4.8 Blake (unpublished data)
1964 4.7 1982

Aug, 1977 6.7

4.9 1964 4.2 Blake (unpublished data)
1968 5.2 1982

4.2 1964 4.8 Blake (unpublished data)
1982

4.9 May, 1974 6.8 Blake (unpublished data)
Aug, 1979 3.99 1982

4.0 1964 5.1 Blake (unpublished data)
1982

,

Q ,K-



Max.
Size Depth

Lake/Stream (ha) (m)

Nine Corner 44.5
Lake

Date

May, 1977

Nov, 1979.

Jan, 1981

Feb, 1981

Alkaline Material Application

Quantity
(kg) Type

19,278 Ca(OH)
2

19,958 Ca(OH)2
7,258 CaCO3 (aglime)

32,659 CaCO3 (aglime)

State NEW YORK

County FULTON

Application
Method or
Location

boat

helicopter

Pre-Liming

Date

1975

Aug 1979

pH

4.75

4.32

Poet-Liming

Date pH Reference

Jul, 1977 5.5 Blake (unpublished
data) 1982;

Blake 1981

County HAMILTON

Falls Pond 16.2 Nov, 1975 4,536 Ca(OH)2  helicopter Jun, 1975 4.62 Nov, 1975 6.43 Blake 1981;

Oct, 1978 18,144 CaCO3 (aglime) helicopter Jul, 1977 4.2 Jul, 1980 5.26 Blake (unpublished
data) 1982

Ice House 2.8 Oct, 1978 6,350 CaCO 3 (aglime) boat Jul, 1978 4.1 Jul, 1980 7.39 Blake 1981:
Pond Blake (unpublished

data) 1982

T. Lake unknown unknown CaCO 3 (aglime) Sep, 1962 4.6 Jun, 1975 5.5 Blake (unpublished
data) 1982

unknown 902 Ca(OH)2

CNON3

County HERKIMER

CaCO3 (aglime) helicopter

CaCO3 (aglime) boat

Feb, 1979

197 6

4.9

5.1

Aug, 1980 6.73 Blake 1981;
Blake (unpublished

data) 1982

Blake 1981;
Blake (unpublished

data) 1982

Brewer Lake

Buck Pond

5.3

7.3

Nov, 1979

Oct, 1977

18,144

8,165

... 0 .. - 0 . IN -



State NEW YORK
County HERKIMER (cont.)

Akaline Material Application Pre-Liming Post-Limin
Max. Application

Size Depth Quantity Method or

Lake/Stream (ha) (a) Date (kg) Type Location Date p11 Date ph Reference

Clear Lake 42.1 Mar, 1975 16,330 Ca(OH)2  helicopter Jul, 1968 5.8 May, 1975 6.0 Blake 1981;

Feb, 1977 32,659 Ca(OH)2  helicopter Jun, 1975 5.16 Aug, 1979 5.30 Blake (unpublished
data) 1982

Horn Lake 15.4 Nov, 1975 4,082 Ca(OH)2  helicopter Jun, 1975 4.93 Sep, 1976 5.96 Blake 1981;
Oct, 1978 18,144 CaCO3 (aglime) helicopter Aug, 1980 6.15 Blake (unpublished

data) 1982

County LEWIS

Cleveland Lake 4.9 Aug, 1960 1,361 Ca(OH)2
Jul, 1960 5.0 Sep, 1960 7.3 Blake (unpublished

data) 1982

Aug, 1963 4.8
Jan, 1975 4.80

Clear Pond 6.1

Evies Pond 2.0

Florence Pond 1.4

Long Lake 8.1

Aug, 1963

Aug, 1965
Sep, 1969

Aug, 1961

Aug, 1962

Jun, 1974

Oct, 1975

Sep, 1976

1,814

1,361

1,361

635

318

454

680

3,175

Ca(OH)2
Ca(OH)2
Ca(OH)2

Ca(OH)2
Ca(OH)2
Ca (OH) 2

Ca(OH)2

CaCO3 (aglime)

Oct, 1975 1,134 Ca(OH)2

Jun, 1963 4.4 Oct, 1963
Nov, 1965

Jun, 1972

Aug, 1961 4.8 Jul, 1962
Aug, 1963
Jan, 1975

Oct, 1975 5.0 Oct, 1975boat

boat

boat

7.2

7.3

6.5

5.5
5.4

6.0
8.5

Blake (unpublished
data) 1982

Blake 1981;

Blake (unpublished
data) 1982

Jul, 1953 4.2 Jun, 1977 6.0 Blake 1981;

Blake (unpublished
data) 1982

Jul, 1954 5.6

Jan, 1975 4.8

Blake 1981;
Blake (unpublished

data 1982

r-3



State NEW YORK

Alkaline Material Applicat on Pre-Liming Poet-Liman

Max. Application

Size Depth Quantity Method or
Lake/Stream (ha) (m) Date (kg) Type Location Date pH Date pI Reference

County LEWIS (cont.)

Payne Lake 7.3 Aug, 1959 1814 Ca(OH)2 Aug, 1959 4.4 Sep, 1960 7.0 Blake 1981;

Jul, 1962 907 "non skid" Jul, 1962 5.3 Aug, 1963 4.8 Blake(unpublished
data) 1982

Oct, 1975 1814 Ca(OH)2  boat Jan, 1975 5.0 Oct, 1975 6.0

Pitcher Lake 2.0 Oct; 1975 680 Ca(OH)2  boat Jul, 1958 4.5 Blake 1981;

Jan, 1975 4.5 May, 1980 7.3 Blake (unpublished
data (1982)

County ONEIDA

Tomkettle Lake 4.9 Sep, 1962 907 Ca(OH)2  Jul, 1962 5.0 Oct, 1962 6.4 Blake (unpublished

Aug, 1963 907 Ca(OH)2  Aug, 1963 4.6 Oct, 1963 5.8 Bldata 1982;

Aug, 1974 499 Ca(OH)2  Jul, 1970 6.0

Sep, 1975 816 Ca(OH)2  boat Jul, 1975 6.0 Sep, 1975 6.5

County ST. LAWRENCE

Boottree Pond 8.1

Deer Pond 10.1

Long Pond 20.2

Oct, 1977 9072 CaCO3 (aglime)

Dec, 1980 18,144 CaCO3 (aglime)

Oct, 1977 10,886 CaCO3 (aglime)

Dec, 1980 22,680 CaCO3 (aglime)

May, 1974 4,536 Ca(OH) 2

boat

boat

1976 5.54 Jun, 1978 5.90 Blake (unpublished

Feb, 1979 5.3 Blakta198

1976 5.05 Jun, 1978 7.20 Blake (unpublished

Feb, 1979 5.1 Bldata1982

Jul, 1969 5.0 May, 1975 6.0 Blake (unpublished
May, 1976 5.5 data) 1982

Ca(OH)

CaCO3 (aglime)

CaCO3 (aglime)

boat 1975 5.5

Feb, 1979 4.3

1976 4.7 Blake (unpublished
data) 1982

Blake 1981

Pine Pond 6.5 Oct, 1975

Oct, 1977

Dec, 1980

1,361

7,258
14,515

CD



State NEW YORK

Alkaline Material Aplication Pre-Linin Poet-Liming

Max. Application
Size Depth Quantity Method or

Lake/Stream (ha) (.) Date (kg) Type Location Date p11 Date p11 Reference

County ST. LAWRENCE (cont.)

Tamarack Pond 5.3 Jan, 1978 11,794 CaCO 3 (aglime) helicopter Jan, 1978 5.3 Jul, 1980 6.76 Blake (unpublished
data) 1982;

Blake 1981

Towline Pond 14.6 May, 1973 3,062 Ca(OH)2  Jul, 1969 5.3 Jun, 1974 6.0 Blake (unpublished

Oct, 1975 5,897 Ca(OH)2  boat May, 1975 5.8 May, 1976 6.7 Bldata 19982
Dec, 1980 9,072 CaCO 3 (aglime) Feb, 1979 5.6



Max.
Size Depth

Lake/Stream (ha) (i)

Avery Creek
(Transvania
County)

Date

May, 1978

Alkaline Material Application
Quantity

(kg) Type

Crushed CaCO3

State NORTH CAROLINA

Pre-Lining
Application
Method or
Location Date

Post-Liming

pH Date ph

out of stream
barrier

I
Reference

Tom Harshbarger,
Southeastern Forest
Experiment Station,
Asheville, NC;
pers. comm.

Raven Fork Creek Jan, 1982 CaCO3 (aglime) liming of raceways
of 2 trout hatcheries

Olem, pers. comm.

0

-T- - - -

I



State

Alkaline Material Application
Max.

Size Depth Quantity
Lake/Stream (ha) (i) Date (kg) Type

Gifford Run Oct 17, 1976 32,659 CaCO3 (rock)

Tributary to
French Creek

PENNSYLVANIA

Application
Method or
Location

stream barrier

Pre-Liming

Date

Post-Liming

oil Date

4.9

-1

pH I

5.2 Arnold 1980; 1981b

James Strong, Trout
Unlimited, RD4,
Butler, PA;
pers. comm.

-J

Reference

w _ - _ - _ _--

_ _ _ _ _ _- - - - - - - -



Lake/Stream

Burlingame Pike
Rearing Marsh

Wallum Lake

Max.
Size Depth
(ha) (a) Date

March 20, 1
Winter, 198

130.3 22.6 Winter, 197

Winter/sunm
1981-1982

State RHODE ISLAND

Alkaline Material Application
Application

Quantity Method or
(kg) Type Location

978 13,608 CaCO (aglime) tractor on
2 13,608 CaCO3 (aglime) tractor on

1

er
136,080 CaCO3 (aglime)

Pre-Liming

Date

ice
ice

tractor on ice 1965-1966

tractor on ice/
boat 1980

pit Date

5.7

5.5
(mean pH)

5.8
(mean pH)

p Ilef rence

Guthrie (unpublished
6.3 data) 1982

1972 6.8 Guthrie (unpublished
(mean pH) data) 1982

(A)

- ---

.. 
-

.C i

_ - _ _ _ _

Poet-Liming 1
I



Al
Max.

Size Depth
Lake/Stream (ha) (w) Date

Laurel Run, Mar-May, 1982
Holly River
State Park

Otter Creek

Sherwood Lake

Spruce Knob
Lake

Summit Lake
(Greenbrier
County)

11.3

17.4

1981

1960's

late 1960's

= 1972

= 1977

late Mar-
early Apr

- 1967-1979
1980

1981

1982

State

kaline Material Application

Quantity

(kg) Type

-300 kg/day CaCO3 (aglime)

82 kg/hr CaCO3 (rock)
for 72 hrs

CaCO 3 (rock)

CaCO 3 (aglime)

CaCO 3 (aglime)

90,720 CaCO 3 (aglime)

x4,500 CaCO3 (aglime)

4,536 CaC03 (aglime)
91 Ca(OH)2

4,536 CaCO 3 (aglime)
81 Ca(OH)

2
5,216 CaC03 (aglime)

272 Ca(OH)2

WEST VIRGINIA

Pre-Liming
Application
Method or
Location Date

water propelled Apr 20, 1982
turbine

rotary drum

primitive rotary
drun
truck/spreader
(watershed)

truck/spreader
(watershed)
truck/spreader
(watershed)

boat

boat

boat

boat

1981

Poet-Liming

pi Date p i Reference

4.9 Apr 20, 1982 5.85 Lou Schmidt Mountain-
eer Chapter of
Trout Unlimited,
Rt. 1, Bristol, WV;
pers. comm.

4.7 1981 8.3 Menendez, pers. comm.

6.5 Menendez, pers. comm.

5.7 7.0 Menendez, pers. comm.

5.2 6.3 Menendez, pers. conn.

-- - - --:



State WISCONSIN
County tHIPPEWA

Alkaline Material Application
Application

Quantity Method or
(k.)

3.4 10.0 Mar 10, 1950 771 calcium magnesium
hydroxide [Ca.Mg(OH)2]

May 19, 1950

Jun 28, 1950

Aug -12, 1950

Oct 6, 1950

3.5 6.0 Jul 4, 1950

Jul 21, 1950

Jul 25, 1950

Aug 12, 1950

Aug 24, 1950

Aug 30, 1950

Sep. 1-2, 1950

Oct 6, 1950

499

204

145

454

363

91

113

145

181

136

181

454

Ca-Mg(OH)2

Ca -Mg(0H)2

CaCO3

Ca-Mg(OH)2

Ca-Mg(OH)2

Ca'Mg(OH)2

Ca -Mg(OH)
2

Ca CO 3

Ca .Mg(OH)2

CaMg(OH)2

CaMg(OH)2

Ca-Mg(OH)2

Location

on ice

boat

boat

boat

boat

boat

boat

boat

boat

boat

boat

boat

boat

Pre-Liming

Date

Mar 10, 1950

May 19, 1950

Jun 28, 1950

Aug 12, 1950

Oct .6, 1950

Jun 19, 1950

Jul 21, 1950

Jul 25, 1950

Aug 12, 1950

Aug 24, 1950

Aug 30, 1950

Sep 1-2,1950

Oct 6, 1950

Post-Liming

pH Date p11 Reference

5.6 May 19, 1950 6.3 Hasler et al. 1951

6.3

7.1

7.1

7.1

5.4

7.2

6.9

6.8

6.8

7.0

6.9

6.9

May 19, 1950

Aug 12, 1950

Oct 6, 1950

Jul 21, 1950

8.4

7.5

8.7

7.2 Hasler et al. 1951

County FOREST

Little Cub Lake 1.7 8.5 Oct 31, 1979 2722 Ca(OH) boat Oct, 1979 5.3 Nov 8, 1979 10.3 Jackson 1981;
(Bog lake) Feb, 1982 408 CaCO (glime) on the ice May 6, 1982 6.47 Jackson, pers. comm.

207 phosphorus on the ice (mid
depth)

Max.
Size Depth

Lake/Stream (ha) (m) Date

Cather
(Boq lake)

Turk
(Bog lake)

("

Yonr .. ..... --" o g
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APPENDIX B

STATE, FEDERAL, AND PRIVATE SECTOR CONTACTS TO FACILITATE
LIMING PROJECTS
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Al abama

Name and Address

John Williford
Department of Environmental

Management
Chief, Monitoring and Surveillance
Public Health Service Building
Montgomery, AL 36130-1701
(205) 277-3630

Charles Horn
Department of Environmental

Management
Chief, Industrial Wastewater Control

Section
Public Health Service Bldg.
Montgomery, AL 36130-1701
(205) 277-3630

Barry Smith
Department of Conservation & Natural

Resources
Chief, Fisheries Section
Game and Fish Division
64 North Union Street
Montgomery, AL 36130
(205) 832-6307

Claude E. Boyd
Auburn University Agricultural

Experiment Station
Department of Fisheries and

Allied Aquacul tures
Auburn, AL 36830
(205) 826-4078

Area of Expertise/Assistance

Facilitate coordination with state
water quality programs.
Facilitate answering legal, policy,
and permit questions.

Assistance in the permitting
process.
Technical assistance in liming.

Facilitate coordination with exist-
ing state fishery programs.

Technical assistance in liming.

Arkansas

Name and Address

John D. Wood
Dept. of Pollution Control and

Ecology
Manager, Permits Branch
P.O. Box 9583

Area of Expertise/Assistance

Facilitate coordination with state
water quality monitoring programs.
Facilitate answering legal, policy,
and permit questions.
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Little Rock, AR
(501) 562-7444

William E. Keith
Game & Fish Commission
Chief, Fisheries Division
2 Natural Resources Drive
Little Rock, AR 72205
(501) 223-6371

Facilitate coordination with state
fishery programs.

Cal ifornia

Name and Address

Walter Pettit
Water Resources Control Board
Chief, Division of Technical Services
P.O. Box 100
Sacramento, CA 95801
(916) 445-9552

Douglas Lawson
Air Resources Board
Air Pollution Research
P.O. Box 2815
1800 15th Street
Sacramento, CA 95812
(916) 323-1507

Special ist

Area of Expertise/Assistance

Facilitate coordination with exist-
ing state water quality programs.
Facilitate answering legal, policy,
and permit questions.

Facilitate coordination with exist-
ing state acid rain monitoring
programs.

Colorado

Name and Address

Robert Arnot
Colorado Department of Health
Director, Environmental Programs
4210 East 11th Avenue
Denver, CO 80220
(303) 320-8333

Fred Matter
Colorado Department of Health
Water Quality Control Division
Section Chief, Monitoring and

Area of Expertise/Assistance

Facilitate coordination with exist-
ing state environmental programs.

Facilitate coordination with state
water quality programs.
Facilitate answering legal, policy,
and permit questions.
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Enforcement Section
4210 East 11th Avenue
Denver, CO 80220
(303) 320-8333, ext. 3477

Chuck Grand Pree/John Woodling
Department of Natural Resources
Division of Wildlife
Wildlife Program Specialists
6060 Broadway
Denver, CO 80216
(303) 825-1192

Facilitate coordination with exist-
ing fishery programs.
Assistance in permitting process.

Connecticut

Name and Address

Charles Fredette
Dept. of Environmental Protection
Principal Sanitary Engineer
Water Compliance Unit
105 State Office Building
165 Capital Avenue
Hartford, CT 06106
(203) 566-2588

Jim Moulton
Dept. of Environmental Protection
Assistant Director, Inland Fisheries
Fisheries Bureau
105 State Office Building, Rm 255
165 Capital Avenue
Hartford, CT 06106
(203) 566-2287

Area of Expertise/Assistance

Facilitate coordination with exist-
ing state water quality and acid
deposition monitoring programs.
Facilitate answering legal, policy,
and permit questions.

Facilitate coordination with exist-
ing state fishery programs.
Facilitate answering legal, policy,
and permit questions.

Florida

Name and Address

Jay Thabaraj
Florida Dept. of Environmental

Regulation
Chief, Bureau of Water Analysis
2600 Blairstone Road

Area of Expertise/Assistance

Facilitate coordination with exist-
ing water quality monitoring
programs.
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Tallahassee, FL
(904) 488-6221

Steven Smallwood
Florida Dept. of Environmental

Regulation
Chief, Bureau of Air Quality
2600 Blairstone Road
Tallahassee, FL 32301
(904) 488-1344

Stephen Fox
Florida Dept. of Environmental

Regulation
Director, Division of Environmental

Permitting
2600 Blairstone Road
Tallahassee, FL 32301
(904) 488-0130

Smokey Holcomb
Florida Game & Freshwater Fish
Commission

Director, Division of Fisheries
620 South Meridian Street
Farris Bryant Building
Tallahassee, FL 32301
(904) 488-4066

Facilitate coordination with state
air quality and acid precipitation
programs.

Facilitate answering legal, policy,
and permit questions.

Facilitate coordination with exist-
ing state fishery programs.

Georgia

Name and Address

Gene B. Welch
Dept. of Natural Resources
Georgia Environmental Protection

Division
Chief, Water Protection Branch
270 Washington Street, S.W.
Atlanta, Georgia 30334
(404) 656-6593

Mike Gennings
Dept. of Natural Resources
Georgia Game & Fish Division
Chief, Fisheries Management Section
270 Washington Street, S.W.

Area of Expertise/Assistance

Facilitate coordination with state
water quality monitoring programs.
Facilitate answering legal, policy,
and permit questions.

Facilitate coordination with state
fishery programs.
Technical assistance in surface
water liming.
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Room 709
Atlanta, Georgia
(404) 656-3524

Harvey Olem
Tennessee Valley Authority
Water Quality Branch
Environmental Engineer
248 401 Building
Chattanooga, TN 37401
(615) 751-7323

Technical assistance in surface
water liming.

Kentucky

Name and Address

Bill Gatewood
Dept. for Environmental Protection
Chief, Permits Branch
18 Reilly Road
Fort Boone Plaza
Frankfort, KY 40601
(502) 564-3410, ext. 430

Ted Crowell
Dept. of Fish & Wildlife
Assistant Director, Fisheries

Division
1 Game Farm Road
Frankfort, KY 40601
(502) 564-3596

Wayne A. Rosso
SMR Engineering and Environmental

Services
P.O. Drawer 761
Central City, KY 42330
(502) 754-3737
(502) 754-5589 (home)

Area of Expertise/Assistance

Facilitate coordination with state
water quality monitoring programs.
Facilitate answering legal, policy,
and permit questions.

Facilitate coordination with exist-
ing state fishery and environmental
programs.

Technical assistance with liming
acidified surface waters.

Louisiana

Name and Address

Dale Gibens
Dept. of Natural Resources

Area of Expertise/Assistance

Facilitate coordination with state
water quality monitoring programs.

140

30334



Administrator, Water Pollution
Control Division

P.O. Box 4406
Baton Rouge, LA 70804
(504) 342-6363

Authur Williams
Dept. of Wildlife & Fisheries
Fish Division
Supervisor of Fisheries
P.O. Box 15570
Baton Rouge, LA 70895
(504) 342-5864

Facilitate answering legal, policy,
and permit questions.

Facilitate coordination with state
fishery programs.

Maine

Name and Address Area of Expertise/Assistance

Matthew Scott
Maine Dept. of Environmental

Protection
Director, Division of Environmental
Evaluation and Lake Studies
State House Station 17
Augusta, ME 04333
(207) 289-2591

George Lord
Maine Dept. of Environmental

Protection
Director, Licensing and Enforcement
Bureau of Water Quality Control
State House Station 17
Augusta, ME 04333
(207) 289-3355

Terry A. Haines
U.S. Fish & Wildlife Service
Zoology Department
313 Murray Hall
University of Maine
Orono, ME 04469
(207) 581-7151

Chris Cronan
Acid Rain Coordinator
Land and Water Resources Center

Facilitate coordination with exist-
ing state water quality programs.

Facilitate the answering of legal,
policy, and permit questions.

Facilitate coordination with exist-
ing Federal fishery and surface
water acidification programs.

Facilitate coordination with exist-
ing academic acid deposition studies.
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11 Coburn Hall
University of Maine
Orono, ME 04469
(207) 581-2210

Massachusetts

Name and Address Area of Expertise/Assistance

Alan Van Arsdale
Massachusetts Dept. of Environmental

Quality
Program Manager, Acid Deposition

Assessment Program
Division of Air Quality Control
1 Winter Street
Boston, MA 02108

Peter Oatis
Massachusetts Dept. of Environmental

Quality
Chief Aquatic Biologist, Division

of Fish & Wildlife
Field Headquarters
Wesborough, MA 01581
(617) 366-4470

Facilitate coordination with exist-
ing state liming and acid deposition
programs.
Facilitate answering legal, policy,
and permit questions.

Facilitate coordination with exist-
ing state timing and fishery pro-
grams.
Technical assistance in liming
projects.

Michigan

Name and Address

Elwin Evans
Michigan Dept. of Natural Resources
Water Quality Division
P.O. Box 30028
Lansing, MI 48909
(517) 373-1513

Robert Courchaine
Michigan Dept. of Natural Resources
Chief, Water Quality Division
P.O. Box 30028
Lansing, MI 48909
(517) 373-1947

Area of Expertise/Assistance

Facilitate coordination with exist-
ing state acid deposition and water
quality monitoring programs.

Answer legal, policy, and permit
questions related to water quality.
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Thomas R. Doyle
Michigan Dept. of Natural Resources
Fisheries Division
P.O. Box 30028
Lansing, MI 48909
(517) 373-1280

Al Massey
Michigan Dept. of Natural Resources
Land Resource Program Division
Inland Lake Management Group
P.O. Box 30028
Lansing, MI 48909
(517) 373-8000

Facilitate coordination with exist-
ing fishery programs and aid in
permitting process.

Issuance of permits for liming.

Minnesota

Name and Address

J. David Thornton
Minnesota Pollution Control Agency
Acid Rain Coordinator
1935 West County Road, B-2
Roseville, MN 55113
(612) 296-7219

Ronald Payer
Minnesota Dept. of Natural

Resources
Division of Fish and Wildlife
Box 12
658 Cedar Street
St. Paul, MN 55155
(612) 297-2804

Thomas Sinn
Minnesota Pollution Control Agency
Coordinator of Lake Restoration

Projects
1935 West County Road, B-2
Roseville, MN 55113
(612) 296-7746

Gary Glass
U.S. EPA Environmental Research

Laboratory

Area of Expertise/Assistance

Facilitate coordination with exist-
ing state acid deposition and lake
monitoring programs.
Facilitate answering legal, policy,
and permit questions.

Facilitate coordination with exist-
ing state acid deposition/fishery
programs.

Facilitate coordination with exist-
ing lake restoration projects.

Facilitate coordination with
Minnesota, Wisconsin, and Michigan
acid deposition monitoring and
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surface water sensitivity programs.6201 Congdon Blvd.
Duluth, MN 55804
(218) 727-6692

Mississippi

Name and Address

Robert Seyforth
Mississippi Dept. of Natural

Resources
Bureau of Pollution Control
Coordinator, Water Quality

Management Section
P.O. Box 10385
Jackson, MS 39209
(601) 961-5171

Jack Herring
Dept. of Wildlife Conservation
Chief, Fisheries
P.O. Box 451
Jackson, MS 39205
(601) 961-5341

Area of Expertise/Assistance

Facilitate coordination with state
water quality monitoring programs.
Facilitate answering legal, policy,
and permit questions.

Facilitate coordination with exist-
ing state fishery programs.

New Hampshire

Name and Address

Ronald E. Towne
State of New Hampshire
Chief, Water Supply & Pollution

Control Commission
Hazen Drive
Box 95
Concord, NH 03301
(603) 271-3503

Charles Thoits
New Hampshire Fish & Game Dept.
Chief, Inland & Marine Fisheries
34 Bridge Street

Area of Expertise/Assistance

Facilitate coordination with exist-
ing state surface water acidifica-
tion programs.
Facilitate the answering of policy,
legal, and permit questions.

Facilitate coordination with exist-
ing state fishery programs.
Facilitate the answering of policy,
legal, and permit questions related
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Concord, NH 03301
(603) 271-2501

to fisheries.

New Jersey

Name and Address Area of Expertise/Assistance

John Brzozowski
Department of Environmental

Protection
Supervising Environmental Specialist
Division of Water Resources
P.O. Box CN 029
Trenton, NJ 08625
(609) 292-0427

Ronald Harkov
Department of Environmental

Protection
Research Scientist
Office of Cancer & Toxic Substances
P.O. Box CN 402
Trenton, NJ 08625
(609) 984-2207

Bruce Pyle
Department of Environmental

Protection
Chief, Bureau of Fresh Water Fisheries
Division of Fish, Game, and Wildlife
P.O. Box CN 400
Trenton, NJ 08625
(609) 292-8642

Facilitate coordination with state
water quality monitoring programs.
Facilitate answering legal, policy,
and permit questions.

Facilitate coordination with state
acid deposition programs.

Facilitate coordination with exist-
ing state fishery programs.

New York

Name and Address

Walter Kretser
New York State Department of

Environmental Conservation
Research Scientist, Bureau of

Fisheries
Route 86

Area of Expertise/Assistance

Facilitate coordination with state
acid deposition programs.
Facilitate answering legal, policy,
and permit questions.
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Ray Brook, NY 12977
(518) 891-1370

Leigh Blake
New York State Department of
Environmental Conservation

Regional Fisheries Manager, Region 6
State Office Building
317 Washington Street
Watertown, NY 13601
(315) 782-0100 ext. 262

Ernest Lantiegne
New York State Department of
Environmental Conservation

Regional Fisheries Manager, Region 5
Route 86
Ray Brook, NY 12977
(518) 891-1370

Martin H. Pfeiffer
New York State Department of

Environmental Conservation
Route 86
Ray Brook, NY 12977
(518) 891-1370

Charles T. Driscoll
Department of Civil Engineering
Syracuse University
Syracuse, NY 13210
(315) 423-2311

James K. Edzwald/Joseph V. DePinto
Department of Civil and Environmental

Engineering
Clarkson College of Technology
Potsdam, NY 13676
(315) 268-6542, (315) 268-6532, respe<

Facilitate coordination with exist-
ing state liming and fishery pro-
grams in the western Adirondacks
(Region 6).

Facilitate coordination with exist-
ing state liming and fishery pro-
grams in the eastern Adirondacks
(Region 5).

Answer questions pertaining to past
state liming programs.

Technical assistance in liming
projects.

Technical assistance in liming
projects.

North Carolina

Name and Address Area of Expertise/Assistance

W. Lee Fleming, Jr. Facilitate coordiation with exist-
Dept. of Natural Resources ing state water quality monitoring
Division of Environmental Management programs.
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Water Quality Section Chief
P.O. Box 27687
Raleigh, NC 27611
(919) 733-5083

Donald J. Tobaben
Wildlife Resources Commission
Division of Inland Fisheries
Manager, Mgmt. Research Section
512 North Salisbury
Raleigh, NC 27611
(919) 733-3633

Ellis B. Cowling
North Carolina State University
Prof. of Plant Pathology and

Forest Resources
Biltomore Hall
Raleigh, NC 27615
(919) 737-2011

Harvey Olem
Tennessee Valley Authority
Water Quality Branch
Environmental Engineer
248 401 Building
Chattanooga, TN 37401
(615) 751-7323

Facilitate answering legal, policy,
and permit questions.

Facilitate coordination with exist-
ing state fishery programs.

Facilitate coordination with
National Atmospheric Deposition
Program (NADP).

Technical assistance in liming
surface waters.

Oklahoma

Name and Address

William Cooter
Dept. of Pollution Control
P.O. Box 53504
N.E. 10th and Stonewall
Room 1114
Oklahoma City, OK 73152
(405) 271-4468

Rick Gomez
Dept. of Wildlife Conservation
Environmental Coordinator,

Environmental Section
1801 North Lincoln
Oklahoma City, OK 73105
(405) 521-3851

Area of Expertise/Assistance

Facilitate coordination with
Pollution Control Coordinating
Board.
Facilitate answering legal, policy,
and permit questions.

Facilitate coordination with
state fishery and environmental
programs.
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Ronald Jarman
Oklahoma Water Resources Board
Chief, Water Quality Division
P.O. Box 53585
1000 N.E. 10th Street
Oklahoma City, OK 73152
(405) 271-2541

Mark Coleman
Oklahoma State Dept. of Health
Deputy Commissioner of Environmental

Health Services
P.O. Box 53551
1000 N.E. 10th Street
Oklahoma City, OK 73152
(405) 271-7364

Facilitate coordination with
state water quality programs.

Facilitate coordination with any
environmental health programs.

Oregon

Name and Address

Glen Carter
Oregon Dept. of Environmental

Quality
Water Quality Division
Principal Environmental Specialist
P.O. Box 1760
Portland, OR 97207
(503) 229-5358

Thomas Kline
Oregon State Water Resources Dept.
Water Policy Review Board Liaison
555 13th Street, NE
Salem, OR 97310
(503) 378-3671

James B. Haas
Oregon Dept. of Fish & Wildlife
Chief, Environmental Mgmt. Section
506 Southwest Mill Street
P.O. Box 3503
Portland, OR 97208
(503) 229-5433

Area of Expertise/Assistance

Facilitate coordination with exist-
ing state environmental and water
quality programs.
Assistance in permitting process.

Assistance with water quality
programs and water policy review.

Facilitate coordination with exist-
ing state environmental/fisheries
programs.
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Pennsyl vania

Name and Address

Edward Brezina
Pennsylvania Dept. of Environmental

Resources
Division of Water Quality
P.O. Box 2063
Harrisburg, PA 17120
(717) 787-9637

Jack Miller
Pennsylvania Fish Commission
Chief, Fisheries Environmental

Services Section
Robinson Lane
Bellefonte, PA 16823
(814) 359-2754

Dean Arnold
U.S. Fish & Wildlife Service
Pennsylvania Cooperative Fishery

Research Unit
328 Mueller Laboratory
University Park, PA 16801
(814) 865-6592

Archie McDonnell
Acting Director, Institute for

Research on Land and Water Resources
Room 106
Pennsylvania State University
University Park, PA 16802
(814) 863-0291

Area of Expertise/Assistance

Facilitate coordination with exist-
ing state water quality programs.
Facilitate the answering of permit,
legal, and policy questions.

Facilitate coordination with exist-
ing state fishery programs and re-
view of permits.

Facilitate coordination with exist-
ing Federal fishery programs.
Technical assistance in liming
projects.

Technical assistance in liming
projects.

Rhode Island

Name and Address

John Cronan
Chief, Rhode Island Division of

Fish & Wildlife
Washington County Government Center
Tower Hill Road
Wakefield, RI 02879
(401) 789-3094

Area of Expertise/Assistance

Facilitate coordination with exist-
ing state surface water acidifica-
tion and fishery programs.
Facilitate answering legal, policy,
and permit questions.
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Richard Guthrie
Principal Fisheries Biologist
Rhode Island Division of Fish &

Wildlife
Box 37
West Kingston, RI 02892
(401) 789-0281

Ted DiLuglio/Doug Follet
Assistant Chief Resource Manager
Rhode Island Division of Fish &

Wildlife
Box 37
West Kingston, RI 02892
(401) 789-0281

Facilitate coordination with exist-
ing state liming and fishery pro-
grams.

Technical assistance in lime appli-
cation and physical logistics.

South Carolina

Name and Address

Russell Sherer
Dept. of Health and Environmental

Control
Director, Division of Water Quality

and Enforcement
2600 Bull Street
Columbia, SC 29201
(803) 758-5496

Joe Logan
South Carolina Wildlife & Marine

Resources Dept.
Division of Wildlife & Freshwater

Fisheries
Chief of Fisheries
P.O. Box 167
Columbia, SC 29202
(803) 758-0007

Area of Expertise/Assistance

Facilitate coordination with state
water quality monitoring programs.
Facilitate answering legal, policy,
and permit questions.

Facilitate coordination with state
fishery programs.
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Tennessee

Name and Address

D. Elmo Lunn
Director, Division of Water

Quality Control
150 9th Avenue, North
Nashville, TN 37204
(615) 741-2275

Hudson Nichols
Tennessee Wildlife Resources Agcy.
Chief, Fisheries Division
P.O. Box 40747
Ellington Agricultural Center
Nashville, TN 37204
(615) 741-1575

Raymond C. Mathews, Jr.
U.S. Dept. of the Interior
National Park Service
Uplands Research Laboratory
Twin Creek Area - GRSM
Gatlinburg, TN 37738
(615) 436-7120

Harvey Olem
Tennessee Valley Authority
Water Quality Board
Environmental Engineer
248 401 Building
Chattanooga, TN 37401
(615) 751-7323

Name and Address

Robert Silvus
Texas Dept. of Water Resources
Chief, Wastewater Section, Permits
Division

P.O. Box 13087
Capital Station
Austin, TX 78711
(512) 475-7896

Area of Expertise/Assistance

Facilitate coordination with exist-
ing water quality programs.
Facilitate answering legal, policy,
and permit questions.

Facilitate coordination with exist-
ing fishery programs.

Facilitate coordination with acid
deposition monitoring programs and
sensitivity of streams.

Technical assistance in surface
water liming.

Texas

Area of Expertise/Assistance

Facilitate answering legal, policy,
and permit questions.
Assistance with state water quality
programs.
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Dennis Palafox
Texas Dept. of Parks &
Pollution Surveillance
4200 Smith School Road
Austin, TX 78744
(512) 479-4802

Wildlife
Program Leader

Facilitate coordination with exist-
ing state fishery programs.

Steven Spaw
Texas Air Control Board
6330 Highway 290 East
Austin, TX 78723
(512) 451-5711

Assistance with state acid deposi-
tion monitoring programs.

Vermont

Name and Address

Wallace McLean
Vermont Agency of Environmental

Conservation
Department of Water Resources &

Environmental Engineering
Chief, Monitoring and Surveillance
State Office Building
Montpelier, VT 05602
(802) 828-2761

Area of Expertise/Assistance

Facilitate coordination with exist-
ing acid deposition monitoring
programs.
Facilitate answering legal, policy,
and permit questions.

Angelo Incerpi
Vermont Department of
Director of Fisheries
State Office Building
Montpelier, VT 05602
(802) 828-3371

Fish & Game
Facilitate coordination with exist-
ing state fishery programs.

Virginia

Name and Address Area of Expertise/Assistance

Dale F. Jones
State Water Control Board
Director, Bureau of Water Control

Management
2111 North Hamilton

Facilitate coordination with exist-
ing state water quality/acid deposi-
tion monitoring programs.
Facilitate coordination in the
answering of legal, policy, and
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Richmond, VA 23230
(804) 257-6422

James Ruehrmund
State Air Pollution Control Board
Director, Division of Operations and

Procedures
801 9th Street Office Bldg.
Richmond, VA 23219
(804) 786-5789

Richard Cross
Virginia Commission of Game & Inland

Fisheries
Executive Director
4010 West Broad Street
Richmond, VA 23230
(804) 257-1000

permit questions.

Facilitate coordination with state
acid deposition monitoring programs.

Facilitate coordination with exist-
ing state fishery programs.

Washington

Name and Address Area of Expertise/Assistance

Joan K. Thomas
Department of Ecology
Supervisor, Water Quality Management

Division
P.V. 11
Olympia, WA 98504
(206) 459-6058

Fred Maybee
Dept. of Game
Habitat Management Division
600 N. Capital Way
Olympia, WA 98504
(206) 753-3318

James DeShazo
Department of Game
Fish Management Division
600 North Capital Way
Olympia, WA 98504
(206) 753-2895

Gordon Ziliges
Department of Fisheries

Facilitate coordination with state
water quality monitoring programs.
Facilitate answering legal, policy,
and permit questions.

Assistance in permitting for liming
of sport fisheries.

Facilitate coordination with exist-
ing state sport fishery programs.

Facilitate coordination with exist-
ing state food fishery programs.
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Habitat Management
Room 115
General Administration
OLympia, WA 98504
(206) 753-2984

Assistance in permitting for liming
of food fisheries.

West Virginia

Name and Address

Peter E. Zurbuch
West Virginia Department of

Natural Resources
Assistant Chief, Wildlife Resources
Division
P.O. Box 67, Ward Road
Elkins, WV 26241
(304) 636-1767

Bob Miles
West Virginia Department of Natural

Resources
Chief, Wildlife Resources Division
1800 Washington Street, East
Charleston, WV 25305
(304) 348-2771

Dave Robinson
West Virginia Department of Natural

Resources
Chief, Water Resources Division
1201 Greenbrier Street
Charleston, WV 25311
(304) 348-2107

Dennis Abrams
Deputy Attorney General for the

State of West Virginia
Environmental Task Force
Room 630, Building 3
State Capital Complex
Charleston, WV 25304
(304) 348-9160

Area of Expertise/Assistance

Facilitate coordination with exist-
ing state liming program and answer
policy and permit questions.
Technical assistance in liming.

Facilitate coordination with exist-
ing state fishery and wildlife
programs.

Facilitate answering questions on
water-related permits and policy.

Facilitate answering any legal
questions related to liming.
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Wisconsin

Name and Address

Thomas B. Sheffy
Wisconsin Dept. of Natural Resources
Director, Acid Deposition Research

Program
P.O. Box 7921
Madison, WI 53706
(608) 267-7648

Robert Martini
Wisconsin Dept. of Natural Resources
North Central District Headquarters
P.O. Box 818
Rhinelander, WI 54501
(715) 362-7616

Robert Jackson
Wisconsin Dept. of Natural Resources
P.O. Box 440
Woodruff, WI 54568
(715) 356-5212

Area of Expertise/Assistance

Facilitate coordination with exist-
ing state fishery, water quality,
and acid deposition monitoring pro-
grams.
Facilitate answering legal, policy,
and permit questions.

Facilitate coordination with exist-
ing state liming programs.

Technical assistance in lime appli-
cation and in the filling out of
necessary application forms.

Wyoming

Name and Address

John Wagner
Dept. of Environmental Quality
Water Quality Division
Technical Support Supervisor
111 East Lincolnway
Cheyenne, WY 82002
(307) 777-7781

Mike Stone
Wyoming Game & Fish Dept.
Staff Fisheries Biologist
Cheyenne, WY 82002
(307) 777-7686

Area of Expertise/Assistance

Facilitate coordination with exist-
ing state water quality programs.
Assistance in legal, policy, and
permit questions.

Facilitate coordination with exist-
ing state fishery programs.

155



Lime/Limestone Industry

Name and Address Area of Expertise/Assistance

Kenneth A. Gutschick
National Lime Association
Vice President & Technical Director
3601 North Fairfax Drive
Arlington, VA 22201
(703) 243-5463

National Limestone Institute, Inc.
3251 Old Lee Highway
Suite 500
Fairfax, VA 22030
(703) 273-8517

National Crushed Stone Association
1415 Elliott Place, N.W.
Washington, D.C.
(202) 342-1100

Facilitate
related to
Facilitate
commercial

Facilitate
related to
Facilitate
commercial

Facilitate
related to
(aglime).

answering questions
lime materials.
locating closest
lime plant/producer.

answering questions
limestone materials.
locating closest
limestone quarry.

answering questions
crushed limestone
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Canadian Researchers

NOVA SCOTIA

Name and Address Area of Expertise/Assistance

Trevor Goff
Fisheries and Oceans
Mersey Fish Cultural Station
Milton, Nova Scotia, EOT 1PO
(902) 354-5443

Walton Watt
Fisheries and Oceans
Resource Branch
Head, Fish Habitat Protection
P.O. Box 550
Halifax, Nova Scotia B3J 2S7
(902) 426-3606

ONTAR

Peter Dillon
Ontario Ministry of the Environment
Chief, Limnology and Toxicity Section
125 Resources Road
P.O. Box 213
Rexdale, Ontario M9W 5L1
(416) 248-3058

William Keller
Ontario Ministry of the Environment

at Sudbury
199 Larch Street
Sudbury, Ontario P3E 5P9
(705) 675-4501

Answer questions related to hatchery
liming.

Liming to protect anadromous fish
populations.

uIO

Answer questions pertaining to
lake liming.

Answer questions related to lime-
stone stream barriers and lime-
stone hatching boxes.

QUEBEC

Ronald A.N. McLean
Domtar, Inc.
Director, Environmental Technology
395 Maisonneuve Blvd., West
P.O. Box 7210
Montreal, Quebec H3C 3M1
(514) 282-5882

Answer questions related to lime
application techniques.
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APPENDIX C

REVIEW AND EVALUATION OF MODELS AND PREDICTIVE TECHNIQUES FOR
ESTABLISHING LIMING REQUIREMENTS

(References cited in this appendix are listed in the previous section
entitled REFERENCES)
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1.0 SWEDISH GOVERNMENT GUIDELINES FOR DOSE CALCULATIONS FOR
LAKES AND STREAMS

The Swedish National Liming Program utilizes relatively simple
calculations to estimate liming requirements for lakes and streams
(National Fisheries Board of Sweden 1982). The recommended procedures
are based largely upon experience gained from observations of the
country's many successful past liming projects.

Although more detailed methods have been developed by Swedish
researchers, the National Fisheries Board of Sweden considers the simple
methods presented here to be accurate enough for most cases. The major
objective of both lake and stream dosing estimates is to provide enough
alkaline material to raise surface water pH values to 6.5 or greater and
to increase alkalinity to 0.1 meq/1 or greater.

Much of the information necessary to estimate liming requirements
in Sweden is available from national and regional governmental
organizations. However, actual water quality parameters (especially pH,
alkalinity, and color) need to be determined empirically before accurate
calculations can be made to restore a particular lake or stream. When
collecting baseline water quality data, it is recommended that
measurements be made during the period of October to the time of
snowmelt (National Fisheries Board of Sweden 1982).

1.1 LAKE METHOD

Four basic steps are used to calculate the total limestone
requirements for neutralizing lake water:

" Step 1: Determine the dose of CaCO 3 required to raise surface
water pH from initial value to predetermined desired
value.

" Step 2: Determine total volume of lake water to be
neutralized.

" Step 3: Determine the additional amount of CaCO needed to
neutralize the yearly acid load from watershed runoff.

" Step 4: Determine the number of years desired between appli-
cations.

Step 1 can be calculated by titrating a sample of lake water to the
desired end point, or estimates can be derived from Table C-1. The
estimates in Table C-1 are presented for limestone with a particle size
of 0.05 mm and a reactivity equivalent to 50% CaO. Adjustments in lime
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requirements should be made for the actual CaO content of the specific
limestone being used.

Table C-1. Empirically derived dose requirements for limestone (0.05mm,
50% CaG) to raise pH values to 6.5-7.0 and to produce alkalinity values
greater than 0.1 meq/l in lakes with differing acidities.

Initial lake pH Dose (g/m3)

4.0-4.5 30
4.6-5.0 20
5.1-5.5 15
5.6-6.0 10

Source: National Fisheries Board of Sweden 1982

Step 2 can be calculated by the following equation:

Volume (m 3) = mean depth (m) x surface area (ha) x 10,000

Mean depth is derived from bathymetric maps or derived
empirically. Surface area is usually calculated from topographic maps.

Steps 1 and 2 then can be combined in the following equation to
estimate tons of limestone required to raise the pH and neutralize lake
acidity:

Limestone (tonnes) = dose (g/m3) x volume (m 3)
1,000,000

Step 3 can be calculated from the following equation:

Annual Runoff Dose = area dose (kg/ha.yr) x runoff area (ha)
(tonnes/yr) 1,000

Recommended area dose is determined from Figure C-1, which
illustrates isopleths of lime requirements to neutralize annual acidic
runoff in Sweden.

Area runoff estimates are available for most individual watersheds
from the Swedish Institute of Meteorology and Hydrology; however, the
areal extent of watersheds also can be readily calculated from
topographic maps.
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Figure C-1. Annual lime requirements to neutralize annual acidic
inputs (kg CaC03/ha yr).

Source: National Fisheries Board of Sweden 1982.
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The amount (tonnes) of limestone required to neutralize the entire
lake plus the amount (tonnes) required to neutralize the annual runoff
is the initial required annual dose. This initial dose is then
multiplied by the number of years for which acceptable water quality
levels are to be maintained (Step 4). The National Fisheries Board of
Sweden (1982) recommends an application rate of once every five years,
whenever possible; however, lakes with short water retention times
should be limed more frequently. Lakes that flush more frequently than
once per year should be limed at least twice every three years
(Bengtsson; pers. comm.).

The lake retention time also determines where
spread. Table C-2 lists recommended areas for the
limestone in lakes with different retention times.

lime should
application

TABLE C-2. Recommended limestone application areas for lakes
with different theoretical turnover rates.

Lake retention time

Between Between Greater
Area to Less than 0.5 and 2.0 and than 5
be limed 0.5 years 2.0 years 5.0 years years

Deep Areas Fair Good Good Very good

Shallow Areas Fair Good Very good Very good

Inlet Streams Very Good Good Fair -

Seepage Areas Fair Fair Fair -

(springs)

Source: National Fisheries Board of Sweden 1982.

When liming deep water areas, 5% to 20% of the total quantity of
liming material should be applied to the surface area where the water
depth is 5 meters or greater. The lower the initial pH of the lake, the
greater the percentage of alkaline material applied to deep waters
(National Fisheries Board of Sweden 1982).

Shallow water liming should be conducted over solid bottom
substrates in water 1-2 meters deep. The majority of the material
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should be placed in the shallower water. This will enhance mechanical
and chemical dissolution of the material.

Lakes with short retention times may require that liming occur in
inlet streams, in order to provide the longest CaCO3 residence time
possible. In such cases, it is best to lime upstream, but if that is
not feasible, then liming at the inlet to the lake is usually done.
Liming in this manner can be accomplished by spreading thin layers of
limestone in small areas of the inlet where there is reduced flow and
also in areas with dense vegetation.

Seepage areas are sometimes limed, but doses should not exceed 30
tonnes/ha for such areas to avoid the consolidation and caking of the
alkaline material.

Liming of the watershed is recommended only around some seepage
areas and when aluminum concentrations are high in watershed soil.
Leaching of aluminum can be prevented only when soil pH is 6 or greater
(Swedish Ministry of Agriculture Environment Committee 1982).

The amount of liming material that actually dissolves determines
how efficient the dosage will be in restoring water quality. From past
experience, it has been observed that different application procedures
have substantially different efficiencies in Swedish lakes (Table C-
3). Total dosages projected from the previously described guidelines,
should be adjusted to compensate for the efficiency of the application
system (National Fisheries Board of Sweden 1982).

Table C-3. The neutralization efficiency of limestone applied
to different lake areas

Area of application Observed efficiency

Deep Water 40 - 70%
Shallow Water 50 - 70%
Seepage Areas 15 - 25%
Terrestrial (watershed liming) 2 - 5%

Source: Adapted from National Fisheries Board of Sweden 1982.

In addition to all the factors previously mentioned, it is
necessary to consider carefully other potentially important
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characteristics of lakes or streams of interest before completing a
liming plan. Of special importance are the biological factors. It is
necessary to assess the specific sensitivities, spawning requirements,
and prey requirements of the species of aquatic organisms to be
protected by the liming operation. Such considerations frequently make
it difficult to follow the general guidelines for liming; and
compromises often have to be made (National Fisheries Board of Sweden
1982).

1.2 STREAM METHOD

The recommended Swedish stream methodology is also very simple.
The information needed to estimate limestone requirements includes
knowledge of the proper dose (Table C-1) and an estimate of the amount
of water passing a defined point in the stream per unit time. The
latter can be determined from measurements of the flow rate (m3/sec) or,
alternatively, by calculating the area of the watershed (as in the
previous lake method) ind multiplying this area by the specific runoff
values (expressed in m /ha/yr) which are available as isopleths from the
Swedish Institute of Meteorology and Hydrology. Fo Sweden, these
specific runoff values range from 2,000 to 11,000 m /ha/yr.

In liming running waters, as in lake liming, dosages need to be
adjusted to compensate for the application system used. Liming with
diversion wells (see Section 5.0) has an efficiency of 80%-90%. Liming
along small streams has an efficiency of 15%-20% (National Fisheries
Board of Sweden 1982). The use of stream barriers (see Section 5.0) has
not been very effective in its limited applications in Sweden
(Bengtsson; pers. comm.).

1.3 APPLICATION

To date the Swedish government has been responsible for liming
approximately 1500 lakes, mostly in southern and western Sweden (Swedish
Ministry of Agriculture Environment Committee 1982). Generally these
projects have been successful in restoring water quality and improving
the conditions for fisheries resources. Although some lakes have
maintained buffer systems for many years after lime application
(Hultberg and Anderson 1982), the long-term dissolution of lime has not
been observed in most lakes (Sverdrup 1982a). Applications more
frequent than projected are often needed to maintain acceptable water
quality.

Furthermore, stream liming has not proven to be overly successful
in neutralizing spates of acidic water (snowmelt and autumnal rains).
Periodic applications requiring very large dosages are necessary to
treat these acidic spates (Swedish Ministry of Agriculture Environment
Committee 1982). Continuous dosing systems and diversion wells somewhat
circumvent these problems (see Section 5.0).
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2.0 ESTIMATION OF LIME DISSOLUTION IN SWEDISH LAKES

It is quite important to utilize liming resources as efficiently as
possible, if total costs of a liming project are to be minimized. It is
necessary, of course, to dissolve at least enough lime to neutralize
acidic surface waters. When lime is applied to surface waters, some
fraction of the lime dissolves immediately and affects neutralization.
The remainder settles to the bottom. If this residual material does not
contribute significantly to the neutralization process immediately, or
at a later time, then it is lost or wasted.

Sverdrup (1982a; 1982b) has evaluated theoretical lime dissolution
rates and their relationship to CaCO3 particle size and pH, to project
the amount of alkaline material immediately available for
neutralization. He also has assessed data from Swedish and Norwegian
lake liming projects to determine the dissolution rate of residual CaCO3
and its long-term effects on alkalinity. He concludes that residual
CaCO 3 is not efficient in neutralizing surface waters after liming
because sedimentation processes and inhibition by humus will stop
dissolution completely within a relatively short time. This suggests
that liming projects should be designed to maximize the immediate
dissolution of alkaline materials.

2.1 METHOD

Due to different hydrodynamic conditions, it is convenient to
divide lake liming processes into two steps:

" Dissolution of sinking CaCO3.

" Dissolution of CaC03 as it rests on the bottom sediments.

In lake liming projects, surface waters usually range in pH from 4.0 to
6.5. Within this range the dissolution rate of CaCO 3 is linearly
dependent upon and positively correlated with H+ concentrations, and the
process is controlled by H+ diffusion (Sverdrup 1982b). According to
theoretical models, the largest CaCO3 particles will sink most
rapidly. As they dissolve on their descent, they will leave a wake of
partially neutralized water which will present higher ambient pH values
to be encountered by finer particles sinking at a slower rate (Sverdrup
1982b).

The basic equation for the dissolution of sinking particles between
10 and 100 microns in diameter is:

X = A- H -"S -. [ 1

i=l +R3 A-M MiJ
M-P 3
E i=1 R.
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where x equals the fraction dissolved, and the following parameters
control the CaCO 3 immediately available for neutralizing acidity:

A and M are constants.

H is the hydrogen ion concentration. Dissolution rate
increase as H concentration increases.

S is the mean depth of the area of the lake which is
treated. A greater depth will increase the dissolved
fraction.

n a
____ is the inverted volume specific average radius for the

i=l R. 3 powder used. An increase in the content of smaller
particles will increase the fraction dissolved.

M* is the dosage of calcite powder per lake area for the
whole lake. As long as M does not exceed the
neutralization need, it has little effect on the dissolved
fraction X.

P is the fraction of lake area treated. Due to the term in
the above equation; a smaller P or fraction of the lake
treated, increases local overdosage and decreases X.
Accordingly, P should be as large as possible, the very
best being 1.0.

Particles less than 10 microns do not behave according to the
previous equation, but that is not a problem since it can be assumed
that they dissolve completely in most cases.

Particles with radii larger than 40 microns will dissolve only to a
limited extent as they sink; therefore, they are of little value in lake
liming (Sverdrup 1982b).

Figure C-2 illustrates the range of particle sizes in some typical
limestones commercially available in Sweden. These particle size ranges
are established by passing the material through a series of standard
sieves of different mesh size.

Figure C-3 illustrates the results of calculations for the
theoretical dissolution rate of CaCO 3 for limestones with different
screen analysis curves, as previously shown in Figure C-2.

The CaCO3 that does not dissolve during sinking eventually rests on
the bottom of the lake where the dissolving particles will induce the
precipitation of metal and humic complexes onto the CaCO 3 surface, thus
reducing and eventually stopping dissolution.
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Figure C-2. Screen analysis curvesa for various CaCO3 powders
commercially available in Sweden.

aSuch curves should be determined by accurate methods such as
sedimentation, coulter counter or wet sieving. Dry sieving will not do.

Source: Sverdrup 1982b.
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pH = pHL = log1 0  S
5 m

where S is the depth of the lake.

Source: Sverdrup 1982a.
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Observations of 11 limed Scandinavian lakes indicated that CaCO 3
dissolution rates were significantly reduced in the second year after
liming; and rapidly approached the same order of magnitude as observed
in terrestrial soil liming (Sverdrup 1982a).

The dissolution rate of residual CaCO 3 resting on the bottom
declines exponentially. An approximation of the expected dissolution
fraction of residual liming material can be obtained by the following
formul a:

-k t
X = 1/4 (1 - e H

-k t
where e-H is the dissolution rate (for 11 Scandinavian lakes
investigated, kH had the value of 0.6 0.06) (Sverdrup 1982a).

The total amount of CaCO3 (XTOT) dissolved in a lake for a given
period of time (t) is the sum of tie instantaneously dissolved fraction
(XINST) and the fraction dissolved from bottom residuals:

-k t

XTOT = 3/4 X INST + 1/4 (1 - eH )

The total dissolution of limestone with different particle sizes can be
estimated from this formula. Figure C-4 illustrates this for some of
the various limestones presented previously in Figure C-2.

For a five year period (the application frequency recommended by
the Swedish government), the total dissolved amount of limestone can be
approximated:

XTOT = 3/4 X INST + 1/4

which gives an approximation to 14% (Sverdrup 1982a).

2.2 APPLICATION

The theoretical calculations for estimating the instantaneous
dissolution rate of CaCO 3 has been verified with data from 43 liming
projects. Observations of the long-term dissolution of CaCO 3 in several
Scandinavian lakes indicated that significant long-term dissolution does
not occur. Hardly more than 25% of the total amount of residual CaCO 3
ever dissolved from lake bottoms. These observations also are reported
to be in agreement with data from running waters (Sverdrup 1982a).
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Figure C-4. The total fraction of CaCO3 dissolved in a lake for CaCO 3
powders with different screen analysis curves (refer to Figure C-2), if
the sinking depth is 5 metersa.

aFor other sinking depths the pH-scale can be corrected with:

pHD = pHL - lo910i(
5 m

where S is the lake depth.

Source: Sverdrup 1982a.
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3.0 CALCULATION OF BASE NEUTRALIZING CAPACITY AND CALCIUM
CARBONATE REQUIREMENTS IN ADIRONDACK LAKES

Driscoll et al. (1982) have developed theoretical calculations for
estimating the annual limestone dose requirements to restore an
acidified (pH 4.6) Adirondack lake to circumneutral status (pH 6.5).
Limestone was selected over lime because the investigators wanted to
promote a gradual increase in pH and reduce the likelihood of pH
shock. In theory, the methodology should be applicable to many lakes in
the Adirondack region, and perhaps other regions of similar topography,
geology, and water quality.

3.1 METHOD

The methodology is based upon chemical equilibrium equations and
utilizes MINEQL, a chemical equilibrium computer model developed by
researchers at the Massachusetts Institute of Technology (Westall et al.
1976). In its simplest form the method can be expressed as the
following equation:

L = BNC x R x W x 1000 1/m 3 x 0.05 kg CaC0 3/eq x 0.001 tonnes/kg

where L equals annual limestone requirements (expressed as tonnes
CaC03/yr); BNC equals mean solution base neutralizing capacity
(expressed as eq/l, and defined as the base required to raise the pH of
1 liter of lakewater from its initial pH to a more desirable preselected
value); R equals runoff (expressed as m/yr) determined by subtracting
the annual evapotranspiration rate frmrn the annual precipitation rate; W
equals watershed area (expressed as m ); and the last three terms are
conversion factors.

It is also necessary to consider the hydraulic retention time of
the lake. Correction for hydraulic retention time can be accomplished
readily by dividing the annual limestone requirements (derived from the
previous equation) by the hydraulic retention time expressed in years
(e.g., if the retention time were 0.5 years, then the initial calculated
dose would be doubled). If the hydraulic retention time is not known,
it can be easily calculated by applying the following equation:

H = Lake Volume (m 3 )

R(m/yr) x W(m 2)

where H equals hydraulic retention time (yr); R equals runoff; and W
equals watershed area.
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The most difficult part of this methodology is estimating the mean
base neutralizing capacity. Driscoll and coworkers (1982) define four
major components of the base neutralizing capacity in Adirondack waters:

" Hydrogen ion.

" Dissolved inorganic carbon.

" Dissolved organic carbon.

" Aluminum.

Hydrogen ion and inorganic carbon base neutralizing capacities are
frequently determined in assessing lake water quality. Less frequently
measured components such as aluminum and dissolved organic carbon,
however, comprise a significant fraction of the theoretical base
neutralizing capacity of Adirondack lakes (Driscoll et al. 1982). The
aluminum component includes aquo aluminum and total hydroxide, fluoride,
and sulfate complexes. The dissolved organic carbon represents humic
substances.

To estimate the mean base neutralizing capacity, theoretical molar
concentrations (mols/l) of each of the constituents are calculated for
existing water quality (acidified condition) and for the desired end
point (circumneutral). Mean concentrations of water quality parameters
measured during a previous year are used as a baseline to define
existing water quality. The MINEQL computer model is used to calculate
the individual molar concentrations of each constituent. An empirically
derived solubility constant for aluminum chemical equilibria
calculations, and empirically derived acid-base relationships for
dissolved organic carbon also may be utilized in the model.
Furthermore, it is assumed that temperate, forested, systems (such as
the Adirondack area) are in equilibrium with 400 ppm atmospheric CO2.
Previous observations in Adirondack waters also lead to the assumption
that the system is in equilibrium with aluminum trihydroxide
[Al(OH)3]. Lake pH values, aluminum concentrations, and water
temperatures are the minimum empirically-derived water quality
parameters needed to use the MINEQL model. All other data can be
obtained from theoretical assumptions (Driscoll; pers. comm.).

The MINEQL model performs incremental calcium carbonate titrations
of lake water, based upon the input equilibria equations, until the
desired end point is reached.

3.2 APPLICATION

Driscoll et al. (1982) have applied their model to a small segment
(North Bay) of Big Moose Lake in the Adirondack region of New York
State. The total estimated limestone requirements were applied in two
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equal doses on 10 August 1980 and 7 September 1980. The limestone was
distributed in sandy areas of the littoral zone of the lake to maximize
dissolution due to turbulence and to minimize loss of limestone to
organic sediments. Water quality was monitored in both the experimental
bay and in the main basin of the lake. Measured changes in water
quality parameters were compared to equilibrium model predictions.

Predicted neutralization was not achieved. North Bay pH increased
from 4.69 to 5.60 seven weeks after the first dose, but by winter the
entire system had reacidified (pHm5); however, pH values remained
greater than those of a previous control year.

Driscoll et al. (1982) conclude that the discrepancy between
calculated and actual base neutralizing capacity of North Bay could be
attributed to two mechanisms: (1) incomplete calcium carbonate
dissolution occurred because of the deposition of organic detritus and
the precipitation of aluminum hydroxide and coagulated organic carbon
onto the limestone; and (2) hydrogen ion-calcium exchange processes in
the organic detritus of the sediments diminished the acid neutralizing
capacity of the water column.

A modification of this method is currently being developed which
takes into consideration the cation exchange capacity of the lake
sediments as part of the overall estimate of base neutralizing capacity
(Driscoll; pers. comm.).
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4.0 ESTIMATION OF LIME REQUIREMENTS OF ACIDIC AQUATIC SEDIMENTS

A method has been developed (Boyd 1974) and refined (Boyd and
Cuenco 1980) for estimating liming requirements for softwater Alabama
fish ponds with acidic sediments. The objective of the method is to
raise total hardness or total alkalinity values above 20 mg/l as CaCO3
in the surface waters. Observations in numerous southeastern ponds
indicate that fish productivity responds better to inorganic fertilizers
under these conditions (Boyd 1974; Boyd 1982b).

Boyd (1974) found that the base saturation and pH of muds were
highly and positively correlated with the total hardness of pond water;
and increasing the sediment pH to 5.8 (base unsaturation = 20%) with
agricultural limestone increased total hardness and total alkalinity to
20 mg/l or above in southeastern ponds.

Although the method is designed to enhance fish production
regardless of surface water pH values, the methodology appears to be
generally applicable to the neutralization of acidic sediments of
environments affected by acidic deposition.

4.1 METHOD

The lime requirements to neutralize acidic sediments can be
directly calculated from data on sediment pH, cation exchange capacity
(CEC), and the relationship between sediment pH and sediment base
unsaturation (Boyd 1974; Boyd 1982b). The sediment pH is a measure of
the pH of the water surrounding the sediment particles. This value does
not provide information about the capacity of sediments to yield
hydrogen ions. A measure of such capacity is the exchangeable acidity
(the potential acidity resulting from acidic cations on exchange +
sites). The most important acidic cations typically are Al and H.
The CEC is a measure of the total quantity of cations that is adsorbed
on exchange sites of the sediment. The fraction of the total CEC that
is filled by acidic cations is termed the base unsaturation. The
relationship between base unsaturation and sediment pH, therefore, is
highly correlated. A regression of base unsaturation and sediment pH
has been developed by Boyd (1974) based upon data from numerous Alabama
ponds. Relationship between base unsaturation and pH can be developed
in other regions through similar procedures.

Boyd (1982b) indicates that lime requirements to neutralize
sediment acidity can be directly calculated as follows:

Lime Requirements = Na(meq/100g) x 50L x .001 kg x Ws (kg/ha) x 1.5
(kg/ha) meq g

173



where Na equals the acidity to be neutralized, Ws equals the weight of
the reactive sediments, the second and third terms are conversion
factors, and the last term is a correction factor to compensate for the
observation that "lime is not completely effective in neutralizing
acidity" (Boyd 1974).

The acidity to be neutralized (Na) can be estimated from the
established correlation of base unsaturation with sediment pH in the
same or similar watersheds, and from the CEC of the sediments:

Na = (initial base unsaturation - desired base unsaturation) x CEC

The weight of the reactive sediments (Ws) is based upon a composite
sample of bottom muds which is dried, pulverized, and passed through a
#20 - mesh screen. It is assumed that the depth of the reactive bottom
sediments is 15 cm (Boyd 1982b).

Because the method just described requires the time consuming
calculation of CEC, it is seldom used by fishery managers. A more rapid
method based upon the measurement of exchangeable acidity (rather than
CEC) was developed by Adams and Evans (1962) for terrestrial lime
applications in southeastern soils:

N = exchangeable acidity x desired change in base
unsaturafion

initial base unsaturation

The exchangeable acidity (in meq) is determined experimentally from the
change in pH of a buffered solution affected by the addition of a known
quantity of sediment.

Boyd (1974) investigated the sediment-water chemistry relationships
of southeastern ponds. Information about the-relationship between water
hardness, sediment pH, and sediment base unsaturation was used to modify
the Adams-Evans lime requirements procedure for use in ponds. Based
upon these modifications, and further refinements by Boyd and Cuenco
(1980), Table C-4 was developed to calculate liming rates (kg/ha) to
adjust sediments to pH 5.8 (base unsaturation of 20%), and increase
total hardness above 20 mg/l (Boyd 1982b).
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Table C-4. Lime requirement in kilograms
(neutralizing value = 100%) to increase

total alkalinity of pond water to 20 mg/l

per hectare of CaC03
total hardness and
or more (Boyd 1974).

CaCO3 (kg/ha) according to mud pH in buffered solution

Mud pH
in water 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0

5.7 91 182 272 363 454 544 635 726 817 908
5.6 126 252 378 504 630 756 882 1008 1134 1260
5.5 202 404 604 806 1008 1210 1411 1612 1814 2016
5.4 290 580 869 1160 1449 1738 2029 2318 2608 2898
5.3 340 680 1021 1360 1701 2042 2381 2722 3062 3402
5.2 391 782 1172 1562 1948 2344 2734 3124 3515 3906
5.1 441 882 1323 1765 2205 2646 3087 3528 3969 4410
5.0 504 1008 1512 2016 2520 3024 3528 4032 4536 5040
4.9 656 1310 1966 2620 3276 3932 4586 5242 5980 6552
4.8 672 1344 2016 2688 3360 4032 4704 5390 6048 6720
4.7 706 1412 2116 2822 3528 4234 4940 5644 6350 7056

Source: Boyd 1982b.

Boyd (1982b) reported the following laboratory procedures to
establish the total lime requirements from Table C-4:

(1) dry the sample of mud and gently grind with mortar and pestle
to pass a 0.85-millimeter screen; (2) prepare a p-nitrophenol
buffer of pH 8.0 0.1 by diluting 20 grams of p-nitrophenol, 15
grams boric acid, 74 grams potassium chloride, and 10.5 grams
potassium hydroxide to 2 liters with distilled water; (3) to 20
grams dry mud in a 100-milliliter beaker, add 20 milliliters of
distilled water and stir intermittently for 20 minutes; and (6)
after setting pH meter at 8.0 with a 1:1 mixture of concentrated p-
nitrophenol buffer and distilled water, read pH of the soil-buffer-
distilled water mixture while stirring vigorously. Use the values
of mud pH in water and mud pH in buffered solution to obtain liming
rate from Table C-4. If the pH of mud in the buffered solution is
below 7, repeat with 10 grams of dry mud and double the liming rate
from Table C-4.

Since the organic content of sediments vary significantly within a
pond, Boyd and Cuenco (1980) estimated the number of sediment samples
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that should be collected per hectare, so that a composite sample can be
formed that will be reasonably close to average conditions. Table C-5
presents sampling requirements based upon investigations of 19 Alabama
ponds. The number of required samples is significantly reduced in
waters with surface areas greater than 2.0 ha.

Table C-5. Estimated number of sediment samples per ha required to
keep allowable errors for lime requirement equal to or below 500,

750, or 1000 kg/ha of CaCO3.

Pond area n Lime requirement Estimated number of sediment samples/ha
(ha) (kg/ha CaC0 3) for allowable errors of

500 kg/ha 750 kg/ha 1000 kg/ha

Min. Max. CaC0 3  CaCO 3  CaC03

<0.4 5 2270 3980 245.0 108.9 61.2
0.4-1.9 6 1930 6540 16.2 7.2 4.0
2.0-10.3 8 1200 4500 6.9 3.1 1.7

Source: Boyd and Cuenco 1980.

The estimated depth at which limestone reacts in sediments also was
investigated. Significant statistical differences in base saturation,
pH, calcium, and magnesium concentrations were found in the upper 15 cm
of sediment two years after liming. Furthermore, laboratory tests with
limed pond sediments suggested that the residual effects of liming would
last for approximately 10 exchanges of water (Boyd and Cuenco 1980).

4.2 APPLICATIONS

The method was initially applied to eight earthen ponds, ranging
from 0.1 acres to 2.8 acres in size, located on Piedmont soils of the
Auburn University Fisheries Research Unit. Agricultural limestone was
applied by boat to all ponds. The pH of the sediments ranged from 5.1
to 5.7 and surface water hardness ranged from 3.3 to 14.0 mg/l. Results
indicated an immediate increase in total hardness and alkalinity.
Retention time of water in all ponds was estimated to be less than 6
months. Application of limestone was sufficient to replenish calcium
and magnesium ions lost to outflow and seepage, maintain total hardness
values above 20 mg/l, and raise pH of sediments above 5.8 for at least
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one year after liming (Boyd 1974). Since then a total of 52 ponds have
been limed at the Auburn field site using this procedure. All but five
of these resulted in increaes in water hardness and sediment pH as
projected (Boyd 1982b).

Although the procedure for estimating lime requirements was
developed for Alabama ponds, it appears to be appropriate for other
regions with similar water quality and soil characteristics. It is
recommended that investigators working in other regions should determine
the relationship between base unsaturation and sediment pH for a
representative series of ponds, ascertain the base unsaturation and
sediment pH corresponding to a total hardness of 20 mg/l, and use these
findings to develop a table similar to Table C-4 (Boyd 1982b).

This procedure is unlikely to work in very acidic surface waters,
since no allowance is made for base consumption in the water column;
however, the procedure may be appropriate to estimate the base
neutralzing capacity of sediments which seems to be a serious omission
in other dose-estimating methods for acid impacted waters.
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5.0 CALCULATION OF LIME EFFECTIVENESS

Experience in liming southeastern U.S. fish ponds to stimulate fish
production has indicated that lime effectiveness is determined by the
neutralizing values and the efficiency ratings of the applied materials
(Boyd 1982b).

The methodology described below assumes that a theoretical dose of
liming material has already been established to neutralize surface water
or sediment acidity, or both. Moreover, it assumes that the theoretical
dose calculations were based upon the immediate dissolution and chemical
reactivity of a 100% pure alkaline compound. Since commercially
available liming materials usually vary in their degree of purity and in
their rate of dissolution, the calculation of lime effectiveness will
provide appropriate correction factors for variances from theoretical
conditions.

5.1 METHOD

The calculation of lime effectiveness proceeds as follows:

Lime Effectiveness = Neutralization value (%) x Efficiency Rating (%)

The term neutralizing value refers to the relative ability of liming
materials to neutralize acidity. Pure CaCO 3 is the most usual standard
reference: it is assigned a value of 100%. The neutralizing values of
other materials are determined by their ability to neutralize acidity on
an equivalent weight basis. Values for other chemically pure liming
materials are: 179% for CaO, 136% for Ca(OH)2, and 109% for CaMg (C0 3)2
(Boyd 1982b).

Since pure compounds are rarely used as liming materials, actual
neutralizing values need to be determined by chemical analysis. Boyd
(1982b) presents the following method to determine neutralizing values
in the laboratory:

Place a 500-mg sample of finely ground liming material in a 500-ml
Erlenmeyer flask, and add exactly 25 ml of standard 1 N HCL. Swirl
the suspension, heat nearly to boiling, and hold on a steam bath
until the reaction is complete. Add about 100 ml of distilled
water and boil the solution for 1-2 min. When cool, titrate the
solution to the phenolphthalein end point with standard 1 N NaOH.
A simple formula for the calculation is:

(V - T) (N) (5,000)
% Neutralizing value =

S
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where V = milliliters of standard acid; T = milliliters of standard
base; N = normality; S = sample size in milligrams.

Calcium hydroxide and calcium oxide are manufactured as fine
powders, but agricultural limestone is made up of particles of various
sizes. Since smaller particles react faster than large ones in a water
solution, it is important to establish the particle size if the liming
material, especially if it is limestone.

The efficiency rating is one method of establishing particle
size. Particle sizes are graded by passing them through U.S. standard
sieves #8 mesh (2.36 mm), #20 mesh (0.855 mm), and #60 mesh (0.250
mm).

Particles that pass through the #60 mesh sieve are rated 100%
efficient; those that pass the #20 mesh sieve are 60% efficient; those
that pass the #8 mesh sieve are 20% efficient; and those that are
retained on #8 mesh are rated 0% efficient. For illustrative purposes a
calculation of efficiency rating for a hypothetical sample is presented
below, as originally described by Boyd (1982b):

50% passed #60 mesh 0.50 x 100 = 50%
20% passed #20 mesh

but not #60 mesh 0.20 x 60 = 12%
20% passed #8 mesh

but not #20 mesh 0.20 x 20 = 4%
10% retained on #8 mesh 0.10 x 0 = 0%

Efficiency rating of sample 66%

Thus, the initial theoretical liming dose is modified by dividing it by
the calculated lime effectiveness value:

Recommended dose = Initial Dose
Lime Effectiveness value

5.2 APPLICATION

The calculation of dose requirements which incorporate the
previously described procedures have been used for the liming of fish
ponds in the southeast United States with apparent success (Boyd 1982b).
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6.0 ESTIMATION OF LIMESTONE REQUIREMENTS FOR STREAM BARRIERS

Pearson and McDonnell (1975a) described and evaluated the chemical
kinetics of the rate limiting reactions between crushed limestone and
acidic waters. A mathematical model based upon the chemical kinetics
was developed. Computer simulations of four existing stream barriers
employed to abate acid mine drainage were then used to project the
restoration of downstream water quality parameters. These projections
were compared to measurements of actual stream barrier performance.
Comparisons indicated that the inhibitory coatings on the existing
limestone barriers greatly reduced the effectiveness of the barriers
relative to theoretical projections. Factors were developed to describe
the effects of inhibitory processes such as siltation and metal
hydroxide coatings on crushed limestone. These factors were then
incorporated into a procedure to facilitate the design of future stream
barriers and to predict their performance (Pearson and McDonnell 1975b).

6.1 METHODS

The development of the mathematical model involved the definition
of chemical components and hydraulic components. Predictions of barrier
performance with this model were only in slightly better agreement with
observations than were predictions made by a graphical procedure based
upon the simplifying assumptions that carbon dioxide is conservative as
it passes through a limestone barrier (Pearson and McDonnell 1975a).
Only the graphical methodology of Pearson and McDonnell (1975a),
therefore, is described here.

Required inputs to use the graphical method includes:

" Initial pH of stream.

" Desired final pH of stream.

" Maximum flood for which barrier is designed.

" Maximum size of sediment transported in flood.

" Width of stream.

" Maximum heighth of barrier.

" Magnesium carbonate content of limestone.

" Set up costs per order of limestone.

" Cost of limestone on site.

180



" Cost of initial site work.

" Cost of barrier rennovation from floods in excess of design.

* Discount rate.

" economic life of barrier.

The quantity of crushed limestone necessary to neutralize stream
acidity is obtained from the following formula:

W = LPQD x 0.9072

where W = the quantity of crushed limestone in tonnes; L = the required
load factor (determined from Figures C-5, C-6, and C-7); P = the
percentage of magnesium carbonate in the limestone, or 1.0, whichever is
greater; Q = the design stream flow at which the barrier is required to
provide the desired level of neutralization, in cubic feet per second; D
= the stone size (determined from Figure C-8) that is necessary to
prevent washout of the barrier during floods; and 0.9072 is the
conversion factor to convert short tons to metric tons (tonnes).

Figures C-5, C-6, and C-7 were developed for situations in natural
streams where coatings of clay, iron, or aluminum hydroxide reduce the
reactivity of limestones by a factor of five, as was observed in streams
receiving acid mine drainage in the Trough Creek watershed of
Pennsylvania. If coatings are not expected to develop, the load factor
values obtained from Figures C-5, C-6, or C-7 should be divided by five.

4.5 m Ix. a l

5.0

5.5

z

6.0

0 4 8 12 16 20 40 60 80
LOAD FACTOR

(Tons of limestone per inch of stone site per cubic foot per second of flow)

Figure C-5.
reactor.

Effluent pH versus influent pH and load factor for tranquil

Source: Pearson and McDonnell 1975a.
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Figure C-6. Ultimate final pH versus influent pH and load factor
downstream of tranquil reactor.

Source: Pearson and McDonnell 1975a.
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Figure C-7. Effluent pH versus influent pH and load factor for highly
turbulent reactor which releases carbon dioxide as rapidly as it is
formed.

Source: Pearson and McDonnell 1975a.
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Figure C-8. Curves for hydraulic design of barrier against washout or
siltation.

Source: Pearson and McDonnell 1975a.
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Figures C-5 and C-6 apply to situations of tranquil flow where
insignificant exsolution of carbon dioxide occurs within the barrier.
Figure C-5 should be used if the attainment of the desired pH as
required immediately downstream of the barrier; Figure C-6 should be
used for attainment further downstream. Figure C-7 is used if severe
hydraulic turbulence is expected to cause immediate loss of all
limestone-generated carbon dioxide.

In addition to the initial quantity of crushed limestone (W) needed
to neutralize the surface waters, limestone must also be supplied on a
regular basis to replenish material lost by dissolution. This
restocking quantity, (W') should also be added initially to the stream
barrier so that the barrier never contains less than the initial
required amount to neutralize stream acidity. The optimum quantity that
should be added is determined by the following formula:

1
W' =10.02 C1 FLQ 2 x .0972

L rC 2

where C1 = the set up cost per order of limestone; C2 = the cost of
limestone at the barrier site per short ton; r = the annual discount
rate; F = the depletion factor, from Figure C-9; and .0972 is the
multiplier to convert short tons to metric tons (tonnes).

50I'

-7 IITIAL pH

20

0

0 20 40 60 80 1 00 200 300 400
b LOAD FACTOR
e (Tons of o ms o.n loper Inch of one sle per cubic foot per *ocond of flow)

Figure C-9. Process design curves for depletion of limestone in
barrier.

Source: Pearson and McDonnell 1975a.

The frequency of application can be determined as follows:

t' = 100 W'D
WF

where t' = the interval between applications, in years.
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At the maximum design flow, the water surface profile coincides
with the top of the barrier; however, if the interstices of the stone
are clogged by sediments or metal hydroxide precipitates, then the
effective depth of the barrier is determined by the following formula:

Y =D

where Y is the effective depth, in feet.

If no clogging occurs, then the following formula applies:

Y =Q
Zu~

where Z is the width of the equivalent rectangular stream channel, in
feet; and u is the superficial water velocitiy from Figure C-8, in feet
per second.

The proper length of the barrier is determined by the following
formula:

X = 22.4 (W + W')
ZY

where X = the length of the equivalent rectangular barrier section, in
feet.

A uniform cross section and profile for a barrier will minimize
undesirable siltation within the barrier. The downstream face of the
barrier should be rip-rapped to protect it from washout. The size of
the rip-rap is obtained from Figure C-8 as the D value at the intercept
of the flood flow per foot of width, and the value of s which is equal
to the slope of the face of the barrier.

6.2 APPLICATION

Pearson and McDonnell (1975a) suggest that this method is more
practical than rotating drums or other more sophisticated mechanical
devises developed for stream neutralization. The method has been
applied to at least one barrier project in Pennsylvania with apparent
success (McDonnell, Director of Water Center, Land and Water Research
Institute, Pennsylvania State University, University Park, PA; pers.
comm.).

This method has been developed for acid mine drainage abatement
projects where the acidity of surface waters can be quite high. At pH
values above 5.5, barriers require substantially greater amounts of
limestone (because limestone is less reactive at pH values greater than
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5.5). Fluctuating stream flows also make proper design difficult.
Placing barriers in ponded sections of streams may alleviate this
problem (McDonnell; pers. comm.).
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7.0 TITRATION OF SUDBURY LAKES

Researchers in Ontario, Canada have developed procedures for
reclaiming acidified lakes contaminated with heavy metals (Scheider et
al. 1975).

7.1 METHOD

Initially the appropriate alkaline material is selected for
treatment based upon the following criteria.

" It must be readily available in large quantities.

" It must be relatively inexpensive.

" It must be safe to handle and store using conventional safety
precautions and equipment.

" It should have a high neutralization potential.

" The addition of a known quantity should produce predictable
changes in pH.

" It must be amenable to relatively simple application
techniques.

" It must provide for a natural deficiency in the lake water
(i.e., it should be a normal component of lake buffering
systems).

" It should not initiate any significant ion exchange processes
in the lake sediments which could impair water quality.

" It must not add any extraneous contaminants into the lake
water.

After selection of an alkaline reagent, which meets the previous
criteria, the lake water and sediments are titrated with a standard
solution of the reagent to a stable pH end point of 8.0. This alkaline
end point is chosen because it will provide for more efficient sediment
neutralization.

The volume of lake water to be neutralized is then determined to
project the quantity of titrant necessary to neutralize the entire water
column. The volume of sediment to be neutralized also is calculated,
based upon the assumption that the thickness of the reactive sediment
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layer is 5 cm and the sediment surface area is approximately 20% greater
than the lake surface area.

The amount of alkaline reagent required to neutralize only the
water column is applied in a single application because neutralization
of surface waters is rapid. Because a longer period of time is required
to neutralize sediments, the projected sediment dosage is applied in
several incremental applications which are determined by periodic
titrations of lake water (the incremental dosages presumably are made
whenever surface water pH values drop substantially below neutrality).

7.2 APPLICATION

As part of the Canadian Ministry of the Environment Lake
Reclamation Program, Ca(OH)2 and CaCO3 were used to offset acidic
conditions, re-establish buffer systems, and reduce metal levels in
Middle and Lohi Lakes, located in the vicinity of Sudbury, Ontario. The
alkaline reagents were applied as a slurry by boat. Generally, the
liming experiment proved to be effective in neutralizing acidic
conditions and restoring a weak buffer system in a controlled and
predictable manner. Treatment with CaC0 3 , in addition to Ca(OH) 2,provided a carbonate buffer and maintained a more stable buffer system
than CaCO3 alone (Scheider et al. 1975a).
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8.0 TITRATION OF NOVA SCOTIA LAKES

Lime requirements for Nova Scotia lakes are determined by simple
laboratory titration procedures using samples of lake water collected
from numerous locations within the lake. Based upon previous experience
in eastern Canada, researchers in Nova Scotia speculate that calcium
carbonate does not have a prolonged effect in surface waters.
Therefore, dosages associated with Nova Scotia liming projects are not
planned to provide long-term buffering capabilities (Watt; pers. comm.).

8.1 METHOD

The basic method consists of titrating lake water samples with the
preselected liming material (CaCO 3, CaO, or Ca(OH) ) to establish lime
requirements to neutralize a unit of lake water. The total quantity of
material needed is based only on this dose and the total volume of the
lake water to be neutralized. Runoff, sediment chemistry, aluminum
chemistry, and retention time are not explicitly factored into the
projections of lime requirements. Additional lime is then added as
needed when the lake pH begins to decline after initial application
(Watt; pers. comm.)

8.2 APPLICATION

To date, four lakes have been limed in Nova Scotia based upon this
method of estimating lime requirements. The alkaline materials were
applied as a slurry by boat. The success of these operations is not yet
evaluated.
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This map is intended to provide a synoptic illustration of the regional patterns of
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range, an even greater range was observed. However, the shading on the map
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As the Nation's principal conservation agency, the Department of
the Interior has responsibility for most of our nationally owned
public lands and natural resources. This includes fostering the
wisest use of our land and wa- sources, protecting our fish and
wildlife, preserving the env =ntal and cultural values of our
national parks and historical . , and providing for the enjoy-
ment of life through outdoor recrt.,ion. The Department assesses
our energy and mineral resources a % works to assure that their
development is in the best interests of a. )ur people. The Depart-
ment also has a major responsibility for American Indian reservation
communities and for people who live in island territories under U.S.
administration.
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