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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Serie
IN CHEMISTRY SERIE  excep
papers are not typeset but are reproduced as they are sub­
mitted by the authors in camera-ready form. Papers are re­
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

OUR FORESTS ARE LIMITED RESOURCES, valuable for recreation, soil and 
water management, and timber. Thus, control of various forest pests is 
receiving increased attention. 

The chapters in this volume examine the state of the art of the 
development of effective chemical and biological agents, as well as the 
unique application problems not encountered in conventional agricultural 
situations. The effectiveness of pesticides or pheromone technology in com
bating forest pests is not th
situation, including the delicate balance of the ecosystem, must be considered 
in both the development and application stages of all control tactics. 

We have attempted to highlight the major components involved in 
forestry pest management: Control Agents; Spray Deposition; Target and 
Nontarget Residue Distribution; and Ecotoxicology and Hazard Assessment. 
We believe we have covered most aspects. 

We wish to thank all the authors for their participation in the sympo­
sium and their contributions to this volume. Our special thanks go to Illo 
Gauditz for her never-failing interest, advice, and cooperation in putting the 
symposium together. 

WILLA Y . GARNER 
Hazard Evaluation Division 
Office of Pesticide Programs 
Environmental Protection Agency 
Washington, DC 20460 

JOHN HARVEY, JR. 
Experimental Station 
Ε. I. du Pont de Nemours & Co. 
Wilmington, DE 19898 

August 1983 
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1 
Chemical and Biological Agents 
in Forest Pest Management 
Historical Overview 

VIRGIL H. FREED 

Department of Chemistry, Oregon State University, Corvallis, OR 97331 

To early settlers
limitless. They were often considered a barrier to 
travel, commerce and agriculture. As a result, the 
forests were cut and burned with little thought to 
conservation and reforestation. 

Within the past half century, and more so in the 
last two decades, we have realized that our forests 
are limited resources. Their value not only for timber, 
but for recreation and soi l and water management has 
been recognized. With this came the realization of the 
need to manage the resource for the benefit of man and 
the environment. 

Various pests - insects, diseases, undesirable 
plant species - have long been recognized as threats to 
the standing timber and a barrier to reforestation. 
Many management techniques have been tried to abate 
these pests, but among the most effective have been 
found to be the chemical and biological agents. 

Interest in use of chemicals in forestry started 
many years ago by perceptive foresters. But early 
chemicals were limited in number and effectiveness. 
Now an array of chemicals is available for pest manage­
ment. 

The use of chemical and biological agents in 
forestry, while important, is not so extensive as in 
agriculture. Treatment is usually required only once 
or twice in growth cycle and that on scattered parcels 
of land. 

The utilization of forests by the public for 
recreation and as watersheds has lead to questioning 
the use of chemicals. Some groups vigorously protest 
the practice despite assurances of need and relative 
safety. On the resolution of this and certain other 
forest management issues hangs the future of our forests. 

0097-6156/84/0238-0001 $06.00/0 
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2 CHEMICAL AND BIOLOGICAL CONTROLS IN FORESTRY 

To the early immigrants to the North American continent, the 
hundreds of m i l l i o n s of acres of forest must have appeared almost 
endless. In t h e i r eyes, i t could have appeared as a l i m i t l e s s 
resource extending in t o perpetuity. For t h e i r numbers t h i s may 
indeed have been the case, but l i t t l e could they have reckoned 
with the population growth, and with i t the demand fo r forest 
products some 300 years l a t e r . 

While the forest was a supply of timber for homes, f u e l , and 
often times, food, they were also sometimes regarded as a b a r r i e r . 
The labor to cut and burn the fo r e s t , to eke out crop land and 
impediments to vehicular t r a v e l , were not regarded as a benefit. 
Thus, for years the migrants cut and burned t h e i r way u n t i l they 
crossed the Appalachians and began the process again at the 
Rockies a f t e r having crossed the Great P l a i n s . 

In l a t e r years as demand for timber products boomed with the 
population, the economi  valu f th  v i r g i  stand f deciduou
and coniferous forests becam
fortunes. Commercial lumbering  populatio
u n t i l reaching the P a c i f i c Coast with i t s tremendous stands of 
Douglas F i r , Redwood, and Pine. 

In some regions of the country, notably the Northwest and now 
i n the Southeast, lumbering i s a major factor i n the economy. The 
Northwest i s a c l a s s i c i l l u s t r a t i o n of the economic importance of 
lumbering. The decline i n demand for timber products, due to the 
economy, resulted i n a loss of thousands of jobs i n the P a c i f i c 
Northwest. The f i f t e e n to twenty b i l l i o n d o l l a r a year industry 
has been almost at a s t a n d s t i l l . 

U n t i l i n t o t h i s century, l i t t l e thought was given to the need 
for conservation of the timber resource, or r e f o r e s t a t i o n . The 
large t r a c t s of v i r g i n timber i n v i t e d e x p l o i t a t i o n , and when 
depleted, the lumbering moved on. A few with s u f f i c i e n t foresight 
began to appreciate the need for conservation and management of 
t h i s resource. The pra c t i c e began early i n Federal forests and 
soon was picked up by the more progressive, large lumbering 
i n t e r e s t s . 

Following World War I I , greater attention was given to 
management of the lumber resources. Large firms began holding 
trac t s of land f o r r e f o r e s t a t i o n and talked of sustained y i e l d . 
In passing, I'd l i k e to mention a former s t a f f member of Oregon 
State University who was one of the pioneers i n conservation and 
ref o r e s t a t i o n . He contributed much to the science of forestry 
and demonstrated that with the Douglas F i r a 50 year growth cycle 
was quite adequate. 

Management of our forests i s now w e l l appreciated by almost 
everyone. The need to maintain growing stands of timber f or 
water management, erosion c o n t r o l , timber y i e l d , recreation, as 
wel l as for timber products and grazing, i s w e l l recognized. 
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1. FREED Historical Overview 3 

Some s t i l l debate the multiuse concept of f o r e s t s , but most 
acknowledge i t as a v i a b l e management pr a c t i c e . 

Pests of the Forest 

To the casual observer, i t would mostly appear that our forests 
grow with l i t t l e a t t e n t ion and have few problems. This i s not 
exactly the case. Very few plants are without t h e i r b i o l o g i c a l 
competitors, and our forests are no exception (10). A long l i s t 
of insect pests that attack both coniferous and deciduous trees, 
are known. Some are introduced from other areas of the world, 
and some are indigenous to the North American continent. Among 
the more f a m i l i a r of the insect pests include the tussock moth, 
spruce budworm, the looper, bark beetle, the pine sawfly, woolly 
balsam aphid, shoot moth, gypsy moth, and many others. Some 
attack the young trees r e s u l t i n
much reduced growth; i
d e f o l i a t i o n or attacking the cambium, may k i l l or seriously 
weaken the stand with s i g n i f i c a n t losses of timber y i e l d (10,11). 

Many of the insects have a c y c l i c a l population pattern. 
That i s , i n a given year under c e r t a i n circumstances, the pop­
u l a t i o n w i l l explode causing extensive damage followed by a 
collapse of the population. Those opposed to the use of control 
agents i n the f o r e s t argue that the best management i s simply to 
wait for the population collapse. However, i n the meantime, 
thousands of acres may be damaged or k i l l e d , and the dead or 
dying trees become a d i s t i n c t forest f i r e hazard. 

Insects are not the only problem pests i n forest management. 
Other plants, i . e . , grass, shrubs, trees, afford a serious 
problem i n r e f o r e s t a t i o n and i n young stands (11). Indeed, as 
young stands develop, even t h e i r own kind may serve as a compet­
i t o r and require thinning to develop a commercial f o r e s t . 

A f t e r a f i r e or logging, a v a r i e t y of plants w i l l spring up 
i n the open area. Grasses and c e r t a i n herbaceous plants may 
f i r s t occupy a large portion of the bare area. These compete 
with any young seedlings for moisture, nutrients, and often w i l l 
choke out the seedling i n the f i r s t year or two. Also invading 
the area w i l l be the shrubs and c e r t a i n competitive trees. In 
the P a c i f i c Northwest, plants such as salmonberry, ceanothus, 
manzanita, blackberry, and occasionally, leguminous shrubs w i l l 
completely inhabit the land. This makes r e f o r e s t a t i o n extremely 
d i f f i c u l t , i f not impossible, without e f f e c t i v e c o n t r o l measures. 
Later, stands of alder or other tree species, competitive with 
the c o n i f e r , w i l l overgrow the area causing damage and delayed 
growth to the c o n i f e r . 

Insects and competitive plants are not the only problems 
facing the tree, p a r t i c u l a r l y the young one. Vertebrates, 
ranging from small rodents through the deer and other unglates, 
do t h e i r share of damage. While the damage to larger trees i s 
i n s i g n i f i c a n t , the browsing on young seedlings i s much more 
serious. Domestic l i v e s t o c k also may be troublesome. 
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4 CHEMICAL AND BIOLOGICAL CONTROLS IN FORESTRY 

Adding to the forest pest complex are a v a r i e t y of diseases. 
This can include p a r a s i t i c plants such as mistletoe, fungal 
diseases, and a v a r i e t y of b a c t e r i a l diseases (10). 

Taken i n t o t a l , the pest complex has been estimated to 
cause annual losses equivalent to 12 to 18 percent of the t o t a l 
annual cut. This runs in t o 15 or so b i l l i o n board feet per year. 
The losses are s i g n i f i c a n t enough to have interested forest 
managers i n the use of pest management methods to abate the 
problems. To be sure, the problems are generally l o c a l i z e d and 
the management practices f o r pest control are applied on a quite 
l i m i t e d area. Pest management practices i n f o r e s t r y involve only 
a small percentage of the standing timber, i n contrast to a g r i ­
culture where a much larger percentage of the cropland i s treated 
annually (10). 

Chemical and B i o l o g i c a

The idea of use of chemical and b i o l o g i c a l agents i n forest 
management, i s not new. As long ago as 1918, a water soluble 
mixture was used to r i n g g i r d l e s of trees of many species i n 
India. The m a t e r i a l , a proprietary wood preservative that has 
claimed to w i t h i n a few weeks k i l l the roots as w e l l as the 
a e r i a l portions of the trees. The a r b o r i c i d a l properties of 
arsenicale were described i n 1920. These a r s e n i c a l s , usually 
based on t r i v a l e n t arsenic, were used f o r g i r d l i n g trees to k i l l 
them, and treatment of stumps to prevent regrowth. 

Other chemicals t r i e d i n the two decades between 1920 and 
1940 include sodium or calcium chlorate, mineral o i l s , rock s a l t , 
copper s u l f a t e , creosote, and ammonium thiocyanate. These l a t t e r 
compounds while t r i e d never showed enough promise to be widely 
used (1,2). 

In the early 1940's, a new inorganic chemical, not having 
the t o x i c i t y of some of the others, was introduced. The com­
pound, ammonium sulfamate, proved quite e f f e c t i v e as an a r b o r i -
cide, applied e i t h e r i n f r i l l s or sprayed on the e n t i r e plant 
(3,4). During t h i s era a l s o , various borates were used to 
maintain firebreaks i n forests through control of both herbaceous 
and shrubby plants (5). 

The introduction of the phenoxy compounds - 2,4-D and 2,4,5-
T - i n the mid 40's, provided much more e f f e c t i v e arboricides 
than had heretofore been av a i l a b l e (2,6,8). Control of many 
brushy species f o r s i t e preparation i n r e f o r e s t a t i o n was now 
a v a i l a b l e . Perhaps one of the early applications of t h i s was 
made by Fred Furst i n the Siuslaw National Forest where approx­
imately 10,000 acres of c o n i f e r , overstoried by alder, were 
released by treatment with 2,4-D. Other chemicals used i n t h i s 
era included t r i c h l o r o a c e t i c acid (TCA), used i n g i r d l i n g t r e a t ­
ment of trees, and for control of grass p r i o r to r e f o r e s t a t i o n . 
Aminotriazole, also introduced during t h i s period, found some 
use for control of Rhus species and grass i n forest nurseries. 
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1. FREED Historical Overview 5 

However, the phenoxy ac e t i c acids, 2,4-D and 2,4,5-T, were by f a r 
the most widely used, being employed for stand thinning, control 
of brushy species i n r e f o r e s t a t i o n , and control of brush and 
trees i n r i g h t s of way (11). 

The i n s e c t i c i d e s used i n the early part of t h i s century did 
not lend themselves w e l l f o r control of insects i n the f o r e s t . 
The heavy rates of a p p l i c a t i o n of such materials as lead or 
calcium arsenate, was i l l suited to the type of a p p l i c a t i o n 
equipment then a v a i l a b l e . I t must be remembered that a e r i a l 
a p p l i c a t i o n of chemicals i n f o r e s t r y came with the improved 
planes a f t e r World War I I . Rotenone and pyrethrum, two i n s e c t i ­
cides used i n a g r i c u l t u r e i n that era, had but l i m i t e d a p p l i c ­
a b i l i t y i n f o r e s t r y because of t h e i r properties (10). 

DDT, discovered by Dr. Mueller i n Switzerland, and used for 
insect vector c o n t r o l during World War I I , quickly found a place 
i n f o r e s t r y , as w e l l as
e f f e c t i v e i n the contro
tussock moth, hemlock looper, and many others. I t was widely 
used i n the Northeast for control of the introduced Gypsy moth 
during these early years. The low t o x i c i t y of DDT to mammals 
made i t to appear to be an excellent i n s e c t i c i d e f o r f o r e s t r y 
use. I t was only a f t e r subsequent studies revealed the impact 
on other species that reservations about i t s use was raised. 

Though p a r a s i t i c plants such as mistletoe, fungal disease, 
and b a c t e r i a l diseases were indigenous to the f o r e s t , then as 
they are now, c o n t r o l i n the standing timber was l a r g e l y 
achieved by management practi c e s . However, a f t e r c u t t i n g , 
chemical treatment, such as with pentachlorophenol, would be 
employed. 

Chemical and B i o l o g i c a l Agents - Present 

Through the years since 1945, more and more b i o l o g i c a l l y active 
chemicals have been developed, f i r s t f or a g r i c u l t u r e and sub­
sequently many adopted i n f o r e s t r y . By now, some 25 to 30 
d i f f e r e n t chemicals are used as herbicides i n f o r e s t r y (11). 
They are employed for weed and grass control i n the f o r e s t 
nurseries, preparing s i t e s f o r r e f o r e s t a t i o n , c o n t r o l of invading 
species i n young stands, and for thinning and control of weeds 
and trees (9) i n the more mature stands. Equally, a number of 
new agents have been introduced for insect c o n t r o l . Following 
the chlorinated hydrocarbons came various organophosphate esters, 
among them such things as malathion, fenthion, and f e n i t r o t h i o n , 
carbamate i n s e c t i c i d e s such as the nmethyl naphthyol carbamate, 
and synthetic pyrethroids. 

The herbicides commonly used as arboricides include members 
of the t r i a z i n e s , ureas, and u r a c i l s , f o r grass and weed control 
i n nursery and Christmas tree plantings. Other compounds include 
phosphonate and phosphate der i v a t i v e s , pyridine-based organic 
acids of high a c t i v i t y , and organic arsenicals. Such a wide 
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6 CHEMICAL AND BIOLOGICAL CONTROLS IN FORESTRY 

array of active compounds allows s e l e c t i o n of an agent to control 
most of the troublesome plant and woody species. 

The choice of an i n s e c t i c i d e i s somewhat narrower because of 
the c r i t e r i a that must be met i n forest use. Nonetheless, a 
number of the organophosphate and carbamate i n s e c t i c i d e s have 
been found to meet the necessary standards. For example, the 
i n s e c t i c i d e carbaryl has been employed for control of gypsy moth 
and some of the related lepidopterous insects of the fo r e s t . 

B i o l o g i c a l agents such as B a c i l l u s thuringensis, BT, has 
been coming to the fore as a forest i n s e c t i c i d e , as more has 
been learned about i t s use. Attention i s now being given also 
to the viruses such as the polyhedrosis v i r u s of the tussock 
moth. 

The synthetic pyrothroids, as would "be expected, engaged the 
i n t e r e s t of those concerned with control of forest insects. 
These highly active compounds
natural product, may o f f e
early use, or even yet i n the developmental stage, are such 
things as the pheremones, juvenile hormone, and exoskeleton 
i n h i b i t o r s , as p o t e n t i a l agents i n forest pest management (12). 

Chemical and B i o l o g i c a l Agents - Future 

I t would appear that we are coming on a time where much more 
e f f e c t i v e and safer chemical and b i o l o g i c a l agents f o r forest 
pest management w i l l be developed. But even beyond these new 
agents that w i l l be coming on i s a keener ins i g h t and more clever 
ways i n which to use these agents to the benefit of fo r e s t 
management. 

As to agents for control of plants and undesirable trees* i t 
would appear that i n the foreseeable future we w i l l r e l y on 
synthetic chemicals. There are, under development and i n use, 
some chemicals that are applied at ounces rather than pounds per 
acre for control of p a r t i c u l a r l y , grasses. I think we can expect 
to see as a following development, equally active compounds 
developed for c o n t r o l of the broad leaf and woody species. In 
the more distant future, we may be able to f i n d ways of using 
allelopathy f o r managment of undesirable species, but much i s to 
be learned about t h i s yet. In terms of b i o l o g i c a l agents, we 
can only hope that some of the experiments now going on invest­
i g a t i n g s p e c i f i c fungi for control of ce r t a i n species. 

I t i s the f i e l d of forest insect control that the most 
e x c i t i n g developments now appear. The new techniques of using 
pheremones and pheremones combined with s e l e c t i v e i n s e c t i c i d e 
treatment i s a s i g n i f i c a n t advance. One looks also f o r great 
advances i n the use of agents such as BT, and viruses for insect 
c o n t r o l . These agents, modified by genetic engineering, are 
l i k e l y to be f a r more potent and s e l e c t i v e than those materials 
currently a v a i l a b l e . I t would seem reasonable a l s o , to see the 
number of d i f f e r e n t b i o l o g i c a l agents available increased i n the 
near future. 
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1. FREED Historical Overview 1 

In the space of 40 years, tremendous advances have been 
made, not only i n forest pest management, but i n the way we 
view and manage t h i s valuable resource. I t would seem unques­
tionable that the chemical and b i o l o g i c a l agents w i l l play an 
ever increasing r o l e to maintain our forests for a l l t h e i r 
varied purposes. The papers that we w i l l hear i n t h i s symposium 
can only confirm the great advances that have been made i n the 
use of these agents, and indicate the even greater advances that 
can reasonably be expected i n the future. 
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Projections by the U
Southeastern United States is likely to lead the nation in wood 
production by the beginning of the next century. The forestry 
capacity of the South in terms of productive forest acreage is 
greater than other forested regions such as the Pacific Coast, 
the Rocky Mountains and the Northeast. Of the 482 million acres 
of commercial forests in the country, only thirty percent is 
capable of producing greater than 85 cubic ft. of wood per acre 
per year. Sixty million acres, or 41 percent of this land occurs 
in the South while 38, 25, and 13 percent occur in the North, 
Pacific Coast and Rocky Mountain regions respectively. 
Approximately half of the remaining acres capable of producing 50 
to 85 cubic ft. per acre per year also occurs in the South 
(Anonymous 1982). 

In 1976 the Pacific Coast supplied 50 percent of the nations 
softwood products while the South provided 36 percent. These 
figures are expected to reverse by 2030 after old growth timber 
on the Pacific coast has been cut (Anonymous 1982). However, the 
total forestry land base over this period is expected to remain 
fairly constant. A major increase in forest management activity 
will be necessary if the South is to increase production to the 
predicted levels. 

Greater exploitation of privately owned forest lands (70$ of 
the total in the South) and more intensive forest management on 
all sectors of forest ownership offer possibilities for 
increasing the wood supply. Significant increases in production 
from the private sector can be induced over time through 
incentives programs or from increased stumpage prices. 
Meanwhile, current attempts at increasing production per acre are 
being conducted by forest industry. Genetic improvement, 
fertilization, and tree spacing control are being utilized to 
increase the growth of southern pines. Another area receiving a 
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12 CHEMICAL AND BIOLOGICAL CONTROLS IN FORESTRY 

great deal of recent interest i s that of controlling competition 
from non crop vegetation. Competition from herbaceous weeds and 
low quality hardwoods i s one of the major factors reducing 
productivity of pine forests i n the South. (Fitzgerald et a l . 
1973» Kozlowski 1969, and Schneider and Stranskey 1966). 

The southern pine species, l o b l o l l y (£inu& iâëâa. L.), 
shortleaf (£inus_ echinata M i l l . ) , slash (£iflus_ e l l i o t t i i Engelm), 
and longleaf (JEinus. palustris M i l l . ) comprise the greatest 
economic component of the southern forests. Because pines grow 
more rapidly than hardwoods, are currently easier to regenerate, 
and have superior wood properties for a variety of uses, they are 
the desired commercial species. But, these species are a 
subclimax component of the forest. Without interference by man 
or f i r e , the majority of pine forests i n the the South would 
eventually revert to oak-hickory or southern mixed hardwoods i n 
the various regions (Mon
Kuchler 1964). In orde
a given acreage, foresters implement cultural techniques that 
favor pine over low quality hardwoods and other non-pine 
vegetation, i . e . plant succession i s delayed. 

Such techniques are generally categorized under the term 
forest vegetation management and involve the use of machinery, 
f i r e , and or chemicals during s i l v i c u l t u r a l practices such as 
s i t e preparation, weed control for plantation establishment, pine 
release from overtopping brush, timber stand improvement, etc. 

Recently, the use of chemical herbicides i n forest 
vegetation management has gained interest over the use of f i r e or 
machinery alone. A southwide ef f o r t by industry i s i n progress 
through the Auburn university S i l v i c u l t u r a l Herbicide Cooperative 
to investigate the benefits of herbicide usage and to develop and 
register effective herbicides for various purposes. The 
following i s a description of the use of herbicides by the 
southern forest industry. Reasons for using herbicides 
information on benefits, and the available chemistry are 
categorized by s i l v i c u l t u r a l practice. 

Site Preparation 

U n t i l 1979, the primary herbicide used by foresters for brush 
control i n the South was 2,4,5-T. This chemical could be applied 
inexpensively ($15 -30/acre) at rates of 4 to 6 pounds per acre 
for s i t e preparation. Most applications were conducted with 
a i r c r a f t . Surveys (1977) of herbicide usage on i n d u s t r i a l forest 
lands i n the South showed that of the 1,175,350 acres s i t e 
prepared for planting, 118,100 acres (10$) were treated with 
2,4,5-T, 48,700 (4$) were treated with other herbicides, and 
909,000 acres (77$) were treated mechanically (anonymous 1978). 
Obviously, the majority of the forest acreage was s i t e prepared 
with machinery. Nevertheless herbicides f i l l e d an important 
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capacity. Chemicals were generally used on marginally productive 
s i t e s because of costs r e l a t i v e to mechanical methods and on 
lands with steep slopes on which machinery could not operate 
e f f i c i e n t l y . 

In 1979 an injunction against the use of 2,4,5-T on forest 
lands, rights-of-ways, and pasturelands was imposed by the 
Environmental Protection Agency. The use of herbicides declined 
sharply from the previous period of 2,4,5-T a v a i l a b i l i t y . 
Alternative chemicals were generally more expensive than 2,4,5-T, 
foresters were not familiar with them, and pressures from 
environmental groups favored a move away from the use of 
herbicides. 

After four years without 2,4,5-T foresters are expressing 
increased interest i n the use of herbicides for forest s i t e 
preparation. Reasons include higher costs of mechanical methods 
and the fact that recentl
very effective. 

Mechanical s i t e preparation methods are used to: (1) 
control brush, (2) remove slash and debris, (3) enhance 
aesthetics, and (4) occasionally rehabilitate damaged s o i l s . 
Methods include shearing c u l l hardwoods and brush with a nKG w or 
"V" blade mounted on a bulldozer, chopping with large drum 
choppers mounted behind a bulldozer, and crushing trees and brush 
with 40-60 ton devices such as the LeTourneau brush crusher. 
These and other mechanical methods are a l l highly energy 
consumptive and require large investments i n mechanical 
equipment. Costs for mechanical s i t e preparation range from $50 
to more than $150 per acre. Examples are shown i n Table I. 

Table I. Approximate costs of four mechanical s i t e preparation 
methods commonly used by forest industry i n the South. 

Method of Site Cost per 
Preparation Acre (&) 

Single pass drum chopper 50 - 70 
Double pass drum chopper 90 - 120 
Shear and p i l e 9 0-140 
Root rake 100 - 150 

Herbicide usage i n conjunction with burning offers a viable 
alternative to machinery on many s i t e s . Products registered for 
s i t e preparation are l i s t e d i n Table II. A variety of products 
are registered although several contain the same active 
ingredient under a different trade name. Four of the f i v e 
ingredients, t r i c l o p y r , hexazinone, fosamine, and glyphosate are 
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14 CHEMICAL AND BIOLOGICAL CONTROLS IN FORESTRY 

r e l a t i v e l y new having been registered for only three to four 
years. 

Table II. Herbicides registered for forest s i t e preparation 
i n the Southeastern united States. 

Herbicide 
Common Trade 

Manufacturer 
Picloram + 2,4-D Tordon 101 Dow Chemical USA 
Picloram Tordon 10K Dow Chemical USA 
Triclopyr (amine) Garlon 3A Dow Chemical USA 
Triclopyr (ester) Garlon 4 Dow Chemical USA 
2,4-D Esteron 99 Dow Chemical USA 
2,4-D Verto
2,4-D + Dicamba Banve
2,4-D + Dicamba Banvel 720 Ve l s i c o l Chemical Corp. 
Dicamba Banvel 4WS Ve l s i c o l Chemical Corp. 
2,4-D + 2,4-DP Weedone 170 Union Carbide 
2,4-DP Weedone 2,4-DP Union Carbide 
MSMA Transvert Union Carbide 
Hexazinone Velpar Gridball E.I. DuPont de Nemours & Co. 
Fosamine Krenite E.I. DuPont de Nemours & Co. 
Glyphosate Roundup Monsanto Ag. Products Co. 
2,4-D + Dicamba Trimec 450-E PBI Gordon 

Some of the more commonly used treatments approach the 
lower range of costs ($50-$100) expected for mechanical s i t e 
preparation methods (Table I I I ) . Approximately $10 - $15 should 
be added to the table values for application costs (generally for 
contract a e r i a l applications). 

Table III. Approximate Costs of Some Herbicides i n Treatments 
Commonly Used i n the Southeastern United States. 

Herbicides Rate (Gal/Ac) or (lb/Ac) Cost (t) 
Tordon 101 + 2,4-DP 2 + 1 64 
Tordon 101 + Garlon 4 2 + 1/2 77 
Garlon 4 1 64 
Velpar Gridbâll 40 1*54 

One recent study indicates that herbicides can reduce 
resprouting of hardwood species more ef f e c t i v e l y than drum 
chopping brush (Table IV). Most southern hardwoods are capable 
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of resprouting from stumps and root systems a f t e r stem portions 
are mechanically removed (Grano 1961 and Johnson 1961). The 
underground portions can be k i l l e d by applications of 
translocatable herbicides. Future brush competition with newly 
planted pines can thus be reduced. 

Table IV. Numbers of stems per acre of major hardwood species 
that occurred p r i o r to the a p p l i c a t i o n of various 
s i t e preparation treatments and approximately 
one year a f t e r treatment. 1 The s i t e i ncluding a l l 
test p l o t s was control burned a few months a f t e r 
treatment. 

Treatment 
Herbicide Rate No

(Common name) ( g a l / ao
Hexazinone 3 2275 225 89 
Tric l o p y r 1 2112 255 88 
Hexazinone 2 3002 563 81 
+ t r i c l o p y r +1/2 

(Drum chopped) 1967 1493 24 
1Major species include: white oak, black tupelo, sweetgum, red 
oaks, h i c k o r i e s , Prunus spp., dogwood, red maple, UUmis. spp. 

A long term comparison of the r e l a t i v e benefits of chemical 
versus mechanical s i t e preparation w i l l require growth and y i e l d 
research. Numerous studies are presently being i n i t i a t e d . 
However, these w i l l not be completed f o r many years. S c i e n t i s t s 
at Auburn u n i v e r s i t y are attempting to provide i n t e r i m r e s u l t s by 
measuring older studies and comparisons. Meanwhile, foresters 
are l i k e l y to continue use of herbicides on steep slopes or s i t e s 
with f r a g i l e and erodable s o i l s on which machinery cannot be 
operated or would l i k e l y cause v i s i b l e and long term damage. 

Release 

"Release" i s conducted i n young pine plantations on which brush 
has established a competitive growth advantage over pines. 
Hardwood sprouts from stumps and roots are capable of early rapid 
growth and occupation of a s i t e . This was evidenced i n Arkansas, 
where sprouts covered 58 and 92 percent of the s i t e surface area 
three and s i x years, r e s p e c t i v e l y , a f t e r complete top removal of 
the previous stand (Grano 1961). S i m i l a r l y , i n M i s s i s s i p p i , 
7,500 stems per acre of ash (Fraxinus sp.) and b i t t e r pecan 
fCarva aquatica (Michx. f) Nutt.] up to 15 feet i n height 
dominated a s i t e f i v e years a f t e r bulldozing (Johnson 1961). 
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16 CHEMICAL AND BIOLOGICAL CONTROLS IN FORESTRY 

Pines generally do not demonstrate such rapid early growth, 
par t i c u l a r l y when i n competition with other vegetation. Dominant 
l o b l o l l y pines under old f i e l d conditions range from 8 to 12 feet 
i n height after f i v e years on s i t e index25 ^° t o ^0 lands. 
However, i f suppressed, pines w i l l respond to brush control at an 
early age (Malac 1961, Martin 1973). 

Brush control i n established pine stands i s nearly always 
conducted with herbicides. As i n s i t e preparation, 2,4,5-T was 
the primary herbicide used u n t i l the injunction against i t s use 
i n 1979· I t was the only herbicide that controlled a variety of 
brush species without badly damaging pine when broadcast sprayed 
over plantations. Research has been conducted to establish other 
effective herbicides for this use. 

Recently, three other herbicides have been registered for 
pine release (Table V). These products have been shown effective 
under certain conditions

Registered formulation
products. Selective brush control around pines occurs when 
le t h a l amounts of chemical i s absorbed by brush species but not 
the pines. Pines are generally more resistant to the active 
ingredient than hardwoods. Thus a threshold l e v e l of chemical 
can be applied without damaging pines. However, selective rates 
of this herbicide vary by s o i l type and the applicator must 
carefully prescribe rates accordingly. 

Table V. Herbicides registered for releasing pines from brush 
i n the Southeastern united States. 

Herbicide 
Common Trade 
Najne Name Manufacturer 
Hexazinone Velpar Brush K i l l e r E.I. DuPont de Nemours & 

(1/2cc) Co. 
Hexazinone Velpar Gridball E.I. DuPont de Nemours & 

(2cc) Co. 
Glyphosate Roundup Monsanto Ag. Products Co. 
2,4-DP Weedone 2,4-DP Union Carbide 

1The 2,4-DP product i s registered under state labels i n AR, AL, 
MS, LA, GA, NC, and TN. 

Glyphosate i s used primarily i n late summer to early f a l l 
applications. In certain regions of the South, i . e . Virg i n i a , 
North Carolina, and Tennessee, the product has provided good, 
selective control of brush i n l o b l o l l y pine plantations. Growth 
a c t i v i t y of pines i n these areas declines during the summer to 
early f a l l resulting i n resistance to glyphosate at 1 1/2 to 2 
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quarts of product per acre. At the same time, hardwood brush 
species are more susceptible to late versus early growing season 
applications. Selective brush control has not been demonstrated 
as widely i n the deep South. 

The 2,4-DP product i s recommended for use i n broadcast 
applications to be sprayed after pines have completed the f i r s t 
growth flush of the season. I t i s quite effective on oak 
species. At present another method of application involves 
directed sprays with knapsack sprayers. 

A l l three of the above herbicides can cause pine damage i f 
not applied under the conditions specified on the product la b e l . 
Research i s underway to improve release treatments with these 
herbicides, and to examine other products with potential for this 
use. 

Tree Injection 
Single tree in j e c t i o n i s used to remove c u l l hardwoods from sites 
during s i t e preparation, pine release, or for timber stand 
improvement. Tree inj e c t i o n i s e f f i c i e n t on sit e s with a sparse 
di s t r i b u t i o n (100 stems per acre, or less) of hardwoods greater 
than 1 inch dbh. The method i s useful for control of species 
resistant to f o l i a r treatments or stems missed during f o l i a r 
application. 

Treatments consist of injecting herbicide through the bark 
and into the vascular system of target trees. The most commonly 
used herbicides are 2,4-D, and Tordon 101 (2,4-D + picloram). 
The t o t a l l i s t of registered products i s shown i n Table VI. 

Table VI. Herbicides registered for tree i n j e c t i o n i n the 
Southeast. 

Common Trade 
Name Name Manufacturer 
2,4-D DMA-4 Dow Chemical USA 
2,4-D Formula 40 Dow Chemical USA 
2,4-D Weed Rap Vertac 
2,4-D 2,4-D Rhodia 
2,4-D Weedone 64 Union Carbide 
Triclopyr Garlon 3A Dow Chemical USA 
Picloram 

+ 2,4-D Tordon 101R Dow Chemical USA 
Hexazinone Velpar L E.I. DuPont de Nemours & Co. 
Dicamba Banvel V e l s i c o l 
Dicamba Banvel CST V e l s i c o l 
Glyphosate Roundup Monsanto 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



18 CHEMICAL AND BIOLOGICAL CONTROLS IN FORESTRY 

Two types of inje c t i o n devices are available. Long tubular 
models are used to place chemicals into the base of trees and the 
ax-like Hypo-hatchet for inje c t i o n higher on the stem. Both 
tools are effective (Holt 1975). 

Injection treatments are effective year-round. Various 
studies show that greater than 90 percent control of most species 
i s possible (Table VII). 

Table VII. Percent k i l l of hardwood species after hypo-hatchet 
in j e c t i o n with 2,4-D and Tordon 101 a 

Herbicides 
Species 2,4-D Tordon 101 References 
Hickory 95 95 McNab and Moyer, 1969; Mover 1967; 

Southern 
red oak 96 100 McNab and Moyer 1969; Moyer 1967; 

Peevy 1968b; Starr 1972. 
White oak 89 100 Starr 1973; Sterrett 1969b. 
Post oak 98 97 Starr 1972. 
Elm 91 100 Peevy 1968a. 
Sweetgum 100 100 McNab and Moyer 1969; Peevy 1968b. 
Dogwood 79 8 3 κ McNab and Moyer 1969; Moyer 1967. 
Red Maple 21 100-Sb Carvell 1968; Peevy 1972; Sterrett 

1969a; Sterrett 1969b. 

aData and references from Holt 1975. 
^Sprouting. 

Control of Herbaceous Weeds 

Under intense management systems foresters have become interested 
i n c o n t r o l l i n g of herbaceous weeds around newly planted 
seedlings. Weed competition can be severe on good s i t e s 
f o l l o w i n g mechanical s i t e preparation. Grasses and forbs become 
abundantly established w i t h i n months a f t e r s o i l disturbance. 
Recent studies show that control aids s u r v i v a l and growth of the 
pines ( F i t z g e r a l d 1976, Holt et a l 1973, Holt et a l 1975, Nelson 
et a l 1981, Knowe 1982). Impressive pine growth response to weed 
control i s shown i n Table V I I I . Trees receiving two years of 
weed control were twice as t a l l and had twice the ground l i n e 
diameter as i n nonweeded check plots a f t e r three growing seasons. 
Tree volumes had increased e i g h t - f o l d over the check trees. The 
question of whether the above growth differences w i l l remain 
throughout the r o t a t i o n of the stand cannot be answered at t h i s 
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point i n time. However, after four growing seasons, differences 
i n height and diameter between the weeded and nonweeded trees i n 
the above study are s t i l l diverging (unpublished data). 

Table VIII. Mean height, groundline diameter (GLD), and volume 
of l o b l o l l y pine trees at the end of three growing 
season following various levels of weed control. 
Treatments were i n i t i a t e d during the spring of 
the f i r s t growing season. Weeds were controlled 
on a broadcast basis (Total) and i n a 5 f t . 
band over the row (band) for the f i r s t and 
second year.^ >2 

Level of Weed Height GLD Volume 
Control (feet

Total - 2 years 7.6
Band - 2 years 6.26 b 2.09 b 108 b 
Total - 1 year 5.30 c 1.65 c 67 c 
Band - 1 year 5.35 c 1.61 c 62 c 
Check 3.64 d 1.02 d 21 d 

1The table i s from Knowe, 1982. 
2Means followed by the same l e t t e r are not s i g n i f i c a n t l y 
different at the 5 percent l e v e l of Duncan's New Multiple Range 
Test. 

The bi o l o g i c a l basis for the above growth response i s not 
completely resolved although r e l i e f from competition for 
moisture, nutrients, and l i g h t i s a l i k e l y factor. The effects 
of weed competition on the moisture status of young pine i s 
indicated i n figure 1 (Nelson et a l . 1981). 

Pre-dawn water potential readings were conducted with a 
pressure bomb on young seedlings growing under a stand of pure 
ragweed and on weeded plots. Seedling moisture stress reached 
approximately 15 and 4 bars on unweeded and weeded plots 
respectively ten days after r a i n f a l l . 

Future b i o l o g i c a l research should provide more information 
regarding effects of stress from competition on the establishment 
and early growth of young pines. 

Herbicide treatments provide the only p r a c t i c a l means of 
controlling weeds i n pine plantations. Applications can be made 
with a i r c r a f t or with ground equipment such as that used i n 
agr i c u l t u r a l row cropping systems. Registered herbicides are 
shown i n Table IX. Treatments of simazine and atrazine are 
effective only when applied preemergence to weeds. Hexazinone 
has both pre- and postemergence a c t i v i t y but can damage pines i f 
application rates are not carefully prescribed. The three 
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D a y s a f t e r a 2 i n c h r a i n f a l l 

Figure 1. E f f e c t s of weed competition on the moisture 
status ( · ) of young pine. 
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registered herbicides generally control a variety of annual 
grasses and forbs although resistant weeds occur on many s i t e s . 

Table IX. Herbicides registered for controlling herbaceous weeds 
i n young pine plantations i n the southeastern 

United States. 

Herbicide 
Common Trade 

Manufacturer 
Simazine Princep Ciba-Geigy Corporation 
Atrazine Aatrex Ciba-Geigy Corporation 
Hexazinone Velpar L E.I. DuPont de Nemours & Co. 

The concept o g  pin
plantations i s r e l a t i v e l y new. In most cases i t i s not necessary 
i n order to establish a pine stand although early growth studies 
recently indicate that weed control can be very b e n e f i c i a l . As a 
result, herbicide technology for this purpose i s just beginning 
to develop. More effective herbicides and application methods 
are currently being assessed through various university and 
indu s t r i a l research e f f o r t s . 
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Management of Bark Beetle Populations 
Impact of Manipulating Predator Cues and Other Control Tactics 

T. EVAN NEBEKER, RUSSELL F. MIZELL III1, and NORMAN J. BEDWELL 
Department of Entomology, Mississippi State University, Mississippi State, MS 39762 

Numerous predators of bark beetles util ize chemical 
cues in locatin
habitat. Contro
cues without consideration of the impact on 
natural regulatory factors, such as predation, 
is of serious concern. The role of chemical 
communication, in relation to proposed control 
tactics, of predators and bark beetles w i l l be 
discussed. Emphasis w i l l be on Thanasimus dubius 
(F.) (Coleoptera: Cleridae) and Medetera bistriata 
Parent (Diptera: Dolichopodidae) which are primary 
predators of the southern pine beetle, Dendroctonus 
frontalis Zimmermann (Coleoptera: Scolytidae). 
Impact of other management tactics such as salvage, 
cut and leave, use of insecticides, etc. w i l l also 
be discussed as they relate to these predators in 
forest pest management. 

Management of bark beetles i n the forest system requires a 
knowledge of the elements which p o t e n t i a l l y regulate them. 
The framework ( F i g . 1) w i t h i n which recent research has been 
organized to a r r i v e at e c o l o g i c a l l y sound pest management 
decisions was f i r s t presented i n 1974 (1) fend modified s l i g h t l y 
i n 1981 (2). This discussion w i l l center around these treatment 
s t r a t e g i e s . 

Bark beetle populations fluctuate through time and 
p e r i o d i c a l l y pose a threat (decrease) to ava i l a b l e forest 
resources r e s u l t i n g i n a subsequent loss of revenue. A number 
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of management goals may be important i n multiple-use f o r e s t r y , 
thus, many s p e c i f i c treatment t a c t i c s are required to aid i n the 
o v e r a l l management of these f l u c t u a t i n g bark beetle populations. 
The primary goals, i n the management of bark beetles, are 
presented conceptually i n F i g . 2 and consist of: (1) reducing 
the pest population or tree mortality to a l e v e l below some p r e v i ­
ously established threshold based on economic, s o c i o - p o l i t i c a l 
or esthetic c r i t e r i a ; (2) decreasing the amplitude of the f l u c t u ­
a t i o n (outbreak); (3) increasing the time between outbreaks 
(major fluctuations i n population l e v e l and subsequent tree 
m o r t a l i t y ) ; (4) decreasing the duration of the outbreak; and 
(5) maintaining the pest population or mortality at an 
acceptable l e v e l i d e n t i f i e d i n (1) above. 

It i s the intent of t h i s paper to explore the various c o n t r o l 
t a c t i c s that are being suggested i n the management of bark beetles 
i n the forest system wit
impact on the predator population
extended to other bark beetle mortality agents such as the 
parasite community. Primary examples and control t a c t i c s 
discussed w i l l be drawn from our experience with the southern 
pine beetle, _D. f r o n t a l i s , a major pest i n the southeastern U.S., 
along with other bark beetles i n North America. 

B a s i c a l l y , bark beetle management t a c t i c s include: (1) doing 
nothing; (2) dir e c t control-salvage, cut and leave, i n s e c t i c i d e 
a p p l i c a t i o n , p i l e and burn, and trapping (trap-out or bait trees); 
and (3) i n d i r e c t control- Mconfusion" (pheromone di s r u p t i o n ) , 
i n h i b i t i o n , stand modification ( i . e . thinnings) and favoring 
r e s i s t a n t host tree species. The p o s i t i v e effects of these 
t a c t i c s w i l l be addressed b r i e f l y while focusing p r i m a r i l y on 
the negative effects of these t a c t i c s on the natural enemy 
community. T̂. dubius and M. b r i s t r i a t a predators of the 
southern pine beetle w i l l be used as examples because both are 
considered extremely h e l p f u l i n the natural regulation of the 
southern pine beetle, and with somewhat contrasting behaviors 
s u b c o r t i c a l l y . Discussions of the associated organisms and 
natural enemies of the southern pine beetle can be found i n 
(3). In addition, a p i c t o r a l key of the most common natural 
enemies of the southern pine beetle has been developed (4). 

DOING NOTHING 

In pest management decision-making, one t a c t i c that i s always 
considered as an option i n a benefit/cost analysis i s that of 
doing nothing. What are the implications of doing nothing? 
From a h i s t o r i c a l point of view one can expect periodic outbreaks 
as a r e s u l t of population f l u c t u a t i o n s . Hence, one can expect 
that the amount of mortality taking place i n our forests, w i l l 
be s i m i l a r to the past and we would expect i t to continue at 
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Figure 1. Conceptual frame-work organizing integrated 
forest pest management programs. (Reproduced with permis­
sion from Ref. 2. Copyright 198l, U n i v e r s i t y of Georgia.) 
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Figure 2. Goals i n bark beetle management: ( l ) reduce the 
population to an acceptable l e v e l ; (2) minimize the ampli­
tude of the f l u c t u a t i o n s ; (3) increase the time between 
outbreaks; (A) decrease the duration of the outbreak and 
(.5) maintain the population at a lower equilibrium l e v e l . 
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s i m i l a r l e v e l s i n the future. As a d d i t i o n a l resources become 
available-increases i n acreage of pine forest-increases i n 
pest population l e v e l s and subsequent tree mortality would be 
expected. From the view of the predator population, l e t t i n g 
nature take i t s course would probably be the most desirable 
t a c t i c . This view i s usually unacceptable, but has fewer 
negative e f f e c t s on the predator population. 

DIRECT CONTROLS 

Direct control t a c t i c s d i f f e r from i n d i r e c t control t a c t i c s i n 
that immediate mortality to the target organism i s expected from 
d i r e c t treatments. An a p p l i c a t i o n of an i n s e c t i c i d e i s a good 
example. Indirect control t a c t i c s , such as pheromone disr u p t i o n 
or confusion t a c t i c s , cause mortality i n d i r e c t l y to the population 
by i n h i b i t i n g or delayin
time i s increased and beetle
exposure i n the environment outside the bark. The following 
are s p e c i f i c d i r e c t control t a c t i c s with varying degrees of 
impact on the b e n e f i c i a l community. 

Salvage. Land managers and owners usually prefer salvage removal 
over other control options ( t a c t i c s ) because infested trees are 
removed from the forest and used, giving the landowner some 
f i n a n c i a l return (5). Since salvage operations are directed 
at the removal of bark beetle-infested trees, they also remove 
a high percentage of the natural enemy complex to distant wood 
yards and m i l l s where s u r v i v a l i s low. Surviving natural 
enemies must r e l y on powers of dispersal to reenter the forest 
and locate new host material from distant locations. 

During epidemic periods, greater than 80% of the southern 
pine beetle spots consist of less than 10 trees and usually do 
not spread. Hence s e t t i n g p r i o r i t i e s for salvage operations 
would be b e n e f i c i a l i n the following ways. F i r s t , i n f e s t a t i o n s 
which present the highest r i s k of spread should be salvaged f i r s t 
reducing the r i s k of spread and subsequently reducing the 
population buildup i n that area. Second, the detection of the 
smaller i n f e s t a t i o n s , comprising the 80% and usually by a e r i a l 
surveys, often r e s u l t s i n salvage of trees i n which bark beetle 
development i s complete and d i s p e r s a l has taken place. 
Consequently, leaving only the natural enemies to 
be destroyed because of t h e i r longer developmental time i n the 
trees. Concentration of salvage e f f o r t s on the a c t i v e l y growing 
i n f e s t a t i o n s (spots) would maximize both the detrimental 
e f f e c t s of the salvage on the bark beetles and conservation 
of natural enemies verses salvaging these smaller spots. 

In the case of T̂. dubius, mortality could p o t e n t i a l l y be 
reduced and s u r v i v a l enhanced by removing bark from the basal 
portion of the tree p r i o r to the movement of the material to the 
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m i l l or woodyard. This recommendation i s based on a knowledge 
of the d i s t r i b u t i o n (6) of t h i s predator during the pupal stage 
as i l l u s t r a t e d i n Fi g . 3. Similar consideration should be given 
to the natural enemy complex as a whole, with the goal of 
conserving natural enemies. 

Cut and Leave. This method was f i r s t recommended by the Texas 
Forest Service for c o n t r o l l i n g small southern pine beetle spots 
(10-15 infested trees) that could not be salvaged (5). As the 
treatment implies, trees are f e l l e d with the tops directed i n t o 
the infested area rather than random f e l l i n g . M o r t a l i t y to the 
bark beetles i s enhanced by the increased s u b c o r t i c a l temperature 
r e s u l t i n g from di r e c t exposure of the bark to the sun's rays 
and the i n a b i l i t y of the immature stages to move to more 
protected areas, i . e . the under-surface of the f e l l e d trees. 
Many of the natural enemies
experience increased mortalit
However, T\ dubius being more mobile has the a b i l i t y to move 
eithe r s u b c o r t i c a l l y or over the surface to a more favorable 
environment. 

Cut and Spray. This t a c t i c i s a combination of cut and leave 
and chemical c o n t r o l . I t r e s u l t s i n a great deal of mortality 
to the natural enemy population (see below). 

Chemical Control. Insecticides are available and registered f o r 
tr e a t i n g bark beetle-infested trees and for preventing attacks 
on green trees (7). However, recommendations extend p r i m a r i l y 
toward high value trees occupying a li m i t e d space such as i n 
recreation areas, around homes, and other valuable s e t t i n g s . 
I t i s i n t e r e s t i n g to note that i n the r e g i s t r a t i o n process, 
information concerning the impact on these non-target species, 
such as the natural enemy community of bark beetles i s not 
required. In both the remedial and preventive modes, the 
natural enemies are exposed to the i n s e c t i c i d e s . I t has been 
shown (8) that o v e r a l l emergence of predators was reduced by 
89% and the r a t i o of natural enemies to the western pine beetle 
(D. brevicomis LeConte) emergence was reduced by 80% as a r e s u l t 
of remedial use of 2% lindane on D̂. brevicomis. 

Cut, P i l e and Burn. While some natural enemies do survive other 
d i r e c t controls, most are k i l l e d as a r e s u l t of t h i s long-used 
t a c t i c . Much of the mortality to natural enemies incurred from 
use of the aforementioned t a c t i c s could be eliminated by trea t i n g 
only those trees that contain active beetle populations. Ί_. 
dubius and other predators have a longer developmental time than 
t h e i r host. Since parasites a r r i v e l a t e r i n the co l o n i z a t i o n 
process, they also remain i n trees a f t e r pest emergence. 
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Figure 3 . Distribution of Thanasimus dubius pupae in lob­
l o l l y and short leaf pine. (Reproduced with permission from 
Ref. 6 . Copyright 1 9 8 1 , Entomological Society of Canada.) 
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Sampling of trees by removing bark or by condition of the tree 
and t r e a t i n g only those trees with active brood would conserve 
these valuable natural enemies. 

Bait Trees and Trap Out. In these treatments, behavioral 
chemicals ( i . e . aggregation pheromones) are combined with a 
dire c t control method to produce beetle mortality. Baited trees 
have been evaluated using frontalure i n a trap-tree a p p l i c a t i o n 
with the herbicide cacodylic acid (9^ 10). This treatment was 
only p a r t i a l l y e f f e c t i v e . However, t h i s technique does not 
aff e c t the adult natural enemy population, but rather the F l 
generation of the natural enemy population which i s k i l l e d . 

The trap-out treatment generally u t i l i z e s the aggregation 
pheromone of the target bark beetle species i n association with 
a trap that k i l l s the adults, i . e . s t i c k y traps or containers 
that prevent the escap
These techniques are no
a t t r a c t i o n of the natural enemies to the aggregation pheromones, 
i . e . kairomonal a c t i v i t y . Hence, the natural enemies are also 
trapped r e s u l t i n g i n mortality to the adults. 

INDIRECT CONTROLS 

Indirect controls, as stated e a r l i e r , are not designed to cause 
immediate pest mortality. Indirect treatments are preventive 
i n nature while d i r e c t treatments are remedial. The goal of 
i n d i r e c t treatments are aimed primarily at maintaining the bark 
beetle population or tree mortality below an acceptable l e v e l 
(Fig. 2). Indirect t a c t i c s r e l y on the manipulation of the 
bark beetle populations by: (1) i n t e r f e r i n g with the normal 
mating or tree c o l o n i z a t i o n processes, i . e . pheromone disruption 
and i n h i b i t i o n ; (2) decreasing the quantity and qu a l i t y of the 
resource, i . e . thinning and/or s e l e c t i v e harvest of damaged 
or dying trees; (3) s e l e c t i o n of re s i s t a n t tree species for 
r e f o r e s t a t i o n ; and (4) conservation and augmentation of natural 
enemies (see section on Salvage). 

Pheromone Disruption and I n h i b i t o r s . Pheromones play an 
important role i n the landing and attack behavior of bark 
beetles (9, U_, 12). Attractants orient f l y i n g beetles to a 
common host tree i n high numbers over a r e l a t i v e l y short time 
period. Two techniques have been recently developed to take 
advantage of the southern pine beetle response to pheromones. 
The f i r s t technique using pheromones to manipulate the southern 
pine beetle population r e l i e s on i n h i b i t i o n . F i e l d bioassays 
have shown that aggregation of the southern pine beetle on 
attractant-baited traps can be s i g n i f i c a n t l y reduced by the 
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addition of an i n h i b i t o r endo- and/or exo-brevicomin (13). 
Landing trap catches of the southern pine beetle on host 
trees was reduced by 80% using verbenone plus brevicomin (14). 
However, attacks by Ips avulsus (Eichhoff) increased. 
Nevertheless, the t o t a l number of trees attacked and brood 
production from attacked trees was reduced. 

The second technique u t i l i z e d frontalure which was placed 
as a bait on dead- or non-host trees i n an attempt to suppress 
southern pine beetle spot growth (15). Since the technique 
employs chemical cues that the natuFal enemies u t i l i z e , i . e . 
kairomones i n host l o c a t i o n , i t probably has l i t t l e detrimental 
a f f e c t on the adult predators. However, the use of i n h i b i t o r s 
and t h e i r impact on natural enemies i s not known. The data base 
i s lacking and we can only express concern. 

S i l v i c u l t u r a l Treatments
practiced (16) to promot
beetle attack by: (1) favoring the most resistant species; 
(2) removing high-hazard trees; (3) regulating stocking; 
(4) mixing stands of oak and pine; (5) minimizing logging 
damage; and (6) regenerating overmature stands. As with the 
previous pheromone disruption and i n h i b i t o r techniques, data 
i s lacking on the impact of s i l v i c u l t u r a l treatments on the 
natural enemy community associated with bark beetles. Most 
pest management programs focus on the target species with 
l i t t l e attention to the impact of treatment on natural enemies. 

Conclusion 

Control or management of insect populations i n the forest 
ecosystem has been of primary concern for decades. E f f o r t s 
have been directed at control t a c t i c s that s a t i s f y cost/benefit 
anal y s i s , with minimum environmental disturbance. The major 
objective of t h i s paper was to stress the overriding concern of 
many that a lack of attention i s being given to the impact of 
these t a c t i c s on the " b e n e f i c i a l populations 1 1. 
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P. J. SILK and L. P. S. KUENEN 

Pheromone Research Group, New Brunswick Research and Productivity Council, 
Fredericton, New Brunswick, E3B 5H1, Canada 

The chemical and behavioral aspect f th
pheromones of severa
economic importance in eastern Canada are presented, 
with emphasis on the spruce budworm, Choristoneura 
fumiferana. Studies conducted over several years in New 
Brunswick on the use of pheromones as potential control 
agents, using in particular the air permeation technique to 
effect mating disruption, are discussed. The identification 
and the behavioral effects of minor components of the 
spruce budworm pheromone system are presented and the 
potential exploitation of their behavioral roles in the 
mating sequence in terms of control strategies are 
addressed. 

Current strategies for managing high density populations (outbreaks) of 
forest Lepidoptera, which defoliate and in some cases destroy large 
areas of hardwood and softwood trees, depend almost entirely on 
chemical insecticide applications for the duration of the outbreaks. 
Although there have been technological refinements for insecticide 
application, the basic strategy of tree protection has changed little. 
Often, severe damage over large areas has occurred and insect 
populations have reached epidemic proportions before protection 
operations were initiated. Applications of insecticides are designed to 
prevent tree mortality; any long term effects on the population 
dynamics of the target insect are incidental. However, environmental 
and human health considerations have recently lead to a re-assessment 
of current insecticide usage and also to serious examination of 
potential new strategies for managing insect-susceptible and 
insect-damaged forests. 

Behavior modifying chemicals, pheromones in particular, offer 
one of the potential alternatives for future control and management 
of forest Lepidoptera. These semiochemicals are generally non-toxic 
and highly specific for target insects, but their use in forest 
ecosystems is not without problems and possible limitations. 
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Ecological and behavioral considerations, especially with regard to 
dispersal and mating characteristics, may ultimately determine 
whether or not the use of pheromones is feasible and practical for a 
given insect species. 

Among the insects being studied in our laboratory, a number of 
tortricids, the spruce budworm, Choristoneura fumiferana (Clemens); 
the jack pine budworm, Choristoneura pinus Freeman; the western 
spruce budworm, Choristoneura occidentalis Freeman; the oak leaf 
shredder, Croesia semipurpurana (Kearfott); and a geometrid, the 
hemlock looper, Lambdina fiscellaria fiscellaria (Guenée) are 
important defoliators. We are examining the pheromone chemistry and 
pheromone-mediated behaviors of these insects to support potential 
monitoring and control programs in eastern Canada. The components 
of the female tortricid sex pheromones are a group of congeneric C ^ 
aldehydes, alcohols, and acetates with blends, geometrical isomer 
ratios, and release rates specific to each species (Table 1)  The 
hemlock looper on the othe
carbon pheromone (Silk, unpublishe

This paper will review the uses of pheromones for detection, 
monitoring and possible control of eastern forest Lepidoptera. As an 
illustrative example, particular reference will be made to the control 
of the spruce budworm, the techniques used and the problems involved 
including limitations due to economics and lack of biological 
information on this species. 

The coniferophagous spruce budworms, native to North America, 
comprise a group of closely related congeneric (Choristoneura) species 
with at least six recognizable species in the west, and two distinct 
allopatric species in the east (12). Among the western species, the 
western spruce budworm is the most widespread and economically the 
most important. The two eastern species, jack pine budworm (a pine 
feeder) and spruce budworm (which feeds primarily on balsam fir and 
white spruce), are both economically important forest defoliators. 
Spruce budworm, whose range extends into the U.S. and has the 
largest range of all the budworms, has been the target of annual tree 
protection operations since the early 1950fs. 

Population levels of spruce budworm are typically at low levels 
interspersed with intervals of very high densities (epidemic 
infestations). In the eastern part of its range, intervals between 
epidemic populations historically have been ca. 30 years. Further 
west, the intervals have been longer. Unchecked, the duration of 
epidemics is ca. 10 years and tree mortality may be extensive (e.g., 
Cape Breton Highlands of Nova Scotia). The rapid rise in populations 
to epidemic levels is generally attributed to a sequence of warm, dry 
springs coinciding with the maturing of even-aged stands of spruce-fir 
forest. The development of epidemic populations, however, is 
exacerbated by man's activities (e.g. current harvesting methods tend 
to favor balsam fir, which may result in a shortening of the 
population cycling and more extensive epidemics due to larger areas 
of even-aged trees). 
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TABLE I 

Sex Pheromones Isolated and Identified from Tortricid Females 

Pheromone Components* 

Insect Primary Secondary Reference 

Choristoneura 
fumiferana 

E l 1-14: Aid 
96/4 E/Zll-
14:Al

(2) 

95/5 E / Z i l
14: Aid 

14: Aid (3) 

C. occidentalis 92/8 E / Z l l -
14: Aid 

(1) 

92/8 E / Z l l -
14:Ald 

89/11 E / Z l l -
14:Ac 
85/15 E / Z - l l -
14: Ac 

(5, 6) 

C. pinus 85/15 E / Z l l -
14:OH 

85/15 E / Z l l -
14: Ac 

. . . . (7, 8) 

Croesia 
semipurpurana 85/15 E / Z l l -

14: Aid 
85/15 E / Z l l -
14:Ac 

(9-11) 

* E/Zll-14:Ald Ξ E/Z-ll-tetradecenal; 
E/Zll-14:Ac = E/Z-ll-tetradecen-l-ol acetate; 
Ε/Ζ11-14:ΟΗ Ξ E/Z-ll-tetradecen-l-ol; 
14:Aid Ξ tetradecanal. 
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Eastern North America is now experiencing perhaps the most 
extensive epidemic yet recorded; susceptible stands have been 
defoliated for several years throughout more than 40 million hectares. 
This has prompted the large scale use of insecticides over millions of 
hectares annually in an attempt to protect the trees and to keep 
them alive until they can be harvested. Research is being conducted 
in Canada and the U.S. to find alternative strategies and techniques 
for controlling the budworm. 

One of these methods, mating disruption by area-wide dissem­
ination of synthetic sex pheromone, has been shown to be effective 
for a number of moth species. The method is used commercially to 
control pink bollworm (Pectinophora gossypiella (Saunders)) in 
southwestern U.S. cotton fields, and commercial systems are being 
developed for moths infesting a number of other high-value field 
crops. Although there have been demonstrated successes in disrupting 
mating in some western Nort
commercial development an
for these insects has generally lagged behind for at least two reasons: 
(1) present commercial technologies for pheromone application are 
generally not compatible with forest protection needs, and (2) it is 
difficult to quantitatively assess the damage to trees or the savings 
derived from pest control measures. 

The fact that mating disruption can be commercially feasible is 
encouraging but the actual mechanism(s) of disruption is still unclear. 
The possible mechanisms involved in disruption include sensory 
adaptation, habituation, competition ("false-trail following") and 
camouflage of aerial trails from females (14, 15). These mechansims 
could be working in combination, simultaneously or sequentially, so 
that some level of disruption can and does occur under a variety of 
conditions. Without a better understanding of the mechanisms of 
"attraction" to a pheromone source and the mating disruption process, 
however, optimization of control methods can proceed only on an 
empirical basis. 

As in most Lepidoptera, spruce budworm males locate 
conspecific females by flying upwind along a pheromone plume. The 
blends and release rates of these pheromone components form an 
important part of a specific communication system for the species. 
Once the communication system of an insect is understood, especially 
the pheromone chemistry as it relates to male behavior, it can be used 
in a variety of ways. For example, pheromones can be used to detect 
the presence of an insect in an area, to remove males from a 
population by trapping or poisoning and in air-permeation techniques in 
which the controlled and continuous release of pheromone components 
in the forest can disrupt mating. The latter use of pheromones appears 
to alter the normal male behavioral responses to the natural pheromone 
06). 
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Review of the Pheromone Chemistry of the Spruce Budworm 

Over twenty years have passed since it was shown that female spruce 
budworm can release olfactory cues that attract mates (17). The first 
attractant chemical identified from female spruce budworm was 
El 1-14:Aid (1) which, by itself, provided inconsistent results in field 
trapping experiments. Subsequent re-analysis of female volatiles 
showed that the _Z-isomer was present at 4% of the JE-isomer (2), and 
this blend was necessary to maximize trap captures. Further analyses 
of female pheromone gland extracts revealed the presence of 
Ell-14:OH (18) and El 1-14:Ac (19), both of which had been previously 
shown to reduce field trap efficiency (20, 21). More detailed analyses 
(3) indicated that female glands contain Δ11-14:Ac (20-40 ng/insect), 
All-14:Ald (1-2 ng/insect) andAll-14:OH (1-2 ng/insect) all in 95/5 
E/Z ratios; the saturated analogues of the compounds are also present 
(at ca. 1% of the correspondin
effluvia from calling female
ng/insect/night) along with 14:Aid (at ca. 2% of the ^-aldehyde) and 
traces of _Ell-14:Ac (at ca. 0.1% of the _E aldehyde); no alcohols were 
detected (3). Preliminary field data indicated that there were no 
significant differences in trap captures between traps baited with a 
polyvinylchloride (PVC) rod releasing all four components (in ratios 
similar to a calling female) compared to traps baited with the primary 
components, the _E/_Z-unsaturated aldehydes alone. These tests also 
verified that addition of the unsaturated acetate to the All-14:Ald 
reduced trap captures. However, this effect of the acetate was 
negated by the presence of the saturated aldehyde (3)> but it is 
important to note that this only occurred when these additional com­
ponents were present with the primary components in female effluvial 
ratios. 

By entraining pheromone from groups (50-100) of freely "calling" 
virgin females, we found that it was released in the range of 1-5 
ng/hour/insect (3). A PVC rod (3X10mm) can be formulated with 
0.03% 97/3 E/Zl 1-14: Aid (aged for ca. 5 weeks) to release these 
components at approximately the natural female rate (22). A sensitive 
and specific bioluminescent assay (combined with a Porapak Q 
trapping technique) has been used to demonstrate that pheromone 
release by females, as expected, occurs mainly during scotophase in a 
series of bursts (at rates as high as 50 ng/hour) with considerable 
individual variability (23-25). The quantity of pheromone in female 
glands cycled daily with higher levels observed during scotophase (23). 

Review of Spruce Budworm Pheromone-mediated Behavior 

In sustained-flight wind tunnel experiments, it appeared that synthetic 
E/_Z11-14:Aid's were equivalent in "attraction" to virgin females (22). 
Furthermore, in response to these two primary components, some 
males demonstrated a full range of pre-copulatory behaviors, e.g. 
upwind flight, courtship and copulatory attempts similar to that when 
they responded to "calling" virgin females (26). Therefore, it seemed 
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unlikely that other chemicals were involved in the "attraction" phase 
of the mating process (27). The possibility that other chemical cues 
might be involved in close-range behaviors was ignored until recent 
laboratory wind-tunnel studies showed that a greater percentage of 
males initiated upwind flight and continued on to contact the source 
when 14:Ald was added to 95/5 _E/Zll-14:Ald. Similarly, in the field, 
more males made contact with a 3-component source than with a Δ11-
14:Aid source (28). The addition of El 1-14:Ac to the primary 
components decreased the males' responsiveness to the aldehydes, but 
this effect appeared to be counteracted or altered (when present at 
low levels with 95/5 E /Zl 1-14:Aid) by the presence of 14:Ald, 
confirming earlier trapping data (3, 28). These results were 
independently confirmed by laboratory wind-tunnel studies (29). In 
other field observations, unfractionated volatile material from 
females, added to the ll-14:Ald's + 14:Ald has been shown to 
increase the percentage o
and the duration of contact
(30). These observations, however, may be limited to the confines of 
the experimental conditions and more detailed field and laboratory 
experiments are required to further elucidate the possible role of 
these putative short-range pheromone components. 

Studies on the precopulatory behavior of males, at close range, 
have been reported and a basal level of male-to-male homosexual 
activity has been described (31). This work, however, will have to be 
re-examined under free-flight conditions especially in light of the 
possibile involvement of "short-range" pheromone components. 

Field Use of Spruce Budworm Pheromone 

It is apparent that not all the chemicals involved in female-to-male 
communication in the spruce budworm are known. In monitoring and 
mating disruption programs, however, it may not be essential to know 
every minor component, although as Roelofs has pointed out (16), trap 
specificity and potency may be greatly increased as the synthetic lure 
more closely duplicates the natural pheromone and it is presumed that 
the efficacy of mating disruption would likewise be enhanced by the 
"more complete pheromone". 

Present methods for the detection and population survey of 
spruce budworm rely on the sampling of egg masses on tree foliage. 
Pheromone traps could probably detect moths at lower densities than 
the present method and this information could be used to prevent or 
decrease the development of an epidemic infestation of spruce 
budworm. However, a great deal of work is still required to correlate 
trap capture with moth population densities and with damage to trees. 

The spruce budworm is considered a "high density" pest since it 
occurs at damaging densities of > 10 adults per hectare. In epidemic 
situations it occurs in densities sometimes orders of magnitude higher. 
Under such conditions, it is questionable that pheromone alone could 
suppress populations. However, recent work has shown some disruptive 
effects on reproductive behavior even at these high densities and 
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work is underway to clarify whether or not pheromone can play an 
effective role in controlling high populations of budworm. 

Mating disruption experiments with spruce budworm in labor­
atory, small-scale field tests and "semi-operational" field trials have 
recently been reviewed (27). Work to date, on the disruption of 
spruce budworm mating behavior has concentrated on the use of the 
primary components _E/_Z11-14: Aid's (95-97% E), and the results 
indicate that some mating disruption does occur. There appears to be 
a positive correlation between the applied pheromone concentration 
and the percent disruption, and based on field cage studies, percent 
disruption is inversely related to insect density (27) as would be 
predicted (32). 

Previous tests of the aerial application of synthetic sex 
attractant of the spruce budworm resulted in reductions of up to 90% 
of males captured in traps baited with virgin females and/or synthetic 
pheromone. However, ther
reduction in population densit

In 1975, pheromone-containing microcapsules were applied to 12 
ha of spruce/fir forest at 7.4 g active ingredient per hectare (7.4 g 
ΑΙ/ha), in Ontario resulting in a 97% reduction in pheromone trap 
catches (21). In 1977, again in Ontario, Conrel hollow fibers were 
applied at a rate of approximately 3 and 30 g ΑΙ/ha to two 10 ha 
plots with low- density populations and at approximately 5 g ΑΙ/ha to 
a 10 ha plot with a moderate population density (34). In all three 
areas the reduction in trap catches was greater than 97%, but 
attempts to demonstrate population reduction were inconclusive. In 
1978 four different concentrations ranging from 0.2 to 40 g AI/ha 
were applied in New Brunswick and Nova Scotia (35). The active 
ingredient evaporated too quickly from the Conrel fibers pointing to 
problems with the formulation used (36). In spite of this, during the 
period when the pheromone was detectable, catches in traps were 
considerably reduced. Also, in cages containing different numbers of 
male and female budworm, there were significant reductions in the 
numbers of females mated in presence of the pheromone, with the 
effects being greatest at the lowest moth densities (37). In 1980, a 
commercially available sex pheromone formulation was evaluated by 
RPC in Maine, with joint funding by Canadian Forestry Service (CFS), 
the State of Maine, and Canada-United States Spruce Budworm 
Program (CANUSA). The formulation, Hereon flakes, performed 
satisfactorily; the pheromone was emitted as called for in the 
specifications. However, even though one treatment consisted of a 
massive dose of "sex attractant" (500 g AI/ha), biological effects 
were apparently obscured by invasion of gravid females from other 
areas (38). A high dose (100 g AI/ha) of synthetic sex attractant of 
the spruce budworm formulated in Hereon flakes was aerially applied 
to a 30 ha plantation of white spruce near Sault Ste. Marie, Ontario, 
in 1981 (33). Mating among caged moths was reduced by 40%, and 
catches in pheromone-baited traps were reduced 90%. Effects on moth 
behavior and on population reduction were obscured by a wide-spread 
population decline (due to disease) but the available data suggested 
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that there was a delay in oviposition, although final egg counts were 
the same in treated and check plots. Inadequacies were found with 
the adherence of flakes to foliage and it was clear that more work 
was required in the laboratory and in small-scale field experiments to 
evaluate "stickers" and to determine the optimum concentration and 
distribution of releasers. 

In spite of encouraging results obtained to date, as previously 
stated, none of these tests has shown convincing evidence for 
reduction in population density in the subsequent generation in the 
field. There would appear to be three possible reasons for this (27). 
Firstly, the technique does not work. This seems unlikely because 
even at high densities, profound reduction in trap catches occurs. 
Secondly, the concentrations of the attractant were too low or 
wrongly distributed to be effective. Thirdly, invasion of mated female 
moths into treatment areas confounded the results. Failures, 
therefore, are probably relate
inadequate, poorly designe
inadequate biological assessment because of invasion of the 
assessment area by mated egg-laying females. Lack of field data on 
short and long-range movements of adults in control and treatment 
field plots, further confounds the issues involved. 

Pheromone releaser distributions and/or point-source release 
rates have pronounced effects on the disruption of trap captures of 
spruce budworm (39). Small field plot studies with hand-placed 
releasers in moderate- to-high density budworm populations indicate 
an increase in trap disruption as the point sources of the synthetic 
pheromone are increased in release rate and decreased in number per 
unit area (Fig. 1). Identical pheromone dosages per plot were present 
in each treatment. Optimizing the releaser spacing and point-source 
release rate is therefore important and implies the need for a 
formulation re-design. This effect of releaser distribution and 
point-source release rate on trap disruption and mating disruption has 
been demonstrated in several insect species (40). 

Experiments using laboratory-reared insects in large screen 
field-cages have been carried out (41). Using high levels of pheromone 
and high insect densities, mating disruption was shown to occur. 
Although the cages alleviate the problem of disruption assessment 
associated with migrating mated females, the results remain to be 
substantiated under natural conditions. Laboratory-reared moths may 
be behaviorally unlike feral moths and the effects of the cage 
environment on insect behavior is unknown. Additionally, the 
microclimate in the cage can affect the release rates and aerial 
concentrations of pheromone. These field-cage constraints make it 
difficult to extend cage-results to the natural situation. 

Until a more detailed understanding of mating behavior, dispersal 
behavior and a complete identification of additional pheromone 
components is achieved, further field work on mating disruption with 
budworm can only proceed on an empirical basis. Additionally, 
treatment effects will be difficult to interpret unequivocally due to 
the local and long range movements of budworm adults into and out 
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100 H 200H 
RELATIVE R E L E A S E RATES 

OPTIMUM s 3 0 - 5 0 H R E L E A S E RATE 
SPACING 2-4m. 

Figure 1 . Effect of release rate/distribution on disruption. 
A l l plots had 2 0 0 0 Hereon flakes per 5 0 0 m2 Η Ξ 1 1 / 8 χ 1 / 8 
flake ( = 1 μ g / h ; 2 0 °C % 0 . 5 m / s . ) χ Ξ relative point source 
release rates (numbers in parentheses are total release 
points/plot). " = mean distance between release points. 
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of pheromone treatment plots. The problem of adult migration 
requires the development of better techniques for assessing the 
degree of mating disruption (coupled, of course, with a better 
knowledge of the moths' field behavior). An improved assessment 
could be achieved in natural situations by using a label, sprayed or 
systemically introduced, in a native/treatment population. Rubidium 
(Rb), for example (42), has been successfully introduced into C. 
occidentalis by injecting it into its host (Douglas Fir); the Rb was 
translocated to the growing shoots and incorporated by feeding 
larvae. The adults retained the Rb label and it was transferred to 
their eggs. However, this technique required verification for spruce 
budworm and this is underway in our laboratory. 

Mating disruption, in the sense of high-density budworm control, 
requires a releaser emitting large amounts of pheromone and contact 
with sources of this sort is not likely because of habituation/sensory 
adaptation. Controlled-releas
pheromone components clos
"attractive" and induce a high degree of contact. The addition of ca. 
5% 14: Aid to the blend significantly increases the percent and 
duration of moth contacts (28) as do unknown, as yet unidentified 
female-derived components previously mentioned. We have been 
exploring and optimizing a "male annihilation" approach using 
pheromone sources to attract and kill spruce budworm males. Since 
males will fly toward and contact a synthetic pheromone source, it is 
possible that during contact with the source a lethal insecticide or a 
chemosterilant could be transferred to the male. Either of these 
compounds would remove the male from the viable mating population 
thereby reducing the number of females that will mate and lay fertile 
eggs. This technique requires contact with a synthetic pheromone 
source, which, in this case, must closely mimic natural females for 
optimum results. The two strategies would have to be developed 
separately although they could be deployed simultaneously; e.g., since 
male emergence peaks before that of the female, and since males can 
be activated when females are quiescent, a "male annihilation" 
application followed by a "disruption" application may be more 
efficacious than either used separately. It has been shown that 
contact insecticides can cause quick knockdown of male budworm 
when added to the sticker (43). This effect, however, has yet to be 
proven in the field to produce budworm control, although the concept 
has theoretical appeal (32). 

Formulation Assessment 

A thorough understanding of the release performance of a controlled-
release system under field conditions is essential, in order to have 
confidence that measurements of mating disruption (or trap capture) 
are due to biological effects of pheromone treatments and not 
formulation effects. 

We have recently assessed the pheromone release characteristics 
of a number of commercially available formulations suitable for 
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budworm pheromone delivery, using a laboratory technique which 
yields good correlation with release characteristics of field-aged 
formulations (44). However, as mentioned previously, a newly 
optimized formulation may be required. A specific and sensitive 
technique for detecting and measuring aerial concentrations of 
J5/_Zll-14:Aldfs in the field from aerially applied formulations has also 
been developed and tested (36). This method was recently used (41) to 
correlate field-caged budworm mating disruption and time-averaged 
aerial pheromone concentrations. 

Conclusions 

We now know that some degree of mating disruption can occur under 
certain circumstances with spruce budworm. The problems now seem 
to be in the areas of the optimization of the pheromone's blend, 
dosage and distribution, an
formulation and applicatio
Dater man (40) has pointed out, what is required, once the system is 
optimized, is to treat large or isolated areas of budworm populations 
to avoid the problems associated with migration, and then assess the 
treatment effects on reproduction and damage in following 
generations. Also, if a high percentage of disruption can be induced, 
the interaction of the parasite/predator complex might have an 
increasingly important role in further controlling budworm 
populations. 

Integrating mating disruption techniques with microbial or 
chemical pesticides may prove efficacious. Epidemics could be 
suppressed with the pesticide, with the disruption technique being 
aimed at preventing reproduction in peripheral areas, keeping the 
population at low levels. The male annihilation concept, although yet 
to be proven in the field, offers another approach to population 
control. 

Pheromones could be used to detect and/or predict population 
trends such that current control practices could be made more 
effective and an outbreak suppressed before damage is substantial. 
This could be accomplished by pheromone/mating disruption 
treatments and/or application of conventional insecticides. However, 
budworm control measures used when problems are not evident but, 
perhaps, incipient would require a political change from the practice 
of crisis management during the epidemics to one of integrated pest 
management during the entire population cycle. 

Pheromones for control of budworm or other potential high-
density, migratory defoliators have a role to play, but these epidemic 
pests present special problems and a great deal more research is 
required before pheromones will take their place in the integrated 
pest management of these insects. 
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5 
Mass Trapping of Ips typographus 
with Pheromone-Baited Traps 

REIDAR LIE 

Borregaard Industries Limited, N-1701, Sarpsborg, Norway 

The spruce bark beetle, Ips typographus (L.), is one 
of the most serious pest  threatenin  Eurasia .

In the literatur
struction of the Norwegian spruce forest by bark 
beetles in 1850-1860. During the last 10 years there 
has been a rapid growth in the population of I. typo­
graphus in Scandinavia, In 1978 the Norwegian Depart­
ment of Agriculture estimated the bark beetle attack 
to be a threat to the whole spruce stand. The Civ i l 
Forest Administration faced a possible loss of 70 % of 
the spruce trees. In the fa l l of 1978 the Norwegian 
government recommended several short-term and long-term 
remedies to reduce the size of the beetle population. 
The major long-term remedy was to stimulate harvesting 
of overmature forest stands. The major short-term 
remedy was a recommendation to mass trap I. typographus. 

In 1976 Bakke (1-2) showed a production of cis-
verbenol (I), ipsenol (2-methyl-6-methylene-7-octene-
4-ol), ipsdienol (2-methy1-6-methylene-3,7-octadiene-
4-ol (II) and 2-methy1-3-butene-2-ol (III) from male 
I. typographus. Field experiments confirmed (2) that 
both sexes will respond to a mixture of cis-verbenol, 
ipsdienol and methylbutenol. 

I l l 

0097-6156/84/0238-0049S06.00/0 
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Large scale use of pheromones requires a p r a c t i ­
c a l dispenser system which must release the pheromone 
continuously over the prescribed period while, at the 
same time, being able to withstand the f o r e s t environ­
ment. 

The 3 pheromone components of I. typographus have 
very d i f f e r e n t v o l a t i l i t i e s : 

Table I. Aggregation pheromone for I. typographus 

c is-Verbenol (I) m .p. 64°C 

Ipsdienol b .p. (0,15 torr) 55°C 

Methylbutenol (III) 

During 1977 and 1978 various dispenser systems 
were tested in the f i e l d . Evaporations rates for these 
dispensers were measured in the laboratory and under 
f i e l d c o nditions. The f i v e d i f f e r e n t dispenser 
systems tested were: 

Vaseline emulsion 
Wax emulsion 
Hollow f i b e r s 
Polyethylene bag 
M u l t i l a y e r s t r i p 

The polyethylene bag (produced by Celamerck, West 
Germany) and the laminated s t r i p (produced by Hereon, 
USA) proved to be the most su i t a b l e dispenser for 
trapping I.typographus. The evaporation rates of 
these two dispensers are very temperature dependent. 
The bark beetle i s active at temperature above 18°C. 
In the f i e l d , while trapping, i n t e r n a l trap temperature 
varied from +5 to 40°C. On sunny days trap temperature 
was +5 to 10°C above ambient temperature. 

P r a c t i c a l use of pheromones started i n 1978. That 
year we used 110.000 trap-trees sprayed with an i n ­
s e c t i c i d e (Lindane). The f i r s t year we used one d i s ­
penser with an i n i t i a l loading of 70 mg cis-verbenol 
and 10 mg i p s d i e n o l . A second dispenser was loaded 
with 100 mg methylbutenol. In 1979 we adjusted the 
loading and used only one dispenser containing a l l 3 
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pheromone components. I n i t i a l l y , each dispenser 
contained the pheromone methylbutenol 1500 mg, c i s -
verbenol 70 mg and ip s d i e n o l 15 mg. 

Evaporation rates for pheromone components under 
f i e l d conditions were measured by r e s i d u a l a n a l y s i s . 
In the r e s i d u a l analysis we use gas-chromatography with 
i n t e r n a l standard a f t e r extraction of the active compo­
nents. 

Two t y p i c a l analyses are given below. 
u 
Φ 
m c 1 

ω 
ο* 

Ipsdienol 

Methylbutenol 
u 
ω 

Polyethylene bag 
tiP I I I I 

2 4 6 8 Time (weeks) 
u 
Φ 
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Φ 
Οι 

cis-Verbenol 

Ipsdienol 

Methylbutenol 
M u l t i l a y e r s t r i p 

2 4 6 8 Time (weeks) 

Evaporation from Ips typographus dispenser 
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Measurement of evaporation rates i s i n t e r e s t i n g , 
but more important i s the c o r r e l a t i o n between evapora­
ti o n and actual trap catch. In the f i e l d the m u l t i ­
layer and the polyethylene bag a t t r a c t the same number 
of beetles. The at t r a c t i v e n e s s of these dispensers 
decrease with time also at the same rate. The dispen­
sers have a reduced a t t r a c t i v e n e s s of about 45 % aft e r 
2-4 weeks and about 45 % aft e r 2-4 weeks and about 60 % 
afte r 6-8 weeks. 

The use of insec t i c i d e - s p r a y e d trap trees i s very 
labour i n t e n s i v e . For t h i s reason we developed traps 
for the bark beetles. During the summer of 1978 we 
tested and evaluated more than 15 d i f f e r e n t c y l i n d r i c a l 
traps. The best trap i s a black, r i g i d , drainpipe of 
polyethylene (12,5 χ 135 cm). The pipe has 900 holes 
(d 

lam. 3,5 mm) ; a l i
has a funnel and a c o l l e c t i o n b o t t l e . 

During the summers of 1979-1982 traps were placed 
in open areas near trees k i l l e d p reviously. To eva­
luate the e f f i c i e n c y of the mass trapping campaign 
1 % of the traps were selected at random and t h e i r 
catch counted. The r e s u l t s are shown in Table I (3) 

Table I I . Results from mass trapping I. typographus 
in Norway 1979-1982. 

Year 1979 1980 1981 1982 

Number of traps 
deployed 605.000 650.000 530.000 435.000 

Average catch of 
I. typographus 
per trap 4.850 7.850 3.950 2.200 

One r e s u l t i s to capture beetles, but the 
important question i s what impact t h i s has on tree 
m o r t a l i t y . The C i v i l Forest Administration has evalu­
ated the number of beetle k i l l e d trees each f a l l from 
1977-1981. The r e s u l t s are shown in Table 3. 
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Table I I I . Number of trees k i l l e d by I. typographus 
in Norway 1977-1981. 

Year 1977 1978 1979 1980 1981 1982 

Number of beetle 
k i l l e d trees i n 2 3 f3 3,0 2,7 0 f9 0,2 
m i l l i o n s 

In Norway we have an integrated campaign against 
I. typographus. The great decrease in number of beetle 
k i l l e d trees i s mainly a t t r i b u t e d to the mass trapping. 
We hope t h i s summer's program w i l l bring the beetle 
population down to an acceptable l e v e l . In the years 
to come we plan to continu
tion . 
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Baculovirus: An Attractive Biological Alternative 

MAURO E. MARTIGNONI 

U.S. Department of Agriculture, Forest Service, Forestry Sciences Laboratory, 
Pacific Northwest Forest and Range Experiment Station, Corvallis, OR 97331 

Insect pathogens, in general, have less impact on 
the environment
pesticides becaus
the target pest and very low or absent mammalian 
toxicity-pathogenicity. Of the many groups of 
entomopathogenic viruses, the nuclear polyhedrosis 
viruses (Baculovirus subgroup A) have shown 
considerable potential as practical insect control 
agents in agriculture and forestry. Several of 
the factors that determine the degree of current 
development of these biological insecticides and 
their commercial attractiveness are discussed. 
Strategies favoring cost-effective production and 
successful introduction into the forest are 
examined. Recent approaches to biological 
standardization of Baculovirus, production 
control, and toxicity-pathogenicity testing are 
based on work with baculoviruses registered for 
use against three insect pests in the United 
States: the cotton bollworm, the Douglas-fir 
tussock moth, and the gypsy moth. The Baculovirus 
used for suppression of the Douglas-fir tussock 
moth on Douglas-fir and true firs in the Western 
United States is an example of a successful cycle 
of research and development, from discovery and 
identification of the vira l agent to registration 
and use of the viral product. 

Most of the major groups or fa m i l i e s of animal viruses are 
represented among the entomopathogenic viruse s . More than 20 
groups of viruses are known to be pathogenic f o r insects 
(Table I ) . A l l of these groups are of considerable i n t e r e s t to 
molecular b i o l o g i s t s , biochemists, g e n e t i c i s t s , comparative 
v i r o l o g i s t s , and invertebrate pathologists. For instance, sigma 
v i r u s , a member of the Rhabdoviridae and the agent of carbon 
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Table I. Entomopathogenic Virus Families and Groups, as Proposed 
by the International Committee on Taxonomy of Viruses (2) 

Poxviridae 
Entomopoxvirinae, entomopoxvirus (Genus A, Genus B, Genus C) 

Baculoviridae 
Baculovirus Subgroup A, nuclear polyhedrosis v i r u s 
Baculovirus Subgroup B, granulosis v i r u s 
Baculovirus Subgroup C, nonoccluded virus 
Baculovirus Subgroup D, nonoccluded v i r u s with polydisperse genome 

Irid o v i r i d a e 
I r i d o v i r u s , small iridescent v i r u s 
C h l o r i r i d o v i r u s » large iridescent v i r u s 

Parvoviridae 
Densovirus, densonucleosis v i r u s 

Reoviridae 
Cytoplasmic polyhedrosis virus 

Bisegmented dsRNA viruses 
Drosophila X v i r u s 

Rhabdoviridae 
Lyssavirus Group, sigma v i r u s , CC>2 s e n s i t i v i t y v i r u s 

Picornaviridae 
Bee acute paralysis v i r u s 
Bee slow paralysis v i r u s 
Bee v i r u s X 
Cricket p a r a l y s i s v i r u s 
Drosophila C v i r u s , A v i r u s , Ρ v i r u s 
Flacherie 1 v i r u s 
Gonometa v i r u s 
Kashmir bee v i r u s 
Sacbrood v i r u s 

C a l i c i v i r i d a e 
C a l i c i v i r u s , Amyelois chronic stunt virus 

Nudaurelia 3 v i r u s Group 

Nodaviridae 
Nodavirus » Nodamura v i r u s 
Arkansas bee v i r u s 
Black beetle v i r u s 

U n c l a s s i f i e d viruses 
Bee chronic paralysis v i r u s 
Bee filamentous v i r u s 
C r y s t a l l i n e array v i r u s 
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dioxide s e n s i t i v i t y i n Drosophila f l i e s , serves as an excellent 
model fo r studies on the hereditary (or v e r t i c a l ) transmission of 
animal vi r u s e s . 

Some groups of entomopathogenic viruses are capable of 
causing severe epizootic diseases i n insect populations. We 
consider these viruses excellent natural pest control agents i f 
the host insects are destructive species. Natural epizootics of 
v i r a l diseases are known to have terminated outbreaks of major 
forest pests, such as the nun moth i n Europe and the Douglas-fir 
tussock moth i n the United States. 

This paper w i l l focus on the baculoviruses (family 
Baculoviridae), a group of viruses reported as pathogens of many 
destructive insect species a f f e c t i n g a g r i c u l t u r a l and forest 
production. I w i l l emphasize the role of these pathogens as 
introduced microbial i n s e c t i c i d e s or " l i v i n g i n s e c t i c i d e s " ( 1) . 

The baculoviruses ar
(Table I I ) . The v i r i o n
more c y l i n d r i c a l nucleocapsids enclosed w i t h i n an envelope. The 
size of the nucleocapsids i s 30-40 nm χ 200-350 nm. The nucleic 
acid i s double stranded DNA of 58-100 χ 10 6 dalton. The family 
Baculoviridae has four subgroups (A, B, C, and D), characterized 
by differences i n genome structure, number of nucleocapsids per 
v i r i o n , and presence or absence of c r y s t a l l i n e i n c l u s i o n bodies 
(2). 

The v i r i o n s of subgroups A and Β are occluded i n a protein 
matrix, whereas v i r i o n s of subgroups C and D have no i n c l u s i o n 
bodies (Figure 1). Because the inclusions of subgroup A 
frequently have a polyhedral shape, they are c a l l e d polyhedral 
i n c l u s i o n bodies (PIB) or, simply, polyhedra; the disease caused 
by these viruses i s known as nuclear polyhedrosis or 
nucleopolyhedrosis. The v i r i o n s occluded i n polyhedra can be 
unicapsid (one nucleocapsid per envelope) or multicapsid (more 
than one nucleocapsid per envelope, usually from two to seven, 
r a r e l y more). 

The i n c l u s i o n bodies of subgroup Β are ovoid or c y l i n d r i c a l 
with rounded ends and contain a single v i r i o n , usually unicapsid 
( v i r i o n s with two nucleocapsids occur r a r e l y ) . Subgroup Β 
in c l u s i o n bodies are c a l l e d capsules and the disease caused by 
subgroup Β baculoviruses i s known as granulosis (Figure 1). 

In nature, Baculovirus i n f e c t i o n s (subgroups A, B, and C) are 
acquired when insect larvae ingest the v i r i o n s , along with food, 
although under experimental conditions the v i r u s can also be 
injected d i r e c t l y into the hemocoel. Transmission of viruses of 
subgroup D i s probably v e r t i c a l , through the egg. When occluded 
viruses are ingested, the i n c l u s i o n body protein i s s o l u b i l i z e d 
i n the a l k a l i n e m i l i e u of the midgut and the v i r i o n s are soon 
released i n the midgut lumen. Nucleocapsids penetrate midgut 
c e l l s by fusion of the v i r a l envelope with m i c r o v i l l i . A f i r s t 
cycle of r e p l i c a t i o n begins i n midgut c e l l n u c l e i . In the 
Hymenoptera ( s a w f l i e s ) , r e p l i c a t i o n and polyhedron formation 
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Table I I . Host Range of Baculovirus' 

Baculovirus 
subgroup 

Class Order Number of 
host species 

A CRUSTACEA Decapoda 2 

INSECTAb Trichoptera 
Neuroptera c 

Diptera 
Hymenoptera^ 

1 
2 

22 
26 

Β INSECTA8 Lepidoptera 113 

C INSECTA Coleoptera 6 

D INSECTA Hymenoptera^ 31 

From Martignoni and Iwai (26) and from additional entries 
i n MART-FAM computer f i l e s ( Π ) . 

Certain reports indicate Baculovirus subgroup A associated 
with 4 species of Coleoptera. Since the evidence presented i n 
the reports i s incomplete, the host records are not included 
i n t h i s table. 

These insects are susceptible i n the laboratory to i n f e c t i o n 
with Lymantria dispar NPV. However, there are no records of 
Baculovirus n a t u r a l l y occurring i n neuropteran populations. 

Found only i n sawflies (suborder Symphyta). 

One report indicates Baculovirus subgroup Β associated with 
one species of Hymenoptera. Since the evidence presented i n 
the report i s incomplete, the host record i s not included 
i n t h i s table. 

f Found only i n braconids and ichneumons. 
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n u c l e o p o l y h e d r o s i s v i r u s 
Figure 1. Baculovirus morphotypes. The c y l i n d r i c a l , 
electron-dense nucleocapsids are about 1/3 micrometer 
i n length. Diagrammatic. 
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continue i n the midgut: the midgut epithelium i s the p r i n c i p a l 
tissue f o r i n i t i a l r e p l i c a t i o n as w e l l as polyhedron formation. 
In the Lepidoptera, i n c l u s i o n bodies are not usually formed i n 
t h i s organ. Progeny v i r i o n s are released i n the hemocoel (viremic 
phase), although i n some instances enveloped nucleocapsids can 
pass d i r e c t l y from the gut to the hemocoel, without a midgut 
r e p l i c a t i o n c y c l e . 

Nuclear polyhedrosis viruses or NPVs (subgroup A) r e p l i c a t e 
e x c l u s i v e l y i n c e l l n u c l e i . In addition to midgut epithelium, 
other tissues affected i n the Lepidoptera are f a t body, tracheal 
epithelium, and epidermis. Hemocytes and s i l k glands are also 
affected i n some instances. 

Viruses of subgroup Β r e p l i c a t e i n i t i a l l y i n the nuc l e i and, 
l a t e r , also i n the cytoplasm. Midgut and f a t body are the 
p r i n c i p a l tissues affected, but r e p l i c a t i o n can occur also i n 
hemocytes, tracheal epithelium

Nuclei of the f a t bod
of subgroup C baculoviruses. Subgroup D baculoviruses r e p l i c a t e 
i n n u c l e i of calyx e p i t h e l i a l c e l l s , i n the ovaries of p a r a s i t i c 
Hymenoptera. 

Baculovirus diseases (with the exception of subgroup D) 
af f e c t mostly the immature stages of i n s e c t s , p a r t i c u l a r l y 
larvae. The infected larvae become sluggish and feed less than 
healthy larvae or cease to feed altogether. Usually, t h i s occurs 
during the ear l y phase of the disease, but i n some hosts (e.g., 
larvae of the gypsy moth) sluggishness and cessation of feeding 
are not evident u n t i l s h o r t l y before death. In the Lepidoptera, 
as the disease progresses the chitinous integument becomes 
f r a g i l e and i s e a s i l y ruptured. When t h i s happens, usually soon 
a f t e r death of the si c k larvae, high t i t e r s of v i r u s are released 
i n the environment. 

Diseases caused by baculoviruses are usually f a t a l . Nuclear 
polyhedrosis i s an acute disease with a short, rapid course. 
Incubation i s from 2 to 3 days at 25 to 30° C, and death occurs 
3 to 6 days a f t e r appearance of the f i r s t symptoms and signs. 
Under f i e l d conditions, with lower night temperatures, death 
i s delayed up to 15 days a f t e r ingestion of the pathogen. 
Granulosis (subgroup B) and diseases caused by nonoccluded 
viruses have, i n general, a less r a p i d , subacute course. 

A study of the N-terminal amino acid sequence of i n c l u s i o n 
body proteins of Baculovirus subgroups A and Β suggests that 
these viruses have an ancient association with t h e i r host insects 
and may have evolved with them (3). The large number of 
lepidopteran NPVs and the close genetic relatedness of t h e i r 
polyhedron proteins indicate that Baculovirus divergence occurred 
while the Lepidoptera underwent extensive speciation during t h e i r 
40-60 m i l l i o n years of existence. 

In the remaining pages I s h a l l discuss i n greater d e t a i l the 
NPVs and t h e i r applications i n b i o l o g i c a l c o n t rol of insect 
pests. These viruses have been studied i n t e n s i v e l y during the 
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l a s t 3 decades, and i n t e r e s t i n them has increased s u b s t a n t i a l l y 
since 1961, when U.S. s c i e n t i s t s began p r a c t i c a l development of 
the NPV of the bollworm, H e l i o t h i s zea, an economically important 
pest of cotton (4). Several baculoviruses were produced at 
p i l o t - p l a n t and commercial-scale l e v e l s during the l a s t 10 years. 
Four of these v i r u s e s , with proved e f f i c a c y against the target 
pests, are currently registered i n the United States: ELCAR, 
registered i n 1973 by Sandoz, Inc., f o r use against the bollworm, 
H e l i o t h i s zea, and the tobacco budworm, H e l i o t h i s virescens ; 
TM BI0C0NTR0L-1, registered i n 1976 by the U.S. Forest Service, 
f o r use against the Douglas-fir tussock moth, Orgyia 
pseudotsugata; GYPCHEK, registered i n 1978, by the Forest 
Service, f o r use against the gypsy moth, Lymantria dispar; and 
NEOCHEK-S, registered i n 1983, also by the Forest Service, f o r 
use against the European pine sawfly, Neodiprion s e r t i f e r . In 
1982, Sandoz, Inc., applie
use permit f o r SAN 404
Autographa c a l i f o r n i c a , f o r f i e l d tests against the Douglas-fir 
tussock moth. 

Add i t i o n a l NPVs have reached the stage of commercial 
production i n other countries as w e l l , e.g. the United Kingdom, 
Finland, the U.S.S.R., and the People's Republic of China. 

Baculovirus formulations are applied i n much the same way as 
chemical i n s e c t i c i d e s , i . e . , i n suitable tank mixes (with 
additives that make the v i r u s amenable to spraying and protect 
the spray deposits) and with the usual a e r i a l or ground spray 
equipment. When target insects feed on sprayed f o l i a g e and 
ingest a droplet containing the v i r u s , they become infected and 
die. Larvae k i l l e d by the spray deposits are a source of v i r a l 
inoculum f o r a second passage that w i l l eventually control the 
population of the target host (5). 

What makes the NPVs so a t t r a c t i v e as pest control agents? 

1. Based on our present knowledge, we can safely state that 
NPVs occur only i n arthropods and that i n d i v i d u a l NPVs or NPV 
st r a i n s have a very l i m i t e d host range (6, 7). NPVs that have 
been c e r t i f i e d f o r use as i n s e c t i c i d e s do not i n t e r a c t with 
non-target organisms i n for e s t or a g r i c u l t u r a l ecosystems. Only 
selected host insects are infected and k i l l e d ; insect predators 
and parasites are not harmed by these s e l e c t i v e b i o l o g i c a l 
i n s e c t i c i d e s . Very few NPVs (some i s o l a t e d from members of the 
family Noctuidae) have a r e l a t i v e l y wide host range (they i n f e c t 
species from several f a m i l i e s w i t h i n one order). Most other NPVs 
are highly host s p e c i f i c (one host species only) or have a narrow 
host range (two or more c l o s e l y related species from one genus or 
one family of i n s e c t s ) . 

2. Unlike many chemical i n s e c t i c i d e s , the NPVs used as 
b i o l o g i c a l i n s e c t i c i d e s do not contaminate the environment. They 
are a superb nonpolluting, biodegradable i n s e c t i c i d e . In most 
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applications i n water-based formulations, the amount of pure 
i n c l u s i o n bodies deposited on each acre of forest or a g r i c u l t u r a l 
crop has been one-half to three grams. Rain and melting snow 
wash t h i s small amount of organic matter in t o the duff layer or 
the s o i l , where i t i s slowly denatured (low s o i l pH may 
accelerate the process). Most of the PIBs that remain above 
ground are inactivated by u l t r a v i o l e t r a d i a t i o n (8). 

3. The e f f e c t of a sin g l e NPV a p p l i c a t i o n can be extended by 
natural h o r i z o n t a l and v e r t i c a l transmission of the pathogen 
wit h i n the host population. This may a f f e c t several generations 
of the insect a f t e r the pathogen has been introduced i n the 
host's ecosystem. Furthermore, when adult insects are c a r r i e r s 
of NPV, geographic spread of the disease over several miles has 
been observed a f t e r introduction of a v i r u s (9). 

4. Packaged as a commercial product, NPVs have a remarkable 
shelf l i f e . The occlude
inclusion-body p r o t e i n
compared with other microorganisms and microparasites, such as 
ba c t e r i a , f u n g i , protozoa, and nematodes. In the laboratory, 
l y o p h i l i z e d , frozen, or simply r e f r i g e r a t e d NPV i n c l u s i o n bodies, 
stored i n darkness, remain a c t i v e f o r many years, even decades 
(8, 10, 11). Only the spores and toxins of c e r t a i n bacteria 
(such as B a c i l l u s t h u r i n g i e n s i s , an insect pathogen) have a 
comparable shelf l i f e . 

As soon as research r e s u l t s show conclusively that a 
Baculovirus i s a safe and e f f e c t i v e b i o l o g i c a l i n s e c t i c i d e and a 
candidate f o r further development, two important questions must 
be answered: a) Can the v i r u s be produced i n large scale and at 
an acceptable cost, and b) What are the most suitable methods fo r 
potency standardization of the f i n a l commercial product? 

Virus Propagation 

Viruses reproduce e x c l u s i v e l y w i t h i n l i v i n g c e l l s . Therefore, 
successful mass propagation of viruses i s linked to successful 
mass production of susceptible host c e l l s . C e l l s are a v a i l a b l e 
i n l i v i n g host organisms or i n v i t r o , as expiants or as 
established cultured c e l l l i n e s . At the present time we do not 
possess the i n d u s t r i a l c e l l - c u l t u r e technology needed to produce 
baculoviruses i n commercial quantities and at a cost comparable 
with that of other innovative p e s t i c i d e s . Based on propagation 
technology, production cost, and c a p i t a l investment, l i v i n g 
whole insect larvae are c u r r e n t l y the preferred substrate f o r 
production of NPV and other baculoviruses (12, 13). 

NPV production i n a susceptible host insect i s a r e l a t i v e l y 
simple process, suitable f o r development at the i n d u s t r i a l scale 
or at the "cottage industry" l e v e l . There are several 
p a r t i c u l a r l y a t t r a c t i v e small-scale production processes i n 
modest f a c i l i t i e s : a good example i s a production process f o r 
the NPV of the cabbage looper, Trichoplusia n i , with an output of 
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2 kg of v i r u s - k i l l e d larvae per week (14). Small-scale 
production of f i v e baculoviruses has been achieved, with good 
results, i n agr i c u l t u r a l communes i n the People's Republic of 
China (15, 16). These production methods are suitable for 
viruses to be used l o c a l l y rather than marketed regionwide or 
nationwide. This type of production may prove p a r t i c u l a r l y 
successful i n the less mechanized, developing countries. 

Industrial production, on the other hand, requires a high 
degree of mechanization and automation. For obvious reasons, not 
a l l details of Baculovirus production have been made public by the 
industry, but adequate general descriptions of the process are 
available (4, JL3, JL7, 18). The ideal host species i s not 
fastidious. It can be reared i n large numbers on a simple 
a r t i f i c i a l diet, does not undergo diapause under laboratory 
conditions, and has a short generation time. Unfortunately, not 
a l l baculoviruses can b
selection techniques, however
range of certain baculoviruses to include a technically and 
economically acceptable production host (19). 

The production costs vary considerably and are determined 
p r i n c i p a l l y by the cost of rearing the insect species used for 
virus propagation. This can account for one-third to two-thirds 
of the tot a l production cost. Table III l i s t s some recent cost 
estimates for baculoviruses produced i n i n d u s t r i a l quantities. 

A large market, a large product margin, and low research and 
development costs are essential to p r o f i t a b i l i t y i n a production 
venture. At f i r s t glance, these would not appear to be the 
attributes of a Baculovirus production venture. A c r i t i c a l 
economic f e a s i b i l i t y study by Stanford Research Institute (20) 
shows, however, that i t could be possible to make this venture 
economically attractive on an expected value basis i f research 
and development were performed or subsidized by an outside agency 
(such as governments or growers). The concept that taxpayers 
should share the r i s k of developing environmentally more 
desirable—but also more expensive—insecticides has been 
analyzed i n d e t a i l (21). The Federal Government, for instance, 
f u l l y supported development of TM BI0C0NTR0L-1. The Forest 
Service performed or subsidized a l l needed research and 
development, including safety evaluation and f i e l d efficacy tests 
(5, 13). 

Potency Standardization 

U n t i l recently, the polyhedral inclusion body has been used 
conveniently as the "unit" of potency of NPV preparations. Thus, 
i n the United States, the potency of preparations of NPV of 
Heliothis spp. was expressed i n " v i r a l units" (1 VU = 109 piB), 
i n " l a r v a l equivalents" (1 LE = 6 VU = 6 χ 10 9 PIB), or simply 
i n b i l l i o n s (10 9) PIB per unit weight or volume of the 
preparation. The reproducibility of PIB counts, however, i s 
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Table I I I . Costs of Selected Baculovirus Preparations 

Virus Year Cost per L i t e r a t u r e 
Computed Hectare Dose Reference 

$ (US) 

NPV of 
H e l i o t h i s spp. 

1977 4.45 (P) 20 

NPV of 
Orgyia pseudotsugata 

1977 10.93 00 13 

NPV of 
Neodiprion s e r t i f e r 

1978 11.00 (P) 9_ 

NPV of 
Lymantria dispar 

1981 8.65 CM) 18 

NPV of 
H e l i o t h i s spp. 

1981 7.70 (P) 27 

NPV of 
Orgyia pseudotsugata 

1983 42.00 (M) 28 

M, manufacturing cost only (insect r e a r i n g , processing, 
q u a l i t y c o n t r o l , packaging). 

P, plant p r i c e (manufacturing cost plus product margin). 
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known to be poor, e s p e c i a l l y when one Is dealing with technical 
grade preparations. Variations i n counts among operators and 
among laboratories are large. Because of d i f f e r e n t storage 
conditions (packaging, shipping, moisture, temperature, age), PIB 
counts cannot be used reproducibly as a measure of the k i l l i n g 
a c t i v i t y of i n d u s t r i a l preparations. Microscopic examinations 
cannot d i s t i n g u i s h f u l l y a c t i v e from p a r t i a l l y a c t i v e or i n a c t i v e 
v i r a l i n c l u s i o n bodies. Furthermore, there can be considerable 
v a r i a t i o n s i n polyhedron-to-bioactivity r a t i o s among production 
batches of a v i r a l product. 

To remedy t h i s s i t u a t i o n , several procedures have been 
proposed for standardizing the b i o l o g i c a l a c t i v i t y of i n d u s t r i a l 
NPV preparations. The U.S. Environmental Protection Agency (22) 
requires that q u a n t i f i c a t i o n of Baculovirus preparations 
"... must be based on bioassays." 

Technically, there
standardization: 

i . Use of standard (reference) preparations, and 
i i . Use of standard response. 

i . Adoption of a standard preparation, to be compared with a 
preparation of unknown a c t i v i t y , i s a prerequisite of comparative 
b i o l o g i c a l assay. This approach i s used f o r standardization of 
He l i o t h i s NPV products. Ignoffo (24) proposed a standard 
preparation of H e l i o t h i s NPV and defined an " i n c l u s i o n 
i n s e c t i c i d a l u n i t " (IIU) as 2.7 PIB of reference standard/mm^ 
of a v a i l a b l e diet surface, i n a prescribed diet-surface treatment 
assay. 

The design of comparative assays requires that the standard 
preparation and preparations with unknown a c t i v i t y be compared 
w i t h i n t e s t s . Thus, the reference standard must be ava i l a b l e i n 
s u f f i c i e n t quantity f o r d i s t r i b u t i o n to t e s t i n g laboratories and 
must have a c e r t i f i e d l e v e l of a c t i v i t y that remains stable f o r a 
period of years. 

i i . The response of a population of susceptible test i n s e c t s , i n 
a standardized bioassay, can be used as a reference standard. 
The response standard i s v a l i d only i f the test insects are as 
uniform as possible g e n e t i c a l l y and i f the assays are repeated 
under the same conditions and with i d e n t i c a l materials as those 
used i n the o r i g i n a l experiments. Such a procedure has been 
adopted f o r the standardization of TM BI0C0NTR0L-1. Martignoni 
and Iwai (25) used as a reference standard the response of an 
inbred s t r a i n (GL-1) of (). pseudotsugata established from eggs 
c o l l e c t e d i n 1965 near Goose Lake i n northern C a l i f o r n i a and 
propagated since then on a meridic d i e t . This s t r a i n i s now i n 
i t s 23rd laboratory generation. 

The response s t a b i l i t y of t h i s insect s t r a i n i s monitored by 
means of two i n t e r n a l standard preparations. The response of 
insect s t r a i n GL-1 has remained stable since 1975 (11, 25). 
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S t r a i n GL-1 i s maintained i n continuous rearing at the Forestry 
Sciences Laboratory i n C o r v a l l i s , and eggs of t h i s s t r a i n are 
supplied to other laboratories f o r potency standardization of 
v i r a l products. 

Concluding Remarks 

During the past two decades research has demonstrated that 
baculoviruses, i n p a r t i c u l a r NFVs, are e f f e c t i v e i n s e c t i c i d e s . 
They are host s p e c i f i c and thus environmentally safe agents. To 
t h i s date, no Baculovirus has been found to r e p l i c a t e i n 
vertebrate organisms. 

Baculoviruses are among the most stable entomopathogens when 
we consider t h e i r long shelf l i f e as a sui t a b l y packaged and 
stored commercial product. On the other hand, these viruses are 
ra p i d l y i nactivated an
a g r i c u l t u r a l crops, unles

The potency of commercial Baculovirus products can be 
standardized by means of b i o l o g i c a l assay. Two procedures are 
ava i l a b l e and both are acceptable to manufacturers and the 
Environmental Protection Agency. 

The production of baculoviruses i s t e c h n i c a l l y and 
economically f e a s i b l e i n l i v i n g host organisms, at the commercial 
plant l e v e l or as a modest "cottage industry." The cost of 
commercial production of some v i r a l i n s e c t i c i d e s i s s t i l l 
r e l a t i v e l y high, but a Baculovirus production venture could 
become f i n a n c i a l l y a t t r a c t i v e i f appropriate government agencies 
would share research and development costs with the industry. 
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Integrated Pest Management (IPM) in Forestry 

JOHN NEISESS 

U.S. Department of Agriculture, Forest Pest Management, P.O. Box 2417, Washington, DC 
20013 

Until about 10 years ago, pest management in forestry was 
practiced much like fire management. When insects, diseases, 
pocket gophers, competin  vegetation  othe  pest  increased t
outbreak levels, forest
fire out. However, over the past few years, forest managers have 
been changing their pest management philosophy from a reliance on 
direct suppression of pests when they reach damaging levels to an 
integrated (or IPM) approach to preventing or reducing the 
resource damage caused by pests. 

In 1980, an evaluation of Forest Service pest management 
programs by the Center for Natural Areas concluded that even 
though forest managers did not fully understand IPM terminology 
and policies, they were doing an adequate job of implementing the 
concepts of IPM, but calling it something else. 

What Is IPM? 

The Forest Service Manual defines IPM as "a systematic decision­
-making process and the resultant management actions which derive 
from considerations of pest-host systems and evaluation of 
alternatives for managing pest populations at levels consistent 
with resource management objectives." In other words, IPM 
consists of two basic elements: the decisionmaking process and 
the action program. 

The decision process begins with the detection of the pest and 
evaluation of i ts impact on the resource. Detection and 
evaluation usually involve site visits by resource or pest 
management specialists to determine the density of the pest and 
the condition of the site. Aerial photography and pheromone 
trapping have improved detection of insect pests. Pheromone traps 
are currently being used to help monitor the building Douglas-fir 
tussock moth (Ovgyia pseudotsugata (McDunnough)) populations 
in the Northwest. 

Early detection permits different action programs than are 
used when a pest population reaches outbreak proportions. In 1977, 
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f o r example, the Forest Service i n i t i a t e d a project to determine 
i f e a rly treatment of western spruce budworm (Chovistoneuva 
oecidentdlis Freeman) would reduce the budworm to such a l e v e l 
that subsequent treatment would not be needed. Measurements of 
egg mass densities f o r 6 years i n treated versus untreated areas 
have shown the success of t h i s early treatment strategy (Figure 1). 

The decisionmaking process also i d e n t i f i e s the resource 
management objective and evaluates the cost of pest c o n t r o l 
schemes and t h e i r impacts on the various resources associated with 
the s i t e . The pest c o n t r o l scheme must be compatible with the 
o v e r a l l management and economics of the resources being managed. 
An insect outbreak, therefore, would not be c o n t r o l l e d on a s i t e 
being managed f o r w i l d l i f e i f the reduction i n the timber resource 
improved the s i t e f o r w i l d l i f e without greatly damaging other 
resource values. 

The action program
d i r e c t suppression a c t i v i t i e s
a c t i v i t i e s that make the forest less conducive to pest outbreaks. 
Direct suppression may involve one or more control t a c t i c s 
directed at the pest i t s e l f . B i o l o g i c a l or chemical p e s t i c i d e s , 
mechanical methods, use of par a s i t e s , and f i r e are a few of the 
a v a i l a b l e t a c t i c s . For example, a l t e r n a t i v e s used to c o n t r o l 
mountain pine beetle (Dendvoetonue pondevosae Hopkins) i n an 
IPM program include the fol l o w i n g prevention and d i r e c t 
suppression a l t e r n a t i v e s : (1) Do nothing, (2) S i l v i c u l t u r a l 
c o n t r o l to maintain a vigorous stand, (3X Direct control 
accomplished by f e l l i n g and removing infested trees or by f e l l i n g 
and burning or chemically t r e a t i n g i n f e s t e d trees, or (4) 
Protective spraying of high-value trees with i n s e c t i c i d e s . 

Note that chemical pesticides are very much a part of IPM. In 
a f u l l y implemented IPM program, however, chemical use patterns 
may change because of early detection, which could reduce the 
amounts of pesticides used. 

Examples of IPM i n Forestry 

An IPM program undertaken around D i l l o n , Colorado, i n 1982, 
exemplifies the combination of treatments used to manage a 
mountain pine beetle outbreak i n lodgepole pine. Direct 
suppression and preventive spraying were important to the D i l l o n 
project because of the high r e c r e a t i o n a l values. But these 
a c t i v i t i e s were only intended to l i m i t immediate tree losses and 
allow time to implement c u l t u r a l or s i l v i c u l t u r a l treatments. 
More than 87,000 in f e s t e d trees on State, p r i v a t e , and Federal 
lands i n the D i l l o n area were e i t h e r cut and removed or cut and 
treated with lindane or ethylene dibromide (Table I ) . The cut 
timber was made a v a i l a b l e to the public as fuelwood. Slash 
disposal was also implemented on 39,000 acres i n order to reduce 
the p o s s i b i l i t y of engraver beetle (Ips spp.) buildup i n the 
slash r e s u l t i n g from salvage operations. Carbaryl was applied as 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



7. NEISESS Integrated Pest Management 71 

50-| 

O-f n i f m i w i m t i i n i i W H i n T f T - , , - , 

1977 1978 1979 1980 1981 1982 
YEARS 

Figure 1. Comparison of average number of western spruce 
budworm egg masses i n treated and untreated areas, 
New Mexico. 
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a preventive spray on 26,000 high-value trees i n campgrounds and 
recr e a t i o n a l areas. This preventive spraying w i l l be continued i n 
high-use areas while the outbreak p e r s i s t s . 

Table I. Mixture of treatment strategies used i n the 1982 D i l l o n , 
Colorado, IPM project to control mountain pine beetle 

Treatment Units Treated 

MPB trees felled/removed 18,455 trees 
MPB trees f e l l e d / i n s e c t i c i d e treated 68,953 trees 
Preventive spraying 26,000 trees 

Thinning 54 acres 
Slash disposal 3,940 acres 

The main e f f o r t on Forest Service lands w i l l be directed at 
the 32,000 acres of pine that have been i d e n t i f i e d as susceptible 
to beetles and on operable t e r r a i n . Plans c a l l f o r harvesting of 
the mature and overmature susceptible pines over a 15- to 30-year 
period. In order to l i m i t the impact on the rec r e a t i o n a l and 
est h e t i c q u a l i t i e s , small clearcuts and patch cuts w i l l be the 
common treatment used to break up the large continuous areas of 
susceptible trees i n t o smaller areas. Immature stands w i l l be 
thinned to prevent stagnation and reduce future s u s c e p t i b l i t y . 

An action program such as the one around D i l l o n i s based on 
current knowledge about the pest and i t s host; research and 
knowledge are key components i n IPM. The r o l e of the pest i n the 
forest ecosystem must be understood when making management 
pr e s c r i p t i o n s , and resource managers must be able to predict the 
eff e c t s of various management practices on pest organisms, desired 
plants, and the environment. I t i s important to understand that 
i f a pest i s treated d i r e c t l y without considering the cause of the 
outbreak, the pest may reappear once the treatment i s f i n i s h e d . 
If the cause i s treated, however, the r e s u l t w i l l generally be 
long-term protection. 

In developing guidelines f o r c o n t r o l l i n g mountain pine beetle, 
pest management s p e c i a l i s t s drew on t h e i r knowledge of several 
important b i o l o g i c a l facts about the beetle and i t s i n t e r a c t i o n s 
with the host trees: (1) The mountain pine beetle k i l l s 
p r o p ortionally more large diameter trees than small diameter trees 
during an i n f e s t a t i o n , (2) Beetle reproduction i s d i r e c t l y related 
to phloem thickness, (3) Phloem i s usually thicker i n large 
diameter trees, and (4) Infestations seldom develop i n stands less 
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than 60 to 80 years of age. Although they disagree about the 
eff e c t s of stand density on p o t e n t i a l beetle outbreaks, most pest 
management s p e c i a l i s t s believe that overstocked, stagnated stands 
are more susceptible to beetle attack than vigorous stands. 

Another key component to f u l l y implementing IPM i n f o r e s t r y i s 
inte g r a t i n g pest management in t o f o r e s t management decisionmaking. 
This requires resource managers to accept greater r e s p o n s i b i l i t y 
fo r pest prevention i n t h e i r normal a c t i v i t i e s . Guidelines f o r 
preventing pest outbreaks need to be developed and then used by 
the resource managers as they develop and implement management 
plans or set p r i o r i t i e s f o r s i t e s needing treatment. 

One example where pest prevention i s being considered by the 
fore s t manager i s the con t r o l of dwarf mistletoe (Arceuthobium 
spp.). Pest management s p e c i a l i s t s have done t h e i r part by 
including the understanding of the basic biology and pest/host 
re l a t i o n s h i p s i n t o c o n t r o
determine the sev e r i t y o

When dealing with dwarf mistletoe, the guidelines c a l l f o r s i x 
action a l t e r n a t i v e s : (1) No action, (2) Conversion to nonhost 
species, (3) Clearcut, (4) Seed tree cuts with subsequent removal 
of seed trees, (5) Complete s a n i t a t i o n , or (6) P a r t i a l s a n i t a t i o n 
which reduces but does not eliminate the pest. Each of these 
a l t e r n a t i v e s i s evaluated by the manager i n l i g h t of the 
information about se v e r i t y of the i n f e s t a t i o n and basic stand 
information (age, stocking density, composition, and growth 
p o t e n t i a l ) , the management objective, and the economics of the 
s i t u a t i o n . Pest management s p e c i a l i s t s have made the 
decisionmaking easier by incorporating the growth impacts of dwarf 
mistletoe into a number of models used to predict timber y i e l d s . 
Given s p e c i f i c stand conditions, these models allow the manager to 
predict tree growth following various treatment a l t e r n a t i v e s . 
Generally, one or more of these treatment a l t e r n a t i v e s can be 
accomplished w i t h i n normal s i l v i c u l t u r a l p r a c t i c e s . Sanitation 
c u t t i n g s , f o r example, can be combined with planned thinning or 
timber stand improvement operations. 

Although research has provided a great deal of knowledge about 
pests, and pest management i s being integrated in t o resource 
management, many unanswered questions remain. More research i s 
needed i n pest/host r e l a t i o n s h i p s and the impact and in t e r a c t i o n s 
of various treatment a l t e r n a t i v e s . The knowledge base f o r 
implementing an integrated vegetation management program i s a case 
i n point. Research has provided a great deal of information about 
the basic biology of the i n d i v i d u a l crop trees and brush species. 
However, l i t t l e i s known about the competitive a b i l i t y of various 
types of vegetative cover. And other than information on the 
eff e c t s of herbicides, l i t t l e information e x i s t s on the 
environmental impacts of d i r e c t or c u l t u r a l treatments or on the 
comparative benefits of these treatments. These t e c h n i c a l 
l i m i t a t i o n s mean that decisions to con t r o l competing vegetation 
are generally based on the experience of the manager and are often 
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made only a f t e r the impacts of competing vegetation are c l e a r l y 
evident and some loss i n growth or seedling s u r v i v a l has occurred. 

Although the knowledge base f o r an integrated vegetation 
management program i s l i m i t e d , much has been learned and put i n t o 
p r a c t i c e . The manager has a number of d i r e c t treatment 
a l t e r n a t i v e s , which include using herbicides, mechanical removal, 
hand c u t t i n g or grubbing, burning, as w e l l as doing nothing. 
Vegetation management s p e c i a l i s t s have also learned to i d e n t i f y 
p o t e n t i a l weed problems and to prescribe c u l t u r a l or i n d i r e c t 
treatments that may reduce the need f o r d i r e c t treatment. 
C u l t u r a l practices important to an integrated vegetation 
management program include use of l a r g e r , more vigorous growing 
stock to hasten r e f o r e s t a t i o n , use of shade-tolerant species on 
s i t e s where competing vegetation i s a problem, and shortening the 
time between harvesting and planting so that the s i t e does not 
become occupied with brush

The treatments use
Oregon during 1982 to c o n t r o l competing vegetation exemplify the 
Forest Service e f f o r t to integrate the various a l t e r n a t i v e s i n 
s i t e preparation and release programs (Table I I ) . 

Table I I . Selected vegetation management a l t e r n a t i v e s used on the 
Willamette National Forest, Oregon, 1982 

Treatment Acres 

Heavy machinery 123 
Hand c u t t i n g 320 
Hand cutting/burning 162 
Hand cutting/herbicide 1,448 
Hand p u l l i n g and grubbing 463 
Herbicides 

A e r i a l 2,337 
Hand 761 

No treatment 1,247 

Another problem with implementing IPM i n f o r e s t r y i s a 
reluctance of resource managers to heed the warnings and 
recommendations of pest management s p e c i a l i s t s . The current 
outbreaks of mountain pine beetle t y p i f y t h i s reluctance. Most of 
the stands currently under attack are i n areas of the country that 
have been managed p r i m a r i l y f o r recreation or w i l d l i f e values, not 
timber production. Therefore, managers have n a t u r a l l y been 
reluctant to locate clearcuts i n areas around s k i resorts or 
f a v o r i t e camping areas, even though the entomologists predicted 
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that the unmanaged stands were becoming "beetle b a i t . " Programs 
l i k e the D i l l o n mountain pine beetle project are slowly turning 
t h i s reluctance around. 

In conclusion, the management of dwarf mistletoe, mountain 
pine beetle, and competing vegetation shows that IPM has achieved 
some success at becoming a proven option i n pest management. IPM 
of f e r s indepth evaluations of conditions that cause pest problems 
and action programs that are long l a s t i n g and environmentally 
acceptable. Large advances have been made i n int e g r a t i n g pest 
management in t o normal resource management p r a c t i c e s , but progress 
w i l l continue to be slow. The intensive management required to 
prevent pest outbreaks i s being practiced on only l i m i t e d acreage. 
As long as our country continues to have vast acres of unmanaged 
stands, forest resource managers w i l l s t i l l have to r e l y on d i r e c t 
treatments to c o n t r o l the damage caused by pest outbreaks. In 
these cases, our IPM e f f o r t
methods and integrated
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Technological Progress in Aerial Application 
of Pesticides 
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Previous analyses of problems in applying pesticides 
to forests by aircraf
is on problems relate  meteorologica
Several new developments that enhance efforts to 
minimize drif t are described. Models that predict 
near field effects of aircraft and mesoscale winds 
are available. The need for additional efforts to 
describe flow within canopy and description of 
conditions for inertial deposition on target elements 
is outlined. 

Problems of Wildland Spraying 

Let's begin with a brief review of the problems facing the aerial 
applicator and how we have organized the problems to solve them. 
The problems are illustrated in figures 1A through 

Forest spraying presents many problems not found in normal 
agricultural spraying: 

• Because of the concentrating effect of mountain valleys and 
canyons, significant concentrations of insecticides can be 
carried several miles (Figure 1A). 

• Instead of falling a few feet as in the case of agricultural 
spraying, forest insecticides must travel 50 to 150 feet 
vertically to reach a target. Losses, due to evaporation, 
become more significant both in terms of greater drift and 
loss of insecticide (Figure I B ) . 

• The dense forest foliage may capture a l l of the insecticide 
within a few feet, resulting in only one side of the tree 
being sprayed (Figure 1C). 

• On the other hand, the drops may be so small that they are 
deflected around the target by aerodynamic forces (Figure ID). 

• If the lateral displacement of the spray is excessive the 
applicator cannot predict where i t wil l reach the forest and 
has lost effective control of the spray (Figure I E ) . 

• In his zeal to prevent excessive lateral displacement, the 
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applicator may select drops so large that too few numbers 
of drops are available for effective coverage (Figure IF). 

• It is d i f f i c u l t to fly evenly spaced swaths over large, 
irregular tracts of forest having few roads or identifying 
boundaries (Figure 1G). 

• Steep slopes present several problems. The actual surface 
area is greater than shown on a map; the downhill side of 
the boom may be 30 feet higher above the trees than the 
uphill side of the boom. Flight path and direction are 
limited to terrain contours because the aircraft cannot 
climb steep slopes (Figure 1H). 

• Rough irregular terrain is usually associated with steep 
slopes. If the applicator flies a level path his altitude 
above the terrain varies continuously; i f instead he follows 
the terrain, roller coaster fashion, his speed and 
application rate var

• In an effort to obtai
increase the volume of insecticide carried without giving 
adequate consideration to the lethal drop size, requiring 
hundreds of drops to k i l l a larva rather than one drop 
(Figure U). 

• The aircraft wake has a major influence on spray behavior. 
• Small drops are entrained in this spray cloud and 

transported in a manner similar to smoke ring movement. 
• Other larger drops f a l l independently of the vortex but are 

not readily visible. Thus, the applicator may be misled by 
observing the visible cloud (Figure IK). 

• In two hours of morning spraying, weather conditions 
usually vary from an inversion to neutral or unstable. The 
applicator may not be aware of these changes(Figure 1L). 

An Approach to Organizing These Problems 

This is a formidable array of problems, and i t is a tribute to 
aerial applicators that they carry on successful spray projects 
despite these problems and lack of knowledge in some of the areas. 

We have devised a scheme to allow us to define each part of 
the problem separately, yet consider a l l parts simultaneously. 

The effect of a droplet being carried so far away that i t is 
essentially beyond the applicator's control is shown in Figure 1. 
Here we have a plot of droplet diameters versus wind speed above 
the canopy. The shaded area to the left is where the drops would 
be carried too far. We have somewhat arbitrarily chosen 1,000 
feet as too far. in some curcumstances i t would be more and in 
some less. We see that there is an area on the right within which 
the drops can be contained and an area to the left that we want 
to avoid. 

Large droplets will not penetrate the canopy (Figure 2 ) . 
That is they will be filtered out by the fi r s t foliage 
encountered and cannot be uniformly deposited throughout the 
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D R O P D I A M E T E R - M ICRON 

Figure 2. Drops too large to penetrate canopy. 
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canopy. In this case the permissible area is on the left. The 
avoided area is on the right. 

In Figure 3, we demonstrate the area in -which sufficient 
drops are not available to provide adequate coverage. This is 
based, of course, on some reasonable amount of total volume of 
material being delivered. 

The relationship between -wind speed and drop size for one 
value of turbulence is shown in Figure U. 

The area where drops wi l l not impinge on the target because 
the wind speed is too low and the drops are too small is shown 
in Figure 5. In this case the target could be either foliage 
or insect. 

In Figure 6 we show a l l of the curves on the same graph. In 
the center is an area of useful drop sizes bounded by several 
areas that are not useful. The range of useful drops can be 
divided into two classes
small they are principall
velocity is so low that they are carried wherever the wind and 
aircraft wake take them. On the right side are the large drops 
that are affected by air movements, but their arrival at the 
target is primarily through gravitational settling. 

This last figure demonstrates an approach to the entire 
problem of predicting spray behavior where a multitude of factors 
are involved and must be considered simultaneously. Other 
factors, such as evaporation, also can be shown by adding another 
axis or dimension to the graph. 

What is also demonstrated is the complicating fact that the 
physical behavior of the drops in the optimum range are governed 
by two different sets of equations; one for the airborne 
particles; another for the large particles subject primarily to 
gravitational settling. This has led to the development of two 
simulation models: AGDISP and FSCBG. 

The AGDISP model is based on actually tracking the motion of 
discrete particles. The dynamic equations governing the particle 
trajectory are developed and integrated. The equations include 
the influence of the aircraft dispersal system configuration, 
aircraft wake turbulence, atmospheric turbulence, gravity, and 
evaporation. 

The FSCBG model is based on a line source that is given an 
i n i t i a l disturbance by the aircraft. The line source develops 
into a spray cloud that i s treated as a tilt e d Gaussian plume. 
The equations track the mean position of the plume as well as rate 
of change of it s horizontal and vertical variance. Evaporation 
effects are included. 

Both models can be used independently to track spray from the 
time of release until deposition. However, each model has a 
range within which i t provides the best accuracy and is the most 
computationally efficient. 

To link the two models for a complete picture of potential 
spray behavior, a coupling code, AGLINE, has been developed. 
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DROP D I A M E T E R - M ICRON ^ 

Figure k. Lack of turbulence a f f e c t s deposition. 
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Figure 5 . Drops are deflected around target. 

Figure 6. Envelope of optimum drop size. 
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The AGDISP model is run until the released material becomes a 
spray cloud. Then the FSCBG model uses the AGDISP predictions to 
create a Gaussian plume model. This gives a complete predictive 
code, accurate from the time of release until long after the 
released material can be treated as a cloud. A l l important 
forces influencing the evolution of the released material are 
accounted for and the increase in computer time is nominal. 

Again, the two simulation models, AGDISP and FSCBG, can be 
used independently or jointly with the coupling code, AGLINE. 

The principal outputs are deposition and dri f t , but the 
models can be programmed to give intermediate information on 
drop velocity, evaporation, flow fields, and other factors. 

Inputs to the models describe the aircraft, nozzle, 
evaporation rate, meteorology, and biological environment. 
Obtaining sufficiently accurate model inputs is as di f f i c u l t 
and challenging as developin
are estimated, measured

The relationship of the models  inputs and outputs are shown 
in Figure 7. Major inputs concerning aircraft are fixed wing or 
helicopter, speed, wing span, weight, wing loading, propeller 
characteristics, and wake characteristics. 

The major inputs for the spray system are nozzle, droplet 
distribution, number of nozzles, location of nozzles, and flow 
rate. Obtaining an accurate description of the droplet 
distribution at the aircraft has been difficult. Along with 
other groups, the USDA Forest Service sponsored the development 
of a wind tunnel and laser measuring device at the University of 
California, Davis, Agricultural Engineering Department (Figure 8) . 
We can now routinely measure droplet size distribution at aircraft 
speeds, as shown in Figure 9. 

The major evaporation inputs are temperature, relative 
humidity, velocity, and evaporation rate. The evaporation rate 
is estimated from mathematical models; for complex mixtures, 
solutions, or suspensions, i t is measured. The Forest Service 
sponsored a project at Colorado State University 1s Aerosol 
Sciences Laboratory to develop a laboratory method to measure 
droplet evaporation rate. 

A schematic of the entire system is shown in Figure 10. It 
is controlled by a microprocessor and measures evaporation rate 
at controlled temperature and humidity while maintaining flow 
past the droplet at terminal velocity corresponding to its 
changing diameter. An example of results for three different 
mixtures is shown in Figure 11. 

The AGDISP and FSCBG models accept the following 
meteorological data: vertical wind speed and direction, 
temperature profile, relative wind speed, turbulence, depth of 
mixing layer, vertical profile of wind speed, vertical profile 
of wind direction, effect of canopy, and effect of complex 
terrain. 

Information on the biological environment needed for the 
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Figure 8 · Wind tunnel with rotary nozzle. 
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Figure 9 . Particle size distribution measured in wind 
tunnel. 
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Figure 1 1 . Evaporation rate of water droplets from solutions 
containing Nalco-Trol. 
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A 
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Figure 12. Computer simulation of drop trajectory and 
deposit. 
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300 MICROMETER DROP 

FEET 

Figure 13. Computer simulation with, crosswind. 
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150 MICROMETER DROP 

F E E T 

Figure lU. Computer simulation of small drops. 
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Figure 1 5 . Vertical drop velocity from wake effects. 
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models includes details of the forest type, terrain classifica­
tion, and pesticide toxicity. 

The FSCBG model is the older of the two models and has been 
described in detail in various publications (1). The AGDISP model 
is in the final stages of development and verification and w i l l 
be available this f a l l (2). 

A graphic output of the AGDISP model is shown i n Figure 12. 
The trajectory of 300-micrometer droplets released from 13 nozzle 
locations of a Thrush 600 airplane f l y i n g 105 mph at 50 feet 
above the t e r r a i n is shown i n Figure 12A. The ground deposition 
of spray across the a i r c r a f t f l i g h t path is shown in Figure 12B. 
The same configuration with a 2-mph crosswind is shown in 
Figure 13. The same configuration without a crosswind but with 
150-micrometer droplets, half the diameter of the droplets i n 
Figure 12 is given i n Figure ih. This shows the droplet 
entrainment i n the win
of d r i f t . An example o
from the model is the droplet*s v e r t i c a l velocity (Figure 15). 

We believe the major shortcoming of these models is 
inadequate meteorological input. In particular we need better 
descriptions of flow within the canopy and vertical flow profiles 
generated by drainage flow rather than mesoscale winds. We also 
need a fully operational three dimensional, complex terrain winds 
model. 

In summary, we now have models that account for a l l 
important forces influencing the dispersion and deposit of 
aerial sprays. We have estimates of inputs to make the models 
useful to forest managers. Further improvement in model results, 
particularly dr i f t estimation, depends on better meteorological 
input. 
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The several physical parameters affecting aircraft 
spray applications for (1) deposit in flagged swath
(2) deposit in extende
borne portions o
The drop size spectrum (usually expressed as a 
volume median diameter) is the most significant fac­
tor affecting the spray movement. Drop size is most 
easily attained by using different type atomizers, 
or various sizes of a given type such as the hollow 
cone and fan series. The formulations used are 
custsomarily either a water base or an oil base. 
Considerable interest is being generated in vege­
table o i l sprays which are less phytotoxic to crop 
plants and trees than petroleum oils. Aircraft 
swath data and total recovery of deposited sprays as 
a percent of the released material are presented for 
a few selected systems and formulations. 

P h y s i c a l parameters which co n t r o l the dispersion, deposit, 
coverage (of target plants) as well as d r i f t losses of l i q u i d 
p e s t i c i d e s released from a i r c r a f t i n mountainous forest land are 
(1) spray drop size and spray formulation, (2) l o c a l meteorology, 
(3) l o c a l t e r r a i n at spray s i t e and (4) type of ap p l i c a t i o n 
a i r c r a f t * 
1* The transport phenomenon for any spray material released i n 
the a i r i s foremost a function of the p a r t i c l e size and size 
d i s t r i b u t i o n of the released spray* The p a r t i c l e density plays a 
minor r o l e , the s e t t l i n g rate from Stokes law for example varies 
as the square root of the density* Further, the density d i f f e r ­
ences between l i q u i d s commonly used for pesticides i s very l i t t l e , 
varying only s l i g h t l y from water at density of 1 gm/ml* Other 
formulation physical factors of surface tension, v i s c o s i t y and 
v i s c o e l a s t i c i t y play s i g n i f i c a n t roles i n the atomization process* 
These are altered by the addition of petroleum and vegetable o i l 
as solvents and c a r r i e r s as wel l as a host of adjuvants i n varying 
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amounts of the total spray to 100% use of vegetable o i l s as 
ca r r i e r s for certain s p e c i f i c spray formulations. The vapor 
pressure, or p a r t i a l pressure of the various multi-phase for­
mulations can affect the rate of vaporization loss of the finished 
spray. 

The atomizers may vary in design from hydraulic, and two-fluid 
to spinning screen and disc types* The direction of the released 
spray relative to the airstream and the airstream velocity 
( a i r c r a f t velocity) relative to the l i q u i d emission velocity also 
play a fundamental role in the atomization process* 
2* The loc a l meteorology, p r i n c i p a l l y the temperature and wind 
vel o c i t y gradients from ground l e v e l , through the forest canopy to 
the spray release height, and to 300 m (1000 f t ) or more above the 
release height, can have a dramatic effect on the spray dispersion 
and deposit in the target area and can influence the d r i f t losses 
downwind for several miles
c e i l i n g w i l l prevent smal
c e i l i n g height from dispersing upward, thus having the charac
t e r i s t i c of confining this spray and permitting i t to concentrate 
below the c e i l i n g and be transported for considerable distances on 
ambient winds* On the other hand, larger drops over 75 to 100 
microns diameter are less affected by a i r motion and have suf­
f i c i e n t f a l l velocity to deposit nearby, usually within 60 to 152 
m (200 to 500 f t ) of the release* For convenience we have 
designated drops less than 100 microns diameter as being capable 
of a i r transport for 1 to several miles while those above 100 
microns can be expected to f a l l out in an extended swath pattern 
downwind* Obviously the l a t t e r w i l l be influenced by the height 
of release and the wind velocity while the airborne drops w i l l 
actually have decreased concentration with higher wind and more 
turbulent mixing type a i r conditions* The temperature inversion 
condition acts p r i n c i p a l l y on the small d r i f t prone drops pro­
ducing undesirable concentrations downwind* However, i t should be 
noted that certain aerosoling applications such as adulticiding 
for mosquitoes requires the inversion in order to maintain a 
l e t h a l downwind concentration* Relative humidity alters spray 
drop size by i t s effect on spray evaporation* 
3* The type of terrain, mountains, h i l l s and valleys which 
constitute a i r drainage systems exerts a sig n i f i c a n t influence on 
the concentration in the downwind area from a spray release* The 
ter r a i n along with l o c a l weather problems can act to concentrate 
airborne particles such as in a valley, e s p e c i a l l l y when combined 
with an inversion c e i l i n g less than the height of the valley 
walls* Such a phenomenon is quite common in mountainous forest 
land areas and may contribute to high concentrations of pesticides 
appearing in the a i r and collected by water, s o i l and plants down­
wind in a valley* 
4* The type, size and configuration of the a i r c r a f t equipment can 
of i t s e l f have a significant effect on swath patterns and downwind 
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transport of spray drops. Larger a i r c r a f t create greater vor-
t i c i t y in wing tip and propeller areas and also because of safety 
requirements the larger a i r c r a f t must usually be flown higher than 
small a i r c r a f t ^ at 1600 to 3200 m (500 to 1000 f t ) elevations 
instead of the more desirable 165 to 328 m (50 to 100 f t ) above 
the canopy. Helicopter equipment generally i s flown at slower 
speed, 80 to 125 km/hr (50 to 75 mi/hr) in comparison with fixed 
wing a i r c r a f t at 165 to 200 km/hr (100 to 120 mi/hr) for smaller 
a i r c r a f t and 250 to 500 km/hr (150 to 300 mi/hr) for larger multi-
engine types. The a i r wake created by either fixed or rotary wing 
a i r c r a f t is basically a function of the a i r c r a f t weight, wing or 
rotor disk loading (higher loading usually means higher speed and 
greater v o r t i c i t y ) and a i r c r a f t speed. The effect of increased 
v o r t i c i t y and a i r wake is to move the spray release to a greater 
altitude which in turn produces a wider swath displacement for the 
b a l l i s t i c size drops an
drops. 

Studies on swath deposit and airborne d r i f t losses have 
followed a basic pattern or protocol as accepted by State and 
Federal regulatory agencies. For example, sprays are collected on 
(a) a r t i f i c i a l c o l l e c t i o n sheets, such as Mylar, Teflon, glass, 
metal or other materials from which residues are readily removed; 
and (b) plant samples are taken either of the trees or crop plants 
i n the area or from plants in f l a t s or pots which are used either 
for specific plant response (herbicides) or plant spray deposit 
(6). A i r samples for airborne portions may be taken with high 
volume a i r samples 0.67-0.85 m3 (20-30 ft 3/min.) through a glass 
f i b e r f i l t e r backed up with a resin type (Rohm and Haas XAD) 
absorbing column or l i q u i d bubbler for gas phase trapping where 
desired. Any type application may be monitored downwind with 
these type of collectors at ground l e v e l , or v e r t i c a l tower 
c o l l e c t i o n can be provided for impacted drops or for those drawn 
into a i r samplers. 

The manner of s i t e selection and weather monitoring i s 
generally related to the s p e c i f i c material to be used or forest 
crop in which i t w i l l be applied. Progressive passes may be made 
across the target area or where a study is designed for maximum 
return of information i t i s frequently desirable to apply a l l of 
the material with the test a i r c r a f t to a single line or pass, 
making 5 to 10 passes to build up a s u f f i c i e n t concentration for 
increased downwind sampling s e n s i t i v i t y . A typical layout (Figure 
1) could thus be with a sampling line on a logrithmic pattern such 
as 12, 25, 50, 100, 200, 300, 800, 1600 and 3200 m (40 f t to 2 mi. 
downwind) with the f a l l o u t , plants and a i r collectors located at 
each of these stations. The application l i n e would be at 90 
degrees to the sampling line and should be of a length equal to 
the sampling line in order to insure deposits on the furthermost 
station when small wind variations occur. If a v e r t i c a l tower 
co l l e c t o r is used, i t should be located within 45 to 75 m (150 to 
250 f t ) of the application line and be of s u f f i c i e n t height to 
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Figure 1 . Field layout for aircraft spray tests. 
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extend above the released cloud. A 15 to 30 m (50 to 100 f t ) 
tower at t h i s distance w i l l handle most applications applied 
w i t h i n 2.5 to 7.5 m (10 to 25 f t ) of the ground, higher towers 
would be needed for greater a p p l i c a t i o n heights such as above a 
forest canopy. 

The deposit of active chemical, the d r i f t losses and drop size 
range can be found and would be functions of the spray formula­
tions and a p p l i c a t i o n equipment which are under test in a given 
weather and a p p l i c a t i o n t e r r a i n . In order to compare d i f f e r e n t 
test run data, the re s u l t s may be plotted as a series of 2nd 
degree polynomial regression curves (6). Actual chemical analysis 
of the released spray caught on the samplers provides the most 
accurate measure of deposit and airborne losses, but c a l c u l a t i o n 
of these functions from the drop sizes found can also be done. A 
t o t a l deposit recovery as a % of the amount released can be deter­
mined. 

By r e p l i c a t i n g thes
conditions and d i f f e r i n g t e r r a i n , we are able to observe the 
e f f e c t s these and other parameters have on the amount of deposit 
i n the target area, burden i n the a i r and residues on the f a l l o u t 
c o l l e c t o r s located at the downwind stations (2). 

There are many studies published on both f i e l d c o l l e c t i o n data 
as obtained i n actual f i e l d measurements of d r i f t - l o s s (1,2) as 
w e l l as from predictive models of varying s o p h i s t i c a t i o n . The 
l a t t e r are derived b a s i c a l l y from single drop size behavior 
coupled with the basic atmospheric d i f f u s i o n parameters (3,4). 
The references l i s t e d are not a l l i n c l u s i v e but w i l l a s s i s t the 
reader i n obtaining a broader view of a e r i a l a p p l i c a t i o n studies. 

Spray Drop Size Evaluation 

Because so much of the a e r i a l spray operation i s related to and 
dependent on drop size c h a r a c t e r i s t i c s i t follows that more 
accurate knowledge of drop size and size range of the released 
sprays would be desirable. Also s p e c i f i c e f f e c t s on drop size 
from atomizer type, formulations and i n s t a l l a t i o n on the a i r c r a f t 
would not only enable more accurate evaluation of s p e c i f i c systems 
and spray releases, but could also be used to aid i n prediction of 
the swath and downwind transport regime for these releases. 

One of the newest instruments a v a i l a b l e for drop size studies 
i s the P a r t i c l e Measuring Systems ruby l a s e r . This instrument has 
a wide range of probe units for d i f f e r e n t size ranges. The 
imaging probes w i l l measure from a minimum of around 20 microns to 
several millimeters diameter while the forward l i g h t scatter units 
w i l l measure downward from 100 to about 0.1 microns. We are pre­
sently using t h i s instrument for evaluation of a i r c r a f t sprays 
e i t h e r by mounting the probe on the a i r c r a f t for i n - f l i g h t studies 
of i n d i v i d u a l atomizers or by use of a wind tunnel where a wide 
v a r i e t y of atomizers and formulations can be r e a d i l y handled. 
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The use of various formulation additives and straight vege­
table o i l base sprays has been considered many times in the past. 
With the present favorable cost r e l a t i o n s h i p of vegetable to 
petroleum o i l s , a renewed int e r e s t has prompted us to examine the 
p o t e n t i a l benefits as well as possible problems that vegetable o i l 
c a r r i e r s might produce. 

The advantages that may occur from use of vegetable o i l base 
sprays are p r i m a r i l y (1) the p o t e n t i a l for reduction i n t o t a l 
volume applied (low or ultra-low volume) and (2) the po t e n t i a l for 
better adherence, longer residual and possible increase i n b i o l o ­
g i c a l a c t i v i t y . The o i l s may be more compatible with c e r t a i n 
types of active pesticide formulations where s o l u b i l i t y or m i s c i -
b i l i t y may be increased and fiowable p a r t i c u l a t e type formulations 
may be better adaptable to the o i l s than the customary water-base. 
But, i n order to obtain a reduction i n t o t a l volume of a p p l i c a t i o n 
the drop size of the release
coverage and contact o
tained. P h y s i c a l l y t h i s i s not d i f f i c u l t to do. For example, i f 
the water-base spray has an average drop size of 300 microns and 
we reduce this by one-half to 150 microns the t o t a l number of 
drops i s increased by a factor of 8 (2 cubed). I f the applied 
volume i s then reduced from 19 A (2 gal/acre) to 2.3 i/ha (1 
qt/acre) the volume decrease i s also by a factor of 8 which means 
that 2.3 Z/ha (1 qt/acre) can be applied with drop numbers or 
equal coverage to the 19 A/ha (2 gal/acre) water-base spray. But 
t h i s i s not a l l of the story. Figure 2 shows the graphic drop 
s i z e d i s t r i b u t i o n of a spray from a D6-45 (.24 cm or 6/64 i n . 
o r i f i c e , #45 w h i r l plate) cone type nozzle directed with a 165 
km/hr (100 mi/hr) airstream. The vmd (volume median d i a . - half 
the drop volume i s i n drops above the vmd, and half below t h i s 
s i z e ) i s 327 microns, there are 2% of drop volume i s i n drops less 
than 122 microns d i a . (the drift-prone drops) and the R.S. or 
width of the spray drop size d i s t r i b u t i o n i s 0.71 where: 

90% size = 10% size 
K i > = 50% size 

Figure 3 shows data for a spinner atomizer i n a 110 mi/hr 
airstream. The vmd i s 140 microns, the % volume i n drops less 
than 122 microns i s now 24% while the r e l a t i v e span has increased 
to 1.23. I t i s t h i s tremendous increase of drops (less than 122 
microns dia.) from 2.0% for the 300 microns spray to 24% for the 
150 microns spray that i s a p o t e n t i a l source of trouble from a i r ­
borne transport of these small drops. These are carried away from 
the treatment area and a p o t e n t i a l e x i s t s for contact with humans 
and animals as well as unwanted deposit on non-target crops. 
These small drops have been found at distances of several miles 
from the actual applications (5). I f the material being released 
i s of low t o x i c i t y , or i n a remote area, the problem i s not 
serious. But for high t o x i c i t y materials the 24% loss which i s 
not c o n t r o l l e d , poses a serious problem. 
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I t i s to be noted that an increased pesticide e f f i c a c y can 
frequently be obtained with the small drop size sprays over the 
lar g e r ; t h i s i n spite of the 24% loss p o t e n t i a l that smaller drop 
s i z e sprays may have. Thus the inference has been drawn that 
small drop size sprays, where they can be used safely, are poten­
t i a l l y more b i o l o g i c a l l y active than large drop size sprays. Just 
how far thi s theory can be carried remains a function not only of 
the basic t o x i c i t y of the applied spray to the target organism, 
but also i s highly dependent on a p p l i c a t i o n parameters. In 
general, fi n e sprays and aerosols are more d i f f i c u l t to control 
than larger drop size sprays. Another factor d i f f i c u l t to 
r a t i o n a l i z e occurs when a spray cloud moves downwind. The leading 
edge close to the crop canopy i s turned under while the upper por­
tions move forward thus producing a r o l l i n g motion at the boundary 
of the cloud and the crop. D i f f e r e n t crop canopies would induce 
d i f f e r e n t degrees of r o l l i n d  with th  cloud
drops may be shattered
bulent mixing motion undoubtedly g  targe
coverage as well as f i l t r a t i o n of spray drops from the cloud. 

The t o t a l deposit recovery of a e r i a l l y applied sprays can be 
plotted as i n Figure 4. Here Mylar p l a s t i c f a l l o u t sheets were 
located at 0.6 m (2 f t ) i n t e r v a l s from 12 m (40 f t ) upwind to 25 m 
(82 f t ) downwind and at greater i n t e r v a l s out to 800 m (1/2 mi.) 
(see F i g . 1). These were analyzed for deposit of chemical and 
cumulatively plotted by computer to obtain the curves of Figure 4* 
The two curves, one for a water-base ec and the other i s oil-base 
spray, had drop diameters of approximately 300 microns vmd for the 
water and 150 microns vmd for the o i l . As can be seen, the reco­
very out to 106 m (350 f t ) i s low at around 66% for the o i l and 
80% for the water and i s related b a s i c a l l y to the drop size being 
produced. Figure 5 shows a series of recovery curves for sprays 
of d i f f e r e n t drop sizes commencing at the top for Curves A, B, C 
of very large drop size of 500 to 1,000 microns vmd used for her­
b i c i d e s . These are produced with simple o r i f i c e - j e t and large 
hollow cone nozzles such as D6-46 and D6-56 (Spraying Systems 
Co.). The addition of a polymer thickener to a water-base spray 
w i l l also produce very large drop s i z e . Curve D for a 200 microns 
spray and Curve Ε for a spinner at 150 microns vmd show recoveries 
out to 660 f t of 90% and 59% respectively. These l a t t e r curves 
are for the drop sizes commonly used for insect control sprays. 

Figure 6 shows the r e s u l t i n g downwind d r i f t - l o s s pattern when 
an o i l and a water-base spray of the same drop size i s used. Here 
the evaporation of the water reduces the deposit at points closer 
to the ap p l i c a t i o n while the non-evaporative o i l shows a higher 
deposit out to about one mile, where the two curves cross. The 
c h a r a c t e r i s t i c of non-evaporative o i l sprays i s to deposit i n 
greater amounts out to about one mile distance when compared with 
water base sprays, also the o i l appears to have less material l e f t 
to deposit beyond the one mile. Thus a low evaporative base spray 
produces a wider extended swath and requires wider buffers than a 
water-base a p p l i c a t i o n . 
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Figure k. Deposit recovery, o i l and water base sprays. 
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Figure 7 i l l u s t r a t e s the r e l a t i o n s h i p of the (A) flagged swath 
width (B) actual t o t a l downwind or extended swath and (C) the a i r ­
borne or what we i d e n t i f y as the d r i f t - l o s s portion. Allowance 
must be made (such as buffer zones) for the swath displacement 
which a c t u a l l y i s desirable i n smoothing out the frequently rough 
d i s t r i b u t i o n patterns i n an a i r c r a f t swath (Figure 8)· The por­
t i o n of Figure 7 with which we should always be concerned i s the 
airborne d r i f t - l o s s from drops of 100 microns d i a . and smaller. 

Figure 8 i l l u s t r a t e s the swath pattern r e s u l t i n g from the use 
of a polymer v i s c o e l a s t i c material added to the water-base spray. 
As can be seen the swath width i s reduced from 15 to 13 m (60 to 
42 f t ) and deposit i n the flagged swath increased from 29% to 70%. 
But the drop size has increased from around 400 microns vmd to 800 
microns. This i s quite s a t i s f a c t o r y as long as the material being 
used remains b i o l o g i c a l l y e f f e c t i v e i n such large drops. But the 
use of polymer additive
not normally suited t
drops are needed for b i o l o g i c a l effectiveness. A further compli
cation i n polymer use i s i l l u s t r a t e d i n Table 1. Here a D6-46 
nozzle i s operated at 275 kPa (40 l b / i n 2 ) i n a 165 km/hr (100 
mi/hr) airstream. The vmd for water when directed with the 
airstream (0 degrees) i s 451 microns. When directed at 90 degrees 
to the a i r i t i s 286 microns. When the polymer i s added, the drop 
s i z e at 0 degrees increases to 850 and at 90 degrees to 538 
microns. But note what happens to the % volume i n drops under 122 
microns. With water t h i s was 1.2 and 3% for 0 and 90 degrees, but 
when polymer was added i t Was 1% for 0 and 4% for 90 degrees. 
Thus there would be no reduction i n the airborne losses with the 
polymer added even though the swath width was narrowed and deposit 
i n t h i s measured or flagged swath was up from the water spray. 
This point must c a r e f u l l y be considered before adding a polymer to 
any spray. Also shown i n Table 1 i s drop size data on sprays with 
B i v e r t a spray adjuvant and chlordimeform, an i n s e c t i c i d e . These 
showed a small increase i n vmd when Bive r t was added and reduced 
vmd with chlordimeform. The % volume i n drops less than 122 ym i s 
increased above that of water. 

Table 2 shows the res u l t s of drop size studies on an 8001 fan 
nozzle spraying o i l and water at 0 and 90 degrees to the airstream 
of 100 mi/hr. L i q u i d pressure was maintained at 275 kPa (40 
l b / i n 2 ) . As can be seen the o i l (cottonseed) caused the vmd to be 
reduced somewhat, and increased the % volume i n drops less than 
122 microns d i a . The chlordimeform-Pydrin-oil mixture increased 
the vmd s l i g h t l y . Table 3 shows a serrated cup spinner operated 
at d i f f e r e n t a i r speeds with water and with o i l . Again the drop 
s i z e decreases with the o i l , but even more impressively the drops 
below 122 microns have gone up s i g n i f i c a n t l y due to the charac­
t e r i s t i c of t h i s spinner to produce small drops. The changes i n 
r o t a t i o n a l speed and l i q u i d flow rate a l t e r the drop size s i g n i f i ­
c a n t l y . Table 4 presents data on the Micronair AU 5000 operated 
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AIRCRAFT 
T-THRUSH 13.5m (44ft) WING , 9.2 m(30 f t) BOOM 
SWATH WIOTH 12.8m ,18.3 ( 4 2 , 6 0 f t ) 
% DEPOSITION (SWATH) 2 9 % , 7 0 % 

48 36 24 12 0 12 24 36 48 (ft) 

Figure 8 . Aircraft swath pattern, water and water plus 
polymer. 
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TABLE IV. Mini-Micronair AU 5000, Exl772 
A i r Speed 165 km/hr (100 mi/hr), 9.22 cm (3.63 in.) blade, 35 degrees 

Flow rate % v o l . 
gal/min £/min rpm °V.5 R.S. < 122 ym 

4 15 8,000 122 0.99 50 

2 7.5 9,100 94 1.27 81 

.4 1.5 9,500 94 1.06 92 

at 3 flow rates* Thi
for t h i s spinner i s s i m i l a
hydraulic nozzles when operated i n the 165 km/hr (100 mi/hr) 
airstream. 

In summary, a wide range of parameters a f f e c t the a e r i a l 
a p p l i c a t i o n of pes t i c i d e s , b i o l o g i c a l and chemical i n the forest 
areas. The role of spray drop size i s dominant and t h i s paper has 
t r i e d to evaluate the drop size c h a r a c t e r i s t i c s of a few customary 
nozzles as well as some data on additives and vegetable oil-base 
sprays. The volume reduction that i s usually offered when an o i l -
base spray i s considered must be matched or at least approached by 
a reduction i n drop size i n order to maintain b i o l o g i c a l e f f i c a c y . 
But i n reducing drop size we also increase d r i f t - l o s s e s and the 
p o t e n t i a l problems these i n turn can cause on non-target crops and 
the general habitat. Obviously what i s needed i s an atomizer that 
produces a l l of the drops near an i d e a l 200 microns average size 
and cuts off the small drift-prone drops as well as the wasteful 
large ones. Such a device i s shown i n Figure 9 which i s c a l l e d an 
Aerodynamic nozzle. The drop d i s t r i b u t i o n i s shown i n Figure 10 
The l i m i t a t i o n s on t h i s are the requirement for an o r i f i c e 
diameter of 1/2 the drop size being produced, or about 127 microns 
or 0.0127 cm (0.005 inches) for the 200 microns diameter drop. We 
haven't found a way to keep such an o r i f i c e from blocking as yet. 
But there are other means which we are i n v e s t i g a t i n g which we hope 
w i l l enable us to get that narrowed drop size range without which 
the future of reduced volume sprays w i l l remain under the cloud of 
the d r i f t - l o s s problem. The p o t e n t i a l for vegetable oil-base 
sprays i n reduced or ultra-low volumes, 1 to 2 Jl/ha (1/2 to 1 
qt/ac), i s excellent and with better drop size controls t h i s 
valuable technique w i l l f i n d broader favor for a wide v a r i e t y of 
forest and a g r i c u l t u r a l spraying. 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
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Figure 9 · Aerodynamic monodisperse atomizer. 
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Figure 10. Spray drop size, aerodynamic nozzle. 
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10 
Deposition of Chemical and Biological Agents 
in Conifers 

JOHN W. BARRY 

U.S. Department of Agriculture, Forest Service, Forest Pest Management, Davis, CA 95616 

Accounting for aerially released pesticides 
involves techniques for sampling and assessing 
pesticide drops withi
USDA Forest Servic  (FS)
for pesticide sprays has supported research to 
quantify deposition in the canopy, on foliage, and 
beneath the tree. This paper reviews results of 
several FS aerial spray projects. Field methods 
included spray deposit sampling with cards and 
assessing foliage for presence of pesticide drops 
and tracers. Results show that conifers are 
relatively efficient collectors of spray drops and 
that deposits decrease from the upper to the lower 
crown. The majority of drops observed on 
coniferous foliage are below 60 μm in diameter. 
Results indicate that recovery of spray is 
influenced by application rate, drop size, tree 
species, and density of foliage. 

The ban on the chlorinated hydrocarbon pesticides during the 
early 1970 fs resulted i n a search for methods to improve the 
e f f i c i e n c y of a e r i a l a p p l i c a t i o n of pesticides to f o r e s t s . I t 
soon became apparent that the use of l e s s persistent chemical and 
b i o l o g i c a l agents to control d e f o l i a t o r s such as the tussock 
moth and spruce budworm, would require a higher degree of 
appl i c a t i o n precision than previously had been practiced. 
Candidate agents required more attention to appl i c a t i o n timing, 
atmospheric conditions, and the target's physical and behavioral 
c h a r a c t e r i s t i c s . Bnphasis was given to developing methods which 
would increase p e s t i c i d e deposit on the target. 

Concurrent with the need to improve a e r i a l a p p l i c a t i o n , needs 
have been expressed for techniques which w i l l a s s i s t i n 
accounting for pesticides released over f o r e s t s . While a t o t a l 
accountancy or mass balance of a e r i a l l y released spray may be an 
unattainable goal, 90 percent accountancy may be at t a i n a b l e . 

This chapter not subject to U.S. copyright. 
Published 1984, American Chemical Society 
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Accountancy i s a complex process as i t includes the e n t i r e tank 
m i x — c a r r i e r , d i l u t e n t , adjuvant and the active ingredient. 

The forest pest manager has a need for information on how 
much spray reaches the tree crown and the forest f l o o r , or d r i f t s 
o f f the target. Understanding i n t e r a c t i o n of spray within the 
tree crown, quantifying the c o l l e c t i o n of drops by f o l i a g e 
elements, and determining how much spray deposits on the forest 
f l o o r are part of the accountancy process. 

Consistent with the concern to improve the e f f i c i e n c y of 
a e r i a l a p p l i c a t i o n there has been an attempt over the past 20 
years to determine where spray drops deposit i n coniferous 
f o r e s t s . Researchers such as Hurtig et a l . (JO $ Snowden et a l . 
( 2 ) , Thompson et a l . (3.) » Barry et a l . ( 4 ) , Joyce et a l . (5.) • 
Armstrong and Yule (6), and Sundaram ÇH f have reported on the 
deposit of pest i c i d e drops on c o n i f e r s . Himel and Moore (8), 
reported that the highes
caused by p a r t i c l e s l e s
prompted others to look at what was being deposited d i r e c t l y on 
target following conventional ap p l i c a t i o n methods. These and 
s i m i l i a r studies have helped to provide us an understanding of 
the behavior and deposition of spray drops i n coniferous f o r e s t s . 
The r a t i o n a l e for these studies i s based on the assumption that 
once we have determined what i s deposited i n t r e e s , steps can be 
taken to apply the proper number and size range of drops to 
achieve r e s u l t s . Safe, e f f e c t i v e , and economical applications 
are dependent upon information generated by such studies. 

Several factors are known to influence deposition of drops on 
fo l i a g e and in s e c t s . These include drop s i z e , wind speed, target 
shape and s i z e , density and type of f o l i a g e , and v e l o c i t y of the 
f a l l i n g drops. Other factors have a l e s s defined r o l e such as 
the microenvironment surrounding the target, physical and 
chemical aspects of the drops, and c h a r a c t e r i s t i c s of the target 
surface, including i t s e l e c t r i c a l charge (9). Research i s needed 
to understand the contribution of these factors to drop 
deposition, impaction, and retention on f o l i a g e . 

This paper reviews observations on the deposition of spray 
drops on tre e s , f o l i a g e , and the f l o o r of coniferous f o r e s t s . 
The data presented provides some in s i g h t into our knowledge of 
spray behavior i n coniferous f o r e s t s . 

Deposition on Forest Floor 

The f i l t r a t i o n of drops by coniferous f o l i a g e has a pronounced 
af f e c t on what reaches the forest f l o o r . Maksymiuk (10) 
suggested that ground samplers should be placed three or more 
tree heights from the nearest tree to avoid f i l t e r i n g of drops. 
T y p i c a l l y as part of the spray cloud descends to the ground af t e r 
release, i t descends at an angle due to wind. In the absence of 
wind the spray tends to descend perpendicularly with the smaller 
drops expanding l a t e r a l l y . Our observations indicate that under 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
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low wind v e l o c i t i e s (<6 mph) fin e drops (<50 μπι) and large drops 
O400 μπι) tend to penetrate open spaces i n Douglas-fir canopies 
and deposit on the forest f l o o r . Small drops, which do not 
deposit on f o l i a g e , apparently meander around objects within the 
crown eventually s e t t l i n g and coming to rest on the ground. 
Large drops have a more d i r e c t f a l l angle and pass by fewer 
objects i n t h e i r course to the ground. Under higher wind 
v e l o c i t i e s or atmospheric i n s t a b i l i t y the penetration pattern of 
drops may change s i g n i f i c a n t l y . 

To estimate amount of spray penetrating the canopy and 
depositing on the ground, we c o l l e c t e d spray on Kromekote paper 
cards. Tables I-IV provide deposit data from several a e r i a l 
a p p l i c a t i o n projects. As expected more spray was recovered on 
the ground i n the open forest than was recovered beneath t r e e s . 
To estimate what might be i n the crown or l o s t to the atmosphere, 
we subtracted deposits
obtained i n the open. Althoug
a p p l i c a t i o n rate range widely, i t i s apparent that co n i f e r s 
c o l l e c t a large portion of the spray. These data r e f l e c t the 
spray deposit which might be expected from conventional chemical 
and b i o l o g i c a l forest spray operations. The o i l base sprays 
showed higher recoveries than the water-base spray. We assume 
that a s i g n i f i c a n t volume of the water-base spray was l o s t to 
evaporation. For comparison purposes recoveries of spray 
released over f l a t , open t e r r a i n are shown i n Table V. 

Data from Tables I-V show that deposits i n the open from 
low-volume a e r i a l sprays range from 8 percent to 82 percent; and 
beneath trees from 3 percent to 39 percent. The percentages vary 
due to drop size of the spray, meteorology, properties of the 
tank mix, and release height. Improved formulations, uses of low 
v o l a t i l e tank mixes, attention to atmospheric conditions which 
support deposition, and improvement i n sampling methods should 
increase accountancy. 

Deposition i n the Crown 

Researchers (Armstrong and Yule (6), and Snowden (2)) provided 
information on d i s t r i b u t i o n of spray i n the crown; however, data 
often has been lacking on quantifying the pest i c i d e spray 
immediately before i t penetrates the canopy. 

In 1980 the FS conducted an a e r i a l spray t e s t i n a F l o r i d a 
seed orchard to obtain data on penetration of spray into the 
canopy (^6). As part of the test design, spray was sampled on 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
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126 CHEMICAL AND BIOLOGICAL CONTROLS IN FORESTRY 

Table V. Recoveries of Bac i l l u s thuringiensis (Thuricide 16B) 
and carbaryl (Sevin 4-oil) on Kromekote cards 

over f l a t open t e r r a i n . 

Recovery ^ _ 
Volume Volume 

T r i a l Time Insecticid G/

2 1820 Thuricide 16B 32 156 0.124 12 
3 1842 Thuricide 16B 29 148 0.0827 8 
4 0647 Thuricide 16B 39 167 0.237 24 
5 0710 Thuricide 16B 52 190 0.2263 23 
6 0733 Thuricide 16B 37 189 0.3125 31 
7 0753 Thuricide 16B 45 120 0.078 8 
8 0804 Thuricide 16B 40 130 0.076 8 
9 0815 Thuricide 16B 65 144 0.131 13 
11 1845 Sevin 4-oil 34 133 0.1527 31 
12 1912 Sevin 4- o i l 45 125 0.1777 36 
13 1923 Sevin 4-oil 40 133 0.1998 40 

2 Table from Barry et a l . (J_5). 
Recovery i s expressed as a function of application rate (1 

gallon/acre for Thuricide 16B, and 0.5 gallon/acre for Sevin 
4-oil) and amount recovered on ground. Volume (%) i s the % 
recovered of the application rate. 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
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10. BARRY Deposition of Agents in Conifers 127 

Mylar sheeting immediately above the canopy, at three leve l s in 
the crown, and at each cardinal position in the canopy. A s a l t 
(MnSO^) was added to the tank mix as a tracer (VJ). One spray 
application was made at tree top by a Hughes 500C helicopter and 
two applications by a Stearman fixed-wing a i r c r a f t . 

Analysis of MnSO^ tracer from c y l i n d r i c a l samplers revealed 
that a high percentage of the spray was unaccounted for only a 
few feet below the canopy top. A few feet below the canopy top, 
67 to 75 percent of the spray was unaccounted for in the slash 
pine, and 75 to 83 percent was unaccounted for in the Ocala sand 
pine. Approximately 20 feet below the canopy top 77 to 90 
percent of the spray was unaccounted for in the slash pine, and 
85 to 95 percent in the Ocala sand pine. This trend was 
consistent from t r i a l to t r i a l and tree to tree. Results are 
given in Table VI. 

The high percent o
f i l t r a t i o n of the spra
evaporation. The effect was pronounced in the Ocala sand pine, a 
more densely foliated species than the slash pine. Dense foliage 
acts as fibers in a f i l t e r . As the number of fibers increase 
there are fewer open spaces for drops to penetrate without 
c o l l i d i n g with a f i b e r , in t h i s case a needle. As the foliage 
c o l l e c t s drops at the upper crown there are fewer available to 
the lower crown l e v e l s . These results suggest that pines, even 
with their sparse foliage compared to spruce and f i r , are 
e f f i c i e n t c o l l e c t o r s of spray drops. 

Deposition of Foliage 

Himel and Moore (8), observed mostly small drops on western 
spruce budworm larvae. They used a fluorescent p a r t i c l e tracer 
in the mexacarbate spray. The question following their study was 
whether the drops from other pesticide tank mixes would behave in 
a similar manner. Was the deposition of drops on larvae 
influenced by physical properties of the tank mix, application 
technique, or other factors? These and other questions provided 
the basis for investigations. In 1971 the FS i n i t i a t e d studies 
on an opportunity basis, to pursue the question of drop 
déposition on coniferous foliage. 

One study (JJ3) showed that a e r i a l l y applied pigmented 
mexacarbate par t i c l e s observed on western spruce budworm larvae 
and Douglas-fir needles were minute (Table VII). Eighty-seven 
percent of the particles found on western spruce budworm larvae 
were less than 16 ym in diameter while 87 percent of the 
particles found on Douglas-fir needles were less than 11 ym in 
diameter. It i s noteworthy that 76 percent of the pa r t i c l e s 
observed on the larvae were 6 to 15 um in diameter. We assume 
that the p a r t i c l e size d i s t r i b u t i o n in the f i e l d was similar to 
the par t i c l e size d i s t r i b u t i o n measured in the laboratory. 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
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130 CHEMICAL AND BIOLOGICAL CONTROLS IN FORESTRY 

Results suggest that the observation of a high percentage of 
small pa r t i c l e s on larvae and needles was not overly influenced 
by a high percentage of minute pa r t i c l e s in the particulate 
cloud. 

Table VII. Distribution by percent of pa r t i c l e s found on three 
c o l l e c t i o n surfaces. 

P a r t i c l e size 1 Collection surfaces 
Categories Si ze Impaction Western spruce Douglas-fir 

(μπι) di s t r i b u t i o n plates budworm larvae needles 
<« 

<6 94.54 15.2 10.7 60.8 
6-10 3.92 
11-15 0.14 
16-20 0.28 13.5 8.7 2.6 
21-25 0.14 6.8 3.3 0.5 
>25 0.7 48.4 1.3 1.0 

1 Particle size d i s t r i b u t i o n of the tank mix. 

(.Reproduced with permission from Ref. 1 8 . Copyright 1 9 7 7 5 

Entomological Society of America.) 

In another study ( J 9 ) we evaluated dyed drops which had been 
applied a e r i a l l y by helicopter over a Montana forest. Three tank 
mixes were studied, a wettable powder tank mix of Bacillus 
thuringiensis (B.t.), carbaryl, and t r i c h l o r f o n . The VMD of the 
spray was 320 ym for B.t.; 261 ym for carbaryl; and 281 ym for 
t r i c h l o r f o n . Results (Table VIII) showed that 86 to 94 percent 
of the drops observed on Douglas-fir needles were less than 61 ym 
in diameter, and 71 to 40 percent were less than 16 ym in 
diameter. Drop stains on needles were corrected for spreading by 
applying a spread factor to calculate their airborne drop 
diameters. 

Other studies were conducted by the FS in 1976 to expand the 
data base on the size of drops which deposited on Douglas-fir 
needles. These studies provided an opportunity to determine i f 
the drop size d i s t r i b u t i o n would be similar to drop size 
distributions of tank mixes studied e a r l i e r . The 1976 study 
involved a e r i a l application of acephate and t r i c h l o r f o n , and the 
1981 study involved Bacillus thuringiensis (Dipel 4L and 
Thuricide 16B). These data have not been published or reported 
previously. The chemical tank mixes were applied by helicopter 
and the B.t. tank mixes were applied by fixed-wing a i r c r a f t . 
Each tank mix was applied at one gallon per acre to three 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



Ta
bl

e 
VI

II
. 

Nu
mb
er
 o

f 
dr

op
s 

ob
se

rv
ed
 o

n 
ne

ed
le

s 
by

 s
iz

e 
ca

te
go

ri
es

. 

Ba
ci

ll
us

 
th

ur
in

gi
en

si
s 

Ca
rb

ar
yl

 
Tr

ic
hl

or
fo

n 
Tr

ia
l 

2 
Tr

ia
l 

3 
Tr

ia
l .
 6
 

Tr
ia

l 
8 

Dr
op

 
si

ze
 

ca
te

go
ry

 
No
. 

Cu
m.
 

No
. 

Cu
m.
 

No
. 

Cu
m.
 

No
. 

Cu
m.
 

( 
m)
 

dr
op

s 
pe

rc
en

t 
dr

op
s 

pe
rc

en
t 

dr
op

s 
pe

rc
en

t 
dr

op
s 

pe
rc

en
t 

<4
 

96
 

12
.1
5 

10
8 

15
.8
6 

13
7 

11
.4
0 

35
3 

18
.8
5 

4-
10
 

22
6 

40
.7
6 

23
9 

50
.9
6 

23
6 

31
.0
3 

32
3 

36
.1
0 

10
-1
5 

17
2 

62
.6
3 

13
9 

71
.3
7 

10
6 

39
.8
5 

20
0 

46
.7
8 

15
-2
1 

43
 

67
.9
7 

28
 

75
.4
8 

13
9 

51
.4
1 

22
8 

58
.9
5 

21
-3
1 

11
4 

82
.4
0 

90
 

88
.7
0 

25
4 

72
.5
4 

33
8 

77
.0
0 

31
-4
1 

31
 

86
.3
2 

10
 

90
.1
7 

76
 

78
.8
6 

11
6 

83
.1
9 

41
-6
1 

45
 

92
.0
2 

24
 

93
.6
9 

88
 

86
.1
8 

57
 

86
.2
3 

61
-8
1 

27
 

95
.4
4 

25
 

97
.3
6 

73
 

92
.2
5 

10
8 

92
.0
0 

82
-1
21
 

16
 

97
.4
7 

7 
98
.3
9 

45
 

95
.9
9 

87
 

96
.6
4 

12
1-
15
1 

8 
98
.4
8 

8 
99
.5
6 

26
 

98
.1
5 

21
 

97
.7
6 

15
1-
20
0 

9 
99
.6
2 

1 
99
.7
1 

17
 

99
.5
6 

24
 

99
.0
4 

>2
00
 

3 
10
0 

2 
10
0 

5 
99
.9
8 

18
 

10
0 

To
ta

ls
 

79
0 

68
1 

12
02
 

18
73
 

(R
ep
ro
du
ce
d 
wi

th
 p

er
mi

ss
io

n 
fr
om
 R
ef
. 

1
9

. 
Co

py
ri

gh
t 

1
9

7
8

, 
Am
er
ic
an

 S
oc

ie
ty

 A
gr

ic
ul

tu
re
 E

ng
in

ee
rs

.)
 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



132 CHEMICAL AND BIOLOGICAL CONTROLS IN FORESTRY 

separate spray blocks. Needles were collected from 75 trees in 
each block and examined under the microscope for presence of drop 
stains. The majority of drop stains observed on needles were 
measurable. The drop stain sizes were not converted to drop 
sizes; however, drops were estimated to spread on needles roughly 
2 times their airborne diameter. Results (Table IX) showed 73 
percent of the tr i c h l o r f o n drop stains and 63 percent of the 
acephate drop stains were less than 101 ym in diameter. 

The B.t. drop stain sizes from the 1981 study were assessed 
in a similar manner as the chemical tank mixes. Results (Table 
X) d i f f e r e d , however, from the 1976 chemical applications. Sixty 
percent of the Dipel 4L drop stains were less than 42 μ m in 
diameter and 42 percent of the Thuricide 16B drop stains were 
less than 31 ym in diameter. Differences between the chemical 
and b i o l o g i c a l spray drop size d i s t r i b u t i o n , however, may be due 
to variation in spreadin
needle. There was no s t a t i s t i c a
d i s t r i b u t i o n of the drop stain sizes between the two B.t. tank 
mixes or between the two chemical tank mixes. 

Table IX. Distribution of chemical stains on Douglas-fir needles 
by drop stain size, Montana, 1976. 

Chemical/ Drop/stain size d i s t r i b u t i o n (ym) 
spray block 

50 51-
100 

101-
150 

151-
200 

201-
250 

251-
300 

301-
350 

351-
400 

Trichlorfon 7 686 391 214 121 85 44 16 22 
2 2311 1028 596 171 106 43 21 34 
1 784 569 234 177 94 49 32 46 

Totals 3781 1988 1044 469 285 136 69 102 
Percent 48.0 25.2 13.3 6.0 3.6 1.7 0.9 1.3 

Acephate 8 613 440 210 176 75 62 27 30 
5 280 285 186 129 95 47 28 59 
3 919 797 333 210 132 71 18 65 

Totals 1812 1522 729 506 302 180 73 154 
Percent 34.4 28.8 13.8 9.6 5.7 3.4 1.4 1.9 

From these two studies we concluded that the majority of 
drops depositing on Douglas-fir needles are less than 60 μπι in 
diameter. This conclusion i s sign i f i c a n t to the efficacy of 
spray operations. Most low-volume applications (1 gallon per 
acre) have consisted c h a r a c t e r i s t i c a l l y of spray VMD's in the 225 
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to 350 ym range. This places 50 percent of the spray volume i n 
drops below 113 to 175 ym. I t can be seen that l i t t l e of the 
volume i s i n drops which deposit on needles. U n t i l the droplet 
spectrum of pesticide sprays applied to the canopy top i s 
characterized by number and size of drops, we can only speculate 
as to why we are observing mostly small drops on needles. 
Reduction of drop diameters by evaporation i s not a l i k e l y 
explanation as the phenomena i s observed under conditions of high 
r e l a t i v e humidity and when using low v o l a t i l e o i l sprays. One 
explanation might be that large drops, with high f a l l v e l o c i t i e s , 
may shatter in t o numerous small drops upon c o l l i d i n g with tree 
elements. I t has been calculated (18) that Douglas-fir w i l l 
c o l l e c t p a r t i c l e s mostly i n the 11 to 35 ym size under wind 
v e l o c i t i e s of 0.5 to 4.5 meters per second; however, the best 
explanation i s explained by p r o b a b i l i t y . Although we have not 
characterized the smal
probably a greater numbe
previously believed. I f t h i s i s the case there i s a large 
population of drops <50 ym available i n pesticide spray clouds 
and thus a higher p r o b a b i l i t y of one c o l l i d i n g with a needle. 

Spray Drop Density on Conifer Needles 

The F l o r i d a seed orchard project conducted i n 1980 (J6) provided 
an opportunity to study drop deposit on needles of two d i s t i n c t 
pine species. Five gallons of a dyed water base tank mix was 
applied per acre by a i r c r a f t . Drop sta i n s were counted on 
needles microscopically. The VMD of the spray as determined on 
Kromekote cards was approximately 350 ym. Depending upon tree 
species and crown l e v e l , drop stains per centimeter length of 
needle ranged from 0.5 to 17.7 drops. A higher drop density was 
observed on the sparsely f o l i a t e d slash pine than on the dense 
f o l i a t e d Ocala sand pine (Table X I ) . A s i g n i f i c a n t l y greater 
density of drops was observed i n the upper crown of both species 
as compared to the lower crown. 

Table XI. Deposit of drop stains on pine needles expressed as 
number of drops per cm length of needle. 

Slash pine Sand pine 
Location Tree 1 Tree 2 Tree 9 Tree 10 

Upper crown 
Middle crown 
Lower crown 

6.8 
3.9 
3.4 

15.6 
17.7 
10.7 

1.8 
1.3 
1.0 

0.8 
1.3 
0.5 

(Reproduced with permission from Ref. k. Copyright 198l, 
Verlag Paul Parey.) 
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The 1981 New Mexico study previously discussed also provided 
an opportunity to study drop deposits on Douglas-fir needles. 
One gallon of tank mix per acre was applied a e r i a l l y . The VMD of 
the Dipel 4L spray was 239 ym and for the Thuricide 16 Β spray i t 
was 221 ym. Needle samples were collected from branch tips 5 
feet above ground. Approximately 900 needles from the three 
Dipel blocks and 900 needles from the three Thuricide blocks were 
examined microscopically. We found from 0.31 to 0.55 drop stains 
per centimeter length of needle from the Dipel treated blocks, 
and 0.20 to 0.44 drop stains per centimeter length of needle from 
the Thuricide treated blocks (Table XII). 

Table XII. Deposit of drop stains on Douglas-fir needles, 
New Mexico, 1981. 

Spray block Drop stain/cm length 
of Douglas-fir needle 

1 Dipel .31 
2 Dipel .53 
3 Dipel .55 
4 Thuricide .44 
5 Thuricide .39 
6 Thuricide .20 

Conclusion 

The data sets reviewed, document our knowledge on the deposition 
of a e r i a l sprays released over coniferous forests. Conifers are 
r e l a t i v e l y e f f i c i e n t c o llectors of spray drops as more drops are 
consistently observed on the ground in open areas than beneath 
trees. Spray which penetrates the upper canopy, and i s 
unaccounted for on samplers in the lower canopy, probably was 
f i l t e r e d out by folia g e . More deposits are observed in the upper 
crown than in the lower crown. Data are lacking, however, on the 
fate of drops which do not penetrate the canopy. There i s a 
potential for these drops to penetrate the canopy downwind or to 
d r i f t o f f target. 

The majority of drops observed on needles usually are less 
than 60 ym in diameter. We have no s c i e n t i f i c explanation as to 
the fate of large drops or why mostly small drops are found on 
needles. Technology i s needed which w i l l reveal the physical 
changes of spray drops as they leave the atomizer and enter the 
canopy. Large drops may be shattering when they c o l l i d e with 
conifers or they may be too few to detect. After spraying we 
also observe a high percentage of small drops on the forest 
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f l o o r . This suggests that there i n i t i a l l y was a large population 
of small drops. Shattering of large drops by foliage also may 
add to the small drop population. Field research i s needed to 
provide information on atomization and behavior of spray in tree 
canopies. 

The assumption that spray which i s unaccounted for on the 
forest floor i s l o s t by d r i f t processes i s not supported by data 
presented in thi s paper. 
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Droplet Deposition and Drift in Forest Spraying 

CHARLES J. WIESNER 

Research and Productivity Council, P.O. Box 6000, Fredericton, New Brunswick, 
E3B 5H1, Canada 

This paper presents the results of recent experiments aimed 
at elucidating relationships between atmospheric stability 
and spray depositio  conife  foliage  Whil  th  aerial 
application parameter
New Brunswick spruce budwor  operation, e conclusions 
should be applicable to problems of spray accountability in 
general. 

The spruce budworm, Choristoneura fumiferana (Clem.) is one of the 
most widely established of all coniferous forest defoliators. This pest 
presents a particular threat in New Brunswick which is 80% forested 
with largely budworm-prone species. A sequence of epidemic outbreaks 
has affected these regions for at least 200 years. It appears that large 
scale outbreaks tend to develop where extensive areas of susceptible 
host stands approach maturity, possibly triggered by several seasons of 
weather especially conducive to budworm survival. Historically, the 
result of such outbreaks in New Brunswick has been the death of large 
tracts of spruce/fir forests in 30-50 year cycles (J_). The tremendous 
growth of the pulp and paper industry in this century has made these 
soft woods a highly valued resource and has put New Brunswick's forest 
industry and socio-economic well-being in direct competition with the 
budworm. 

Based on studies of the 1912-1920 epidemic, forest entomologists 
predicted another outbreak in the 19Ws. Nature did not disappoint 
them and by 1951 heavy infestation was recorded over 2,200 square 
miles in northern New Brunswick. In view of the immense losses 
experienced in the earlier outbreak, the pulp and paper industry and 
the provincial government in 1952 initiated, on a cost-shared basis, a 
spraying operation using DDT over 75,000 hectares of prime forest. 
On the basis of that operation, it was concluded that a large 
proportion of the larvae were indeed killed and a significant degree 
of foliage was saved. At the same time it was clearly demonstrated 
that the insect could not be "eradicated" since long range re-invasion 
by mated females ensured a significant re-infestation of the sprayed 
area the following year. 

0097-6156/ 84/ 0238-0139506.00/ 0 
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Following the 1968 decision to discontinue the operational use in 
New Brunswick of DDT (a decision which predated both federal and 
provincial regulatory bans), a number of alternatives have been used 
including phosphamidon, fenitrothion, aminocarb and Bacillus 
thuringiensis. 

In the last several years of the current outbreak, approximately 
1.6 million hectares of forest land have been sprayed per year. The 
areas to be treated in any given season are selected by means of a 
rating system based on population forecasts, previous defoliation and 
stand vigour. The same stands are usually not sprayed in successive 
years (1). 

In spite of numerous studies attesting to negligible environmental 
impact of spray operations in New Brunswick, public pressure has 
resulted in the need for ever-increasing sophistication in the 
monitoring of off-target insecticide drift and the ability to 
understand and predict such drift. Consequently, the province has 
provided extensive suppor
drift and efficacy. In orde
develop the necessary interdisciplinary approach, the New Brunswick 
Spray Efficacy Research Group (NBSERG) was formed. NBSERG is not 
a centralized research group or institution but an association of 
scientists representing those disciplines which are implicated in the 
mechanistic definition of spray drift and efficacy. These include 
chemists, physicists, engineers, meteorologists, foresters, 
entomologists and spray operators. 

The present study illustrates one segment of the cooperative and 
multidisciplinary spray research being carried out under the aegis of 
NBSERG. 

Background 

A widely held doctrine has been that both wind and small droplets are 
an anathema to aerial spraying in that both significantly enhance 
drift. While "common sense" appears to support these convictions, 
analysis of the mechanisms of droplet transport and impaction reveals 
that, under most circumstances, quite the opposite is true. 

Qualitative evidence in support of the effectiveness of 
turbulent, small droplet spraying has been available for some time but 
has largely been ignored. For example, studies at the Cranfield 
Institute of Technology, and the CIBA-GEIGY Agricultural Aviation 
Research Unit in England have demonstrated that turbulent eddies 
immediately above the canopy provide an efficient mechanism for 
vertical transport of small droplets into the canopy (2). In the 
absence of such turbulence - that is under stable atmospheric 
conditions, small droplets having relatively slow sedimentation 
velocities tend to drift slowly off target. 

Deposit assessment methodology has been a major obstacle to the 
advancement of our understanding of the spray process. It is now 
largely accepted (3) that droplet deposit on cards (the most common 
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assessment tool) is an inadequate measure of deposition on the real 
target - pest habitat foliage. Under conditions of increased wind and 
turbulence, when the sedimentation component of even large droplets 
diminishes in importance, this technique may fail entirely. 

It is important to realize that while assessment of spray efficacy 
by larval mortality or foliage saved provides a measure of the overall 
result of the operation, it yields no insight into the reasons for 
success, variability or failure. In other words, it is not a diagnostic 
research tool. Such a tool is essential to the interpretation of results. 
Consequently, several methods have been developed to enable 
counting and sizing of drops impacted on foliage and insects. For 
example, in 1967 using his newly developed fluorescent particle 
method, Himel OW was able to demonstrate that no significant numbers 
of spray droplets larger than 50 μ in diameter impacted on western 
spruce budworm larvae during a test in Montana although the spray 
spectrum was broad, with
estimated that the biologicall
the portion having diameters below about 100 μ, constituted only a 
few percent of the emitted spray volume. 

In 1978 Barry and Ekblad (5) used dyed spray mixes with volume 
median diameters between 250 and 350 microns to determine the 
droplet spectrum deposited on conifer needles. Two applications of 
Bacillus thuringiensis and one each of carbaryl and trichlorphon gave 
remarkably similar results. Approximately 95% of all drops observed 
on foliage were less than 82 microns in diameter, with an average 
deposit close to 2 drops per needle. The conclusion again was that 
only those drops significantly smaller than 100 μ are effective in 
reaching and depositing uniformly on the target. Large drops, while 
carrying the bulk of the insecticide, are very few in number and are 
found on such a small percentage of needles that they can contribute 
little to insect mortality. 

In 1979 Crabbe et al (6) investigated the effect of meteoro­
logical conditions on long-range drift in New Brunswick (Table I) and 
were able to demonstrate a significant increase in drift with 
increasing atmospheric stability at both 7.5 and 24 km downwind. 

As a follow-up to these and other pioneering studies recent 
efforts in New Brunswick have been aimed at establishing quantitative 
relationships between meteorology, droplet spectrum and foliar 
deposit. 

One such experiment was conducted in July 1982 near Dunphy 
air field in central New Brunswick. This was a collaborative effort 
involving the University of New Brunswick (UNB), Forest Protection 
Ltd. (FPL), the National Research Council (NRC), the Atmospheric 
Environment Service (AES) and the Research and Productivity Council 
(RPC). The aim was to provide more quantitative data on the 
relationships between atmospheric stability or structure and target 
deposition. 
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Experimental Design 

The layout of the Dunphy experiments is shown in Figure _1. The 
experiment consisted of a single swath cross-wind application with 
various sampling and measuring devices deployed from the swath line 
to 3600 m downwind. 

The objective was to measure both foliar deposit and drift at 
distances downwind under several well characterized meteorological 
conditions. 

A Grumman Avenger TBM flying approximately 20 m above the 
forest canopy applied the dyed spray with an emitted volume median 
diameter (vmd) close to 100 μ. The spray mix, an aqueous fenitrothion 
emulsion, was applied at a rate equivalent to 1.5 1/ria and had a 
residual volume of 20% after evaporation of the water. Consequently, 
the evaporated vmd was approximately 58 μ. 

d 2 = l ( V V 1 / 3 

Meteorological measurements were made by cooperators from 
NRC, AES and UNB using an instrumented 46 m mast situated 400 m 
downwind of the spray line as well as balloonborne mini-sondes and 
tether-sondes. Spray drift samplers (7) were deployed at 400, 1200 
and 3600 meters while vertical flux profiles were provided to a height 
of 200 m by light weight dosimeters suspended from tethered balloons. 
This sampling system was designed to provide data necessary to 
enable calculation of a total mass budget for drifting spray at the 
three downwind distances. 

Our role at RPC was to determine the size and frequency of 
spray droplets deposited on foliage at various distances downwind. 
Four sampling lines were established at 100, 200, 400 and 600 m from 
the spray line. On each line three trees, 30-50 m apart, were selected 
for sampling. As we were conducting successive experiments, we 
could not use the native foliage on the trees for deposit analysis 
since after the first run it would have been contaminated. Instead, 
wooden brackets were constructed in the mid-crown of each tree with 
the brackets oriented parallel to the wind direction. Fresh balsam fir 
boughs were then mounted at each end just prior to the spray 
application. Following each spray these boughs were returned to the 
laboratory for both droplet and gas chromatographic (GO analysis. 
Stains were counted and sized on eighty needles taken at random 
from each bough, while ten gram samples of needles and twigs were 
macerated, solvent extracted and column chromatographed in 
preparation for GC analysis. This system provided us with three 
replicate upwind and downwind mid-crown samples for each distance 
from the spray line. 

We investigated a number of systems in the laboratory to 
determine how best to size droplets on conifer needles. It soon 
became obvious that, from a technical point of view, dyes provided 
the simplest means; however, we found that oil soluble dyes are 
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ineffective for the visualization of droplets on foliage. The dye is 
very quickly absorbed into the waxy surface of the needle and loses 
its visibility within minutes. On the other hand, various water soluble 
dyes were found to retain their clarity on the needle surface 
indefinitely. We found that we could store foliage in the freezer for 
months without affecting stain visibility. Since the stain is water 
soluble, foliage samples had to be removed from the freezer in 
hermetically sealed containers and brought to room temperature so as 
to prevent moisture condensation smearing the stains. 

The stains were then sized in 10 μ ranges using a Fleming 
particle size micrometer as well as microscopes fitted with eye piece 
micrometers. 

The diameter of any stain is always larger than that of the 
impinging droplet, the relationship between the two diameters is 
referred to as the spread factor. The spread factor is an empirical 
value which must be a determine
each target surface. Th
derived using an assumed spread factor on fir foliage of 2.5. Recent 
measurements (8) using a mono-disperse droplet generator have shown 
the true factor to be 2.66. 

Results 

Drift Budget. Four tests were conducted in atmospheric conditions 
which ranged from slightly stable through neutral to moderately 
unstable but with very similar mean wind speeds at 46 m above 
ground. The results of Crabbe et al. (7) for the airborne fraction of 
the applied spray are shown in Table II. At 400 m downwind of the 
swath 31 % of the material is still airborne while under neutral and 
unstable conditions the drifting fraction decreased to 12% and 9%, 
respectively. This trend is supported by measurements at 1200 m 
where under neutral atmospheric conditions 10% of the spray is still 
drifting while in the unstable case, no airborne droplets were 
detectable at this distance. 

Foliar Deposit Analysis. Figures 2 and 3 represent droplet deposits on 
fir needles located on upwind and downwind aspects of the sample 
trees as a function of distance from the spray swath. The peak 
droplet density was found to average near one drop per needle on the 
upwind aspect with downwind deposits significantly lower in keeping 
with the findings of Armstrong and Yule (9). The position of the peak, 
however, varies systematically with atmospheric conditions. Under 
unstable conditions (tests //3 and /M) the peak deposit is found closer 
to the swath (100 m) than under neutral or stable conditions (200 m). 
This result is in accord with the turbulent deposition hypothesis and 
is further supported by GC analytical results as shown in Figure 4. 
These curves represent overall average deposit on foliage expressed 
as parts per million of fenitrothion related to downwind distance. 
Clearly, under unstable conditions the spray gets down sooner and is 
deposited more effectively than under stable or even neutral 
atmospheric conditions. 
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TABLE I 

Peak Axial Concentration at Tree-top in Long Range Drift Study (6) 

Test Distance (km) Peak Axial Concentration (ng/1) 

I 7 .5 
24 

1.4 
0.15 (Neutral Conditions) 

II 7.5 
24 

III 7.5 
24 

5.6 
1.1 (Moderately Stable) 

(Reproduced with permission from Ref. 6, Copyright 1980, 
National Research Council Canada.) 

TABLE II 

Airborne Fraction in Fenitrothion Budget Trials (7) 

Test Stability 
Class 

Mean 
Windj 
(ms~ ) 

Fraction Airborne @ 
200 m 400 m 1200 m 

1 Stable 4.41 0.3 0.31 
2 Neutral 4.32 0.24 0.12 0.1 
3 Unstable 4.30 - 0.09 0 

(Reproduced with permission from Ref. 7 · Copyright 1983, 
National Research Council Canada.) 
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Figure 1, Dunphy experimental layout and sampling scheme used 
to measure drift and deposit under various meteorological 
conditions. 
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We found that the spectrum of droplet sizes on needles was 
remarkably uniform, both within a given sample line and between 
lines. While we anticipated classification to smaller drop sizes with 
increasing distance, this was not observed. Future experiments will 
include a 50 m sample line, which should show some increase in the 
proportion of larger droplets. 

Figure 5 shows representative spectra for test an unstable 
case. The maximum of the deposited spectrum occurs at 10 μ. Since 
10 μ droplets have quite poor impaction efficiency, this finding 
suggests that the proportion of very small drops emitted by the 
aircraft must be very large indeed. Earlier studies (10) of the TBM 
emitted spectrum have severely underestimated these numbers due to 
problems associated with measuring in-flight drops smaller than about 
30 μ. Recent studies using a laser spectrometer are expected to 
clarify this point (11). 

Discussion 

In summary, this work has provided further, quantitative evidence 
that wind and turbulence are not a priori detrimental to forest aerial 
spraying; on the contrary they tend, within limits, to improve deposit 
and reduce drift. The drift budget studies of Crabbe et al. (6, 7) 
compellingly demonstrate the presence of more drift at both medium 
and long ranges under classical stable spray conditions than in the 
neutral or somewhat unstable cases. Similarly, the foliar deposit study 
has shown that peak deposit in the mid-crown is located closer to the 
swath line under unstable conditions. The inference is that total 
deposit in these cases must also be improved; however, given the 
natural heterogeneity of the forest and the consequent variability of 
deposit, our sampling regime was insufficient to permit integration of 
foliar deposit over the entire field. Further experiments planned for 
the spring of 1983 will provide more detailed drift and deposit data. 
These forthcoming trials will also include sprays carried out under 
extreme conditions of stability and instability so as to define 
effective meteorological limits to the spray operation. 

One aspect of the deposited spectrum which is of particular 
practical significance is its relationship to the evaporated emitted 
spectrum. We have seen that the evaporated vmd is approximately 58 μ 
a value considerably lower than is commonly used with ultra low 
volume applications. Yet, of 5000 droplets sized on fir needles 90.4% 
were smaller than 60 μ. Since this method of application has proven 
efficacious over millions of hectares of New Brunswick forest, one 
must conclude, yet again, that small drops are not merely effective 
but, in all likelihood, are responsible for the bulk of insect mortality. 
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12 
Modeling of Aerial Spray Drift 
and Canopy Penetration 

RICHARD K. DUMBAULD 

H. E. Cramer Company, Inc., P.O. Box 8049, Salt Lake City, UT 84108 

The FSCBG aerial spray computer program is the 
result of more than a decade of refinement and 
verification of
the USDA Forest
predicting the drift , deposition and canopy pene­
tration of particles and drops downwind from 
aircraft releases. This paper describes the 
mathematical framework of the models and selected 
applications of the models to military and Forest 
Service projects. 

The FSCBG a e r i a l spray models and computer program are a r e s u l t 
of more than a decades e f f o r t i n the development, refinement 
and a p p l i c a t i o n of models f o r use by the U. S. Army and USDA 
Forest Service i n pr e d i c t i n g d r i f t , deposition and canopy pene­
t r a t i o n from a e r i a l releases. During the I960 1s, the U. S. 
Army extended generalized modeling techniques developed f o r the 
a e r i a l release of aerosols near ground l e v e l (1) based on the 
re s u l t s from f i e l d measurement programs (2-5) conducted over a 
va r i e t y of t e r r a i n . By the l a t e 1960 fs, provi s i o n had been 
made i n the modeling techniques to account f o r the loss of 
material by g r a v i t a t i o n a l s e t t l i n g of drops from spray clouds 
and f o r p r e d i c t i n g ground-level deposition patterns of spray 
drops (6). Increased concern about the environmental e f f e c t s 
of spray material i n the early 1970's led to further develop­
ment and a p p l i c a t i o n of models to predict the dispersion and 
deposition of pes t i c i d e s applied by a i r c r a f t . The U. S. Forest 
Service began the use of a e r i a l spray models, with cooperation 
from the U. S. Army (7), to determine optimum swath widths and 
ap p l i c a t i o n rates f o r p i l o t tests of i n s e c t i c i d e s under consi­
deration f o r con t r o l applications i n western f o r e s t s . The 
implications of these early e f f o r t s i n the use of mathematical 
models to improve the planning, conduct and analysis of spray 
programs were reviewed i n a paper presented at the USFS Workshop 

0097-6156/84/0238-0153$06.50/0 
© 1984 American Chemical Society 
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for A e r i a l A p p l i c a t i o n of Insecticides Against Forest D e f o l i ­
ators, held i n Missoula, Montana, 23-29 A p r i l 1974 (8). In 
1977 mathematical spray dispersion models were used to a s s i s t 
the State of Maine Bureau of Forestry (9) i n determining o f f s e t 
distances required f o r various a i r c r a f t to ensure that d r i f t 
from spray blocks posed no environmental hazards to exclusion 
areas (waterways, homes, e t c . ) . Under the sponsorship of the 
USDA Expanded Douglas-Fir Tussock Moth Research Program, work 
began i n 1977 on the refinement and adaptation of e x i s t i n g 
models to predict spray behavior above and w i t h i n forest cano­
pies. This work led to the development of the FSCBG computer­
ized spray dispersion model (10) which contained algorithms f or 
considering the penetration of drops in t o canopies, simple 
expressions f o r considering the wake e f f e c t s of a i r c r a f t and 
provisi o n f o r considering f i n i t e line-source releases when the 
winds are not perpendicula
of the a e r i a l spray dispersio
Recent improvements include prov i s i o n for considering the evap
oration of spray material (11). Currently a more sophisticated 
treatment of a i r c r a f t wake e f f e c t s i s under development i n work 
performed under the sponsorship of the U. S. Forest Service 
Equipment Development Center. 

Considering the continued development, v e r i f i c a t i o n and 
improvement of these a e r i a l spray modeling techniques and t h e i r 
acceptance by the U. S. Army and U. S. Forest Service, we 
believe the concepts deserve wider use i n c i v i l spray opera­
t i o n s , p e s t i c i d e development programs and environmental assess­
ment studies. We therefore welcome the opportunity presented 
by t h i s symposium f o r discussing the mathematical framework of 
the models and to i l l u s t r a t e t h e i r a p p l i c a t i o n s . 

Mathematical Framework of the Spray Dispersion Model. The 
mathematical spray dispersion model i d e a l l y provides a framework 
for describing the fate of spray from the time the material i s 
released from the a i r c r a f t spray nozzle u n t i l i t impacts on the 
target or d r i f t s to distances where deposition or d r i f t are no 
longer important. In simplest terms, the model uses mass con­
t i n u i t y concepts to describe a i r c r a f t wake and atmospheric 
e f f e c t s on the transport and dispersion of the spray material. 
The FSCBG model to our knowledge represents the state-of-the-art 
i n a e r i a l spray models. The model i s based on Gaussian atmos­
pheric dispersion formulas which are peerless as p r a c t i c a l 
d i f f u s i o n modeling tools (12). Thus, i n unbounded space, the 
d i s t r i b u t i o n of spray material about a mean cloud axis i s 
assumed to be Gaussian d i s t r i b u t e d . Appropriate modifications 
to the Gaussian d i s t r i b u t i o n are made i n the model to account 
for the r e f l e c t i o n or loss of material at the earths surface 
and r e f l e c t i o n at the bases of elevated thermal inversions. 
The FSCBG model and computer program are modular i n concept to 
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permit the updating of model components and to f a c i l i t a t e the 
choice of options i n applications to s p e c i f i c problems. Figure 
1 i s a schematic diagram showing the major components of the 
model and program. 

Model Input Requirements. As can be seen from examination of 
the model inputs required (or provided under c e r t a i n options) 
by the FSCBG model shown i n Table I , s p e c i f i c a t i o n of the inputs 
requires both problem organization and an i n t e r d i s i c i p l i n a r y 
e f f o r t between a i r c r a f t and spray system engineers, meteor­
o l o g i s t s , f o r e s t e r s , chemists, b i o l o g i s t s and entomologists. 
The importance of some of these elements i s discussed i n other 
papers presented i n t h i s Symposium. The importance of others 
are b r i e f l y defined i n the discussion below of the various 
FSCBG program modules. 

A i r c r a f t Wake Module. Spra
i s quickly engulfed i n the prop e l l o r slipstream and the v o r t i c e s 
formed by the body and wings of f i x e d wing a i r c r a f t or the 
rotor t i p - v o r t i c e s of he l i c o p t e r s . The dimensions and turbulent 
v e l o c i t i e s w i t h i n these v o r t i c e s are governed by some of the 
a i r c r a f t c h a r a c t e r i s t i c s i n Table I. Depending on the magni­
tude of the vortex motions and the ambient turbulence and wind 
v e l o c i t y , these v o r t i c e s c o n t r o l the growth and s p a t i a l p o s i t i o n 
(except f o r t r a n s l a t i o n by the ambient wind) of the cloud from 
seconds to minutes a f t e r the spray i s released. For very low-
a l t i t u d e releases i n l i g h t wind conditions used to spray some 
crops, the a i r c r a f t wake vortex can determine the swath width 
and deposition pattern although d r i f t of smaller drops may 
s t i l l occur. As a i r c r a f t release a l t i t u d e increases, the d i r e c t 
impact of the wake v o r t i c e s on the deposition pattern decreases 
and the atmospheric transport and dispersion of the spray cloud 
becomes more important i n determining the c h a r a c t e r i s t i c s and 
s p a t i a l p o s i t i o n of the deposition pattern as w e l l as the d r i f t 
of the spray cloud. The development of models describing the 
deposition patterns produced by wake e f f e c t s has increased over 
the l a s t decade (13-14). The e f f e c t s of a i r c r a f t wakes on the 
release of a g r i c u l t u r a l materials and the r e s u l t i n g development 
of c r i t e r i a f o r improved a i r c r a f t design have been studied at 
NASA Langley Research Center (15). The study has resulted i n 
the development of models characterizing the n e a r - f i e l d deposi­
t i o n patterns produced by wake e f f e c t s (16). In an e f f o r t to 
improve the c a p a b i l i t i e s of the FSCBG model which now contains 
only an elementary wake model, the U. S. Forest Service Missoula 
Equipment Development Center has recently p a r t i c i p a t e d with 
NASA i n i n i t i a t i n g the adaptation of the wake model for use i n 
the FSCBG model 07-JjO. 
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Figure 1. Schematic diagram showing major modules of the 
FSCBG computer program. 
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Table I. Model Input Requirements 
Functional 
Category Major Elements 

Spray System 
Ch a r a c t e r i s t i c s 

Meteorological 
Factors 

(Above and Below 
Canopy) 

Forest 
C h a r a c t e r i s t i c s 

Target 
C h a r a c t e r i s t i c s 

ο A p p l i c a t i o n r a t e , swath width, spray 
a l t i t u d e 

ο A i r c r a f t speed, wing span and chord, 
weight and other c h a r a c t e r i s t i c s 

ο Spray boom and nozzle l o c a t i o n s , type 
of nozzle 

ο Physical and chemical properties of 
the spray material (molecular weight, 
density, heat of va p o r i z a t i o n , molal 

ο Drop-size d i s t r i b u t i o n 

ο Temperature and wind-speed structure 

ο Relative humidity 

ο Turbulence structure 

ο Wind d i r e c t i o n and shear 

ο Depth of the surface mixing layer 

ο Typical tree height and diameter at 
1 m v e r t i c a l i n t e r v a l s 

ο Tree f o l i a g e density 

ο Tree s p a t i a l d i s t r i b u t i o n (stem 
density) 

ο P r o b a b i l i t y of penetration, c o l l e c ­
t i o n e f f i c i e n c i e s 

ο Pest-pesticide r e l a t i o n s h i p s ( l d^Q» 
etc, ) 

ο Topography and other surface features 

ο Spray block dimensions 

ο Exclusion areas 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
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Evaporation Module. Evaporation can s i g n i f i c a n t l y a l t e r the 
aerosol s i z e d i s t r i b u t i o n as the spray cloud descends from the 
a i r c r a f t release height to deposit on the ground. The net 
eff e c t of evaporation, because of reductions i n the drop s i z e 
and thus a decrease i n g r a v i t a t i o n a l s e t t l i n g v e l o c i t y , i s to 
decrease deposition near the source and increase the downwind 
d r i f t of spray drops or vapor. The FSCBG model has two options 
that can be used to account f o r the evaporation of material. 
In a l l modules of the program, the time-rate change i n drop 
diameter for up to 20 drop-size categories i s expressed i n the 
form of a quadratic equation. The constants a, b and c of the 
quadratic can ei t h e r be d i r e c t l y input to the program or, given 
s u f f i c i e n t information, be calculated. The t h e o r e t i c a l c a l c u l a ­
t i o n uses expressions developed by Fr o s s l i n g ( i n 19) for drops 
moving through the atmosphere. Unfortunately, some of the 
input parameters require
d i f f i c u l t to specify fo
pes t i c i d e s or the mixture of the pe s t i c i d e and c a r r i e r . In 
some cases wind-tunnel experiments (20) are conducted to deter­
mine the appropriate constants f o r the p e s t i c i d e . I f the 
c a r r i e r i s water and the p e s t i c i d e i s b i o l o g i c a l or non-
evaporative, the program uses constants developed from the work 
by Pruppacher and Rasmussen (21). The evaporation module also 
calculates the centroid height of drops i n each category and 
other pertinent data as a function of time and distance from 
the source f o r use i n other program modules. 

Dosage, Concentration and Deposition Module. As noted above, 
the FSCBG dosage, concentration and deposition models are based 
on Gaussian modeling concepts designed f o r a p p l i c a t i o n to e l e ­
vated, nearly instantaneous and f i n i t e line-sources and include 
provi s i o n f o r g r a v i t a t i o n a l s e t t l i n g and evaporation of spray 
material. In the models, the axis of the spray cloud i s assumed 
to be i n c l i n e d at an angle from the h o r i z o n t a l plane that i s 
proportional to (V.f{E }/u), where V.f{E } i s the g r a v i t a t i o n a l 
s e t t l i n g v e l o c i t y f o r the j t h drop s i z e category and u i s the 
mean cloud transport speed above the canopy (j3, 22). Because 
V. i s f u n c t i o n a l l y dependent on the evaporation rate E., t h i s 
i n c l i n a t i o n angle v a r i e s with time or distance. The l a t e r a l 
and v e r t i c a l extent of the cloud axis are governed by power-law 
expressions y i e l d i n g the standard deviation of the d i s t r i b u t i o n 
i n the form 

L a t e r a l : σ ~ σ Αχ α 

y A 
V e r t i c a l : σ ~ σ„χ ζ Ε 

where χ i s downwind distance from the point of cloud s t a b i l i ­
z a t i o n , σ Α and σ are measures of the l a t e r a l and v e r t i c a l 
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turbulence i n t e n s i t y i n the atmosphere and α and β depend on 
the thermal s t r a t i f i c a t i o n of the atmosphere. For nearly 
instantaneous sources, α and 3 can usually be assumed equal to 
unity. The point of cloud s t a b i l i z a t i o n f o r a e r i a l l i n e sources 
refers to the point at which a i r c r a f t wake e f f e c t s are no longer 
dominant i n spray cloud d i s p e r s a l . Small drops or vapor borne 
a l o f t by turbulence are r e f l e c t e d downwards at the base of 
elevated thermal inversions. Drops that reach the ground or 
canopy top are e i t h e r deposited or r e f l e c t e d , depending on 
t h e i r s e t t l i n g v e l o c i t y . For example, water drops with d i a ­
meters less than about 5 micrometers are assumed to be 90 per­
cent r e f l e c t e d at the ground and drops with diameters greater 
than about 120 micrometers i n diameter are captured. The dosage 
(mass χ time/unit volume) i s a measure of the t o t a l amount of 
material passing through a u n i t volume of a i r at a p a r t i c u l a r 
point i n space. In th
drops and vapor produce
the c a l c u l a t i o n . In t h i s case the program generates sources of 
vapor material between the a i r c r a f t and canopy top or ground, 
for each i n i t i a l drop-size category, with strengths proportional 
to the amount of material that evaporates i n small v e r t i c a l 
i n t e r v a l s . The transport and dispersion model i s exercised f o r 
each of these sources and the t o t a l dosage calculated by summing 
the contributions from a l l drop-size categories and vapor 
sources. The FSCBG model also calculates the peak concentration 
(mass/unit volume) at any user designated point i n space as the 
spray cloud passes. Time p r o f i l e s of concentration are not 
presently calculated. Deposition (mass/unit area) i s calculated 
at e i t h e r the canopy top or, i n the absence of vegetation, at 
the ground. The deposition c a l c u l a t i o n r e s u l t s at the canopy 
top are used as input to the canopy penetration model. F i n a l l y , 
the user can select an output option which determines the h o r i ­
zontal area covered by the dosage, peak concentration or deposi­
t i o n l e v e l s of i n t e r e s t . However, the accuracy of the area-
coverage c a l c u l a t i o n s depend on the density of the c a l c u l a t i o n 
g r i d i n the area encompassing the expected path of the spray 
cloud. 

Canopy Penetration Module. The canopy penetration module calc u ­
l a t e s the amount of spray reaching a given height w i t h i n the 
canopy or the ground beneath the canopy by considering losses 
of material due to impaction on vegetative elements. The mathe­
matical framework of the module i s based on a Monte Carlo tech­
nique developed by Grim and Barry (23) i n which a large number 
(~1000) of drops i n each drop-size category are passed along a 
path through a simulated canopy. The i n c l i n a t i o n of the drop 
t r a j e c t o r y with a horizon i s treated i n a s i m i l a r manner to 
that used above the canopy. Trees i n the simulated canopy are 
located i n equal areas corresponding to the density (stems per 
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hectare) estimated or measured for the fo r e s t . A cross-
s e c t i o n a l height p r o f i l e or tree envelope of the t y p i c a l tree 
i n the forest must also be s p e c i f i e d from measurements or from 
r e l a t i o n s h i p s between the diameter at breast height (DBH) and 
canopy height that have been developed f o r some species. 
F i n a l l y , an estimate of the f o l i a g e density i s required. As a 
drop "proceeds" along the t r a j e c t o r y , each tree i s randomly 
displaced w i t h i n i t s assigned area i n the plane of the horizon 
and the program determines i f the drop i n t e r s e c t s the tree 
envelope. I f an intercept occurs, the program then determines 
i f the drop impacts on a tree element using the p r o b a b i l i t y of 
penetration based on the f o l i a g e density and the impaction 
e f f i c i e n c y calculated f o r the t y p i c a l tree elements. When the 
drop passes through a tree i t continues along the tr a j e c t o r y 
u n t i l i t e i t h e r impacts on another tree or deposits on the 
ground. A t a l l y i s recorde
height i n t e r v a l f o r tha
i n t e r v a l s . A f t e r the t o t a l user s p e c i f i e d number of drops has 
been passed along the t r a j e c t o r y , the t a l l y i n each height 
i n t e r v a l i s divided by the t o t a l number of drops to form a 
cumulative frequency d i s t r i b u t i o n f o r the p a r t i c u l a r drop-size 
category. The canopy penetration module also calculates the 
point, f o r each receptor c a l c u l a t i o n point at ground-level and 
for each drop-size category, where the drop w i t h i n the category 
entered the forest canopy. Given these coordinates the program 
calculates the amount of material "deposited" at the entry 
point using the deposition model described above and m u l t i p l i e s 
the r e s u l t by the appropriate percentage obtained from the 
cumulative frequency d i s t r i b u t i o n to y i e l d the amount of mate­
r i a l deposited w i t h i n each height i n t e r v a l below the canopy. 
The t o t a l number of drops passed along the t r a j e c t o r y required 
to achieve a s t a b i l i z e d cumulative frequency d i s t r i b u t i o n 
depends on the steepness of the t r a j e c t o r y with more drops 
required f o r s i z e categories with large s e t t l i n g v e l o c i t i e s 
because the path lengths are smaller. 

Target C h a r a c t e r i s t i c s . Except f o r the dimensions of the spray 
block (target area), the receptor or c a l c u l a t i o n points and the 
descr i p t i o n of the canopy structure, the input format does not 
e x p l i c i t l y contain further information concerning target-
c h a r a c t e r i s t i c s , although the meteorological inputs i m p l i c i t l y 
r e f l e c t the influence of topography (roughness) on atmospheric 
turbulence and wind structure. The model output can usually be 
e a s i l y adapted to user requirements provided a r e l a t i o n s h i p can 
be established between mass per unit area or mass per unit 
volume and the amount of pe s t i c i d e required to achieve the 
desired c o n t r o l . The model can provide t h i s information as a 
function of drop-size category when the drop s i z e i s an impor­
tant factor i n achieving c o n t r o l . 
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Applications of Spray Dispersion Models. Spray dispersion 
models are u s e f u l i n a l l phases of spray technology. Typical 
applications of models i n the support of m i l i t a r y and c i v i l 
spray operations are l i s t e d i n Table I I . More of the example 
applications of the FSCBG program described below are fo r m i l i ­
tary applications because we have wider experience i n t h i s 
area. The U. S. Army, A i r Force and Navy conduct frequent test 
programs in v o l v i n g a i r c r a f t releases of material at U. S. Army 
Dugway Proving Ground, UT (DPG). Model simulations are rou­
t i n e l y conducted f o r a l l major tests at DPG where material i s 
released to the atmosphere and are used to develop meteor­
o l o g i c a l and other c r i t e r i a f o r the safe conduct of the t r i a l s . 
More important to the o v e r a l l m i l i t a r y mission of DPG i s the 
use of models to a s s i s t i n the analysis of t r i a l data, the 
comparison of weapon performance, systems development, and i n 
the p r o j e c t i o n of t r i a
s t r a t e g i c use of weapon

System Characterization. The Chemical L o g i s t i c s Evaluation 
Test Series conducted at DPG i n 1979 provides an example of 
t r i a l s designed to characterize a spray system. Seven t r i a l s 
were conducted to test the effectiveness of the AERO 14/B spray 
tank f i l l e d with non-evaporating simulant and mounted on an A4D 
j e t a i r c r a f t f l y i n g at speeds to 0.8 Mach. The a i r c r a f t flew 
approximately perpendicular to the wind d i r e c t i o n along one 
edge of a 22.6 km g r i d at a l t i t u d e s from 23 to 72 m above the 
surface. Deposition measurements were made at 183 m i n t e r v a l s 
w i t h i n the g r i d using f i l t e r paper and P r i n t f l e x cards as sam­
p l e r s . The dyed simulant drops spot the P r i n t f l e x cards which 
are analyzed using automatic spot and si z e analyzers. A known 
re l a t i o n s h i p between s t a i n s i z e and drop diameter provides 
estimates of the mass deposition and the drop-size d i s t r i b u t i o n . 
The f i l t e r paper samplers are washed and the leached material 
analyzed to obtain an independent estimate of mass deposition. 
Meteorological measurements were made near g r i d center on a 
48-m tower. Wind speed and temperature were measured at heights 
of 0.5, 1, 2, 4, 8, 16, 32 and 48 m on the tower. Horizontal 
and v e r t i c a l wind d i r e c t i o n s were measured at heights of 2, 8, 
16, 32 and 48 m on the tower. Wind speed and d i r e c t i o n were 
also measured at 2-m at locations on the upwind and downwind 
edges of the g r i d and by the tracking of Pi b a l s ( p i l o t balloons) 
released immediately following the a i r c r a f t f l i g h t . A l l meteor­
o l o g i c a l data i s d i g i t a l l y recorded during t r i a l s and rou t i n e l y 
analyzed to provide means and standard deviations of measured 
parameters f o r the appropriate averaging times and time periods 
required to characterize the event. A summary of the meteor­
o l o g i c a l model input parameters for T r i a l 3 obtained from the 
measurements i s presented i n Table I I I . The mean wind d i r e c t i o n 
i s a 10-min mean from measurements at 16 m (~half the release 
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Table I I . A p p l i c a t i o n s of A e r i a l Spray D i s p e r s i o n Models 

F u n c t i o n M i l i t a r y Operations C i v i l Operations 

Development 
and 

P l a n n i n g 

Spray 
Operations 

Weapons design, develop­
ment, and comparison of 
weapons e f f e c t s 

Weapons expenditure data; 
s t r a t e g i c and t a c t i c a l 
o f f e n s i v e and d e f e n s i v e 
s t r a t e g i e s 

Design s p e c i f i c a t i o n s f o r 
warning system deployment 
and syste

S e l e c t i o n
of spray m a t e r i a l s 

Test design 

E v a l u a t i o n of i n t e l l i g e n c e 
r e p o r t s 

Schedule f l i g h t opera­
t i o n s , designate t a r g e t 
and system requirements 

Estimate e f f e c t s on 
" f r i e n d l y " f o r c e s 

E v a l u a t i o n of i n t e l l i g e n c e 
r e p o r t s 

P o s t - A n a l y s i s Compare p r e d i c t e d c a s u a l t y 
l e v e l s w i t h i n t e l l i g e n c e 
r e p o r t s 

Refinement of modeling 
techniques 

Design develop and 
s e l e c t spray d e l i v e r y 
systems 

Determine emission r a t e , 
f l i g h t a l t i t u d e , f l i g h t 
path and swath width 
requirements 

Develop " B u f f e r zone" 
requirements 

f o r sampling networks 

Determine optimum 
schedules f o r spray 
o p e r a t i o n s 

Prepare environmental 
impact statements 

Schedule f l i g h t opera­
t i o n s (spray b l o c k s , 
f l i g h t p a t t e r n s , emis­
s i o n r a t e s , b u f f e r zone 
requirements) 

O n - s i t e sampling data 
q u a l i t y checks 

P u b l i c warning and 
i n f o r m a t i o n requirements 

Compare spray p a t t e r n s 
and measurements l e v e l s 
w i t h m o r t a l i t y data 

Compare p r e d i c t e d 
spray p a t t e r n s w i t h 
measurements 

Assessment of data 
q u a l i t y 

Environmental hazard 
a n a l y s i s 

Refinement of modeling 
techniques 
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Table I I I . Meteorological Inputs f o r T r i a l 3 of the 
Chemical L o g i s t i c s Evaluation T r i a l Series 

Parameter Value 

Mean Wind D i r e c t i o n (deg) 322 

u R { z R = 2 m} (m s" ) 3.99 

Ρ 0.14 

σΑ{10 min} (deg) 

σ» (deg) 

14.8 

7.4 

height). The wind speed u R measured at a reference height of 
z R equal to 2 m i s also measured over a 10-min period beginning 
at the time of release. The value of u R and the c o e f f i c i e n t ρ 
i n the table are used to define the increase of wind speed with 
height above ground i n a power-law expression of the form 

where ζ i s a c a l c u l a t i o n height. The value of ρ i s obtained by 
f i t t i n g the power-law expression to the 10-min mean wind speed 
measured at a l l heights on the tower using least-square regres­
sion techniques. The turbulence parameter σ^{10-min} i s the 
standard deviation of the f l u c t u a t i o n s i n the h o r i z o n t a l wind 
d i r e c t i o n f o r the 10-min sampling period and the turbulence 
parameter σ̂ , i s the corresponding standard deviation of the 
flu c t u a t i o n s i n the v e r t i c a l wind d i r e c t i o n . The values for 
σ^{10-min} and σ Ε i n Table I I I represent mean values between 
2 m and the release height obtained from power-law f i t s to the 
values measured i n the 48-m tower. The value of H i n Table 
I I I represents the depth of the surface mixing layer for T r i a l 
3 and was obtained from an analysis of P i b a l data. 

High-speed photographic data obtained during the t r i a l s 
and the deposition data indicated that the release rate along 
the a i r c r a f t f l i g h t path was non-uniform. For example, Figure 
2 shows the r e s u l t s of deposition measurements made along the 
downwind sampling row with the maximum crossgrid integrated 
deposition for T r i a l 3. As indicated i n the f i g u r e , the spray 
tank release rate decreases exponentially with distance a f t e r 

u{z} = u. 
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Figure 2. Solid line shows deposition measurements along 
the sampling row with the maximum crossgrid integrated 
deposition for Trial 3 of the Chemical Logistics Evaluation 
Trial Series. Dashed line represents a least-squares to f i t 
to the data. 
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a c t i v a t i o n . S i m i l a r r e s u l t s were obtained for the other 6 
t r i a l s . The drop-size d i s t r i b u t i o n at ground-level was obtained 
from the analysis of the P r i n t f l e x card data measurements made 
during the 7 t r i a l s . The t r i a l - t o - t r i a l v a r i a t i o n i n mass-
median diameters ranged from 125 to 164 ym. The measurements 
from a l l seven t r i a l s were averaged to obtain the cumulative 
drop-size d i s t r i b u t i o n shown i n Figure 3, where the mass-median 
diameter i s 150 ym. 

Model V e r i f i c a t i o n . For comparison of the r e s u l t s of these 7 
t r i a l s with previous t r i a l s conducted at lower a i r c r a f t speeds 
and with the r e s u l t s of t r i a l s conducted using other systems 
requires that dispersion models be used to remove the v a r i a ­
b i l i t y i n the r e s u l t s due to the environmental conditions under 
which the t r i a l s were conducted. The model performance f o r 
these t r i a l s and the othe
comparison can be accomplished
modeled crossgrid integrated dosage f o r T r i a l 3 of the Chemical 
L o g i s t i c s Evaluation T r i a l Series as a function of downwind 
distance from the f l i g h t path. The sharp peak i n the model 
curve near 350 m occurs because model c a l c u l a t i o n s were made 
only at sampler positions and a st r a i g h t l i n e used to connect 
the points. As i s normal f o r deposition from a e r i a l l i n e 
sources, the deposition decreases r a p i d l y with increasing d i s t ­
ance from the f l i g h t path. Note however the r e l a t i v e l y constant 
deposition l e v e l between 2.5 to 5 km downwind from the f l i g h t 
path shown i n the figure f o r both the model-calculated and 
measured crossgrid integrated deposition. Measurements of 
deposition made at long distances from f l i g h t paths often show 
the influence of an elevated inversion i n r e f l e c t i n g material 
back towards the surface f o r subsequent deposition (24). The 
deposition area-coverage, or area covered by s p e c i f i c deposi­
t i o n l e v e l s , are of i n t e r e s t i n m i l i t a r y and c i v i l spray oper­
ations. Figure 5 shows measured and model calculated d e p o s i t i o n 
area coverage f o r T r i a l 3. For a deposition l e v e l of 100 mg m ^ 
the figu r e shows a model calculated area-cgvejage of 4.3 χ 10 m 
and the measured area-coverage i s 3.4 χ 10 m . The c a l c u l a ­
tions f or the 7 t r i a l s indicated that, f o r the deposition l e v e l s 
of i n t e r e s t , the model on average overestimated the measured 
area-coverage by about a factor of 1.7. Since the model ca l c u ­
l a t i o n s were made under the assumption that the spray tank was 
100 percent e f f i c i e n t , the r e s u l t s indicated an e f f i c i e n c y 
factor of 60 percent should be used f o r future model 
ca l c u l a t i o n s . 

Post-Analyses of Forest Spray Operations. The Withlacoochee 
spray t r i a l s were planned and conducted (25-26) as a p i l o t 
project by the Southeastern Area-Forest Pest Management and the 
Forest Pest Management-Methods Applications Group, U. S. Forest 
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Figure 3. Cumulative drop-size distribution based on meas­
urements made during the Chemical Logistics Evaluation 
Trial Series. 
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Figure 4 . Crossgrid integrated deposition versus downwind 
distance for T r i a l 3 of the Chemical Logistics Evaluation 
T r i a l Series. The heavy s o l i d l i n e represents measured 
values and the dashed l i n e i s model calculated. 
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Figure 5. Deposition area coverage for Trial 3 of the 
Chemical Logistics Evaluation Trial Series. The heavy 
solid line is calculated from the deposition measurements 
and the dashed line refers to the model calculations. 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



12. DU M Β AU LD Spray Drift and Canopy Penetration 169 

Service to evaluate the f e a s i b i l i t y of using a e r i a l spray a p p l i ­
cation techniques i n the co n t r o l of cone losses due to coneworm 
i n pine seed orchards. The Withlacoochee orchard near 
B r o o k s v i l l e , FL contains uniform stands of slash and Ocala sand 
pines planted every 4.6 m i n north-south rows separated by a 
distance of 9.1 m, or a density of 96.8 stems per acre. The 
branches at the bases of the trees along the rows were i n t e r ­
twined and the top of the canopy at 12 m was nearly uniform. 
Deposition measurements were made at the orchard canopy top, 
w i t h i n sample trees and on the ground beneath the trees i n 
designated sampling areas. Sampling at the canopy top was 
accomplished by stretching a 36.6 m l i n e with aluminum s o f t -
drink cans attached at 1.8 m i n t e r v a l s between four rows of 
trees at up to 6 locations i n the orchard. The sampling cans 
were also placed w i t h i n the canopy on sample trees i n the upper 
crown, mid-crown and i
di r e c t i o n s (north, east
were wrapped with sampling cards and a cut-out c i r c l e of card 
placed on the top of each can. Sampling cards were also placed 
on the ground at 0.91-m i n t e r v a l s beneath the sampling l i n e s 
stretched across the canopy top. Other ground-sampling l i n e s 
were placed i n the open along a service road cut through the 
orchard and along the orchard perimeter. The sampling cards 
along the service road were used to obtain the ground-level 
drop-size d i s t r i b u t i o n , again accomplished using an automated 
image analyzer to count and si z e the stains produced by drops. 

There were 12 a i r c r a f t spray t r i a l s ; 7 t r i a l s were sprayed 
by a modified Stearman crop-spraying a i r c r a f t at a speed of 
40 m s and 5 t r i a l s were sprayed ^y a Hughes 500-C helicopter 
f l y i n g at speeds from 11 to 14 m s . Both a i r c r a f t sprayed 
water containing dye from an a l t i t u d e of 1.5 m above the canopy 
top. A surfactant was added to the water on a l l but one t r i a l 
and manganese s u l f a t e was added to the tank mix as a tracer for 
subsequent mass deposit analyses on 4 t r i a l s . Mass-median d i a ­
meters ranged from 353 to 604 ym for the t r i a l s , with a s l i g h t 
i n d i c a t i o n that the hel i c o p t e r spray system produced larger 
drops. Meteorological measurements of wind speed and h o r i z o n t a l 
and v e r t i c a l wind d i r e c t i o n s were made at 2- and 16-m on a 
tower located near the center of the slash pine orchard. Wind 
d i r e c t i o n , wind speed, temperature and r e l a t i v e humidity were 
measured to heights to 70 m using a tethered balloon 
(Tethersonde) placed i n a small open area near the spray p l o t . 
An a d d i t i o n a l measurement of wind speed and d i r e c t i o n was made 
at a height of 2-m i n an open f i e l d adjacent to the orchard. 

Figure 6 shows observed and model calculated deposition at 
the top of the slash pine canopy for T r i a l 6. The mass median 
diameter drop f o r T r i a l 6 was 583 ym. The r a t i o of the average 
measured deposition to the average model-calculated deposition 
i s about 1.3 fo r t h i s t r i a l . Observed and model calculated 
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Figure 6. Observed and model calculated deposition at the 
top of the slash pine canopy for Trial 6, Withlacoochee 
Spray Trials. 
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F i g u r e 7. Observed and model c a l c u l a t e d g r o u n d - l e v e l dep< 
s i t i o n below the s l a s h p i n e canopy f o r T r i a l 6 , W i t h l a -
coochee Spray T r i a l s . 
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deposition at ground-level beneath the slash pine canopy f o r 
T r i a l 6 are shown i n Figure 7, where the r a t i o of measured to 
model calculated mean deposition i s about 1.5. The r e s u l t s 
shown i n Figures 6 and 7 for T r i a l 6 represent some of the best 
agreement achieved between model calculated and measured deposi­
t i o n l e v e l s f o r the Withjacoochee t r i a l s . The mean wind speed 
for T r i a l 6 was 4.2 m s at the 16 m l e v e l on the tower, next 
to the highest wind speed recorded at t h i s height during the 12 
t r i a l s . At low wind speeds observed during many of the t r i a l s , 
the expected a i r c r a f t wake e f f e c t s were more dominant than the 
wind i n dispersing the spray. The s i m p l i f i e d wake model now 
contained i n the FSCBG model did not adequately account f o r the 
broader spread of drops caused by the wake turbulence. As 
mentioned above, work i n improving the models capacity f o r 
considering wake e f f e c t s , p a r t i c u l a r l y f o r low - f l y i n g a i r c r a f t , 
i s underway. 

Summary 

The mathematical framework of the FSCBG a e r i a l spray models and 
computer program and selected applications of the program have 
been presented to demonstrate the p o t e n t i a l of transport and 
dispersion models f o r providing assistance to s c i e n t i s t and 
engineers i n the development of spray systems, the planning and 
conduct of spray programs and the assessment of the environ­
mental e f f e c t s of a e r i a l spray a c t i v i t i e s . The mathematical 
construct of the FSCBG program accounts f o r the major processes 
a f f e c t i n g the atmospheric transport and dispersion of sprays 
released from a i r c r a f t . The program output has been v e r i f i e d 
through comparison with measurements made over open t e r r a i n and 
to a l i m i t e d extent w i t h i n and below forest canopies. There i s 
no reason to doubt that s i m i l a r successes cannot be achieved i n 
pr e d i c t i n g the deposition and d r i f t associated with crop-
spraying a c t i v i t i e s . We believe that the community of pe s t i c i d e 
s c i e n t i s t s and engineers require a e r i a l spray dispersion models 
to a s s i s t them i n making the s c i e n t i f i c and economic decisions 
they confront. 
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Air Circulation in Forested Areas 
Effect on Aerial Application of Materials 

LEO J. FRITSCHEN 

College of Forest Resources, AR 10, University of Washington, Seattle, WA 98195 

During summer, the forested areas of the 
Northwest and Southwest United States are dominated 
by high pressur
subsiding air . Th
and marine or local inversions yield very stable 
conditions. Circulation in valleys capped by inver­
sions is characterized by turbulent upslope, 
upvalley winds during heating periods and laminar 
downslope, downvalley winds during cooling periods. 
Interception of radiant energy by vegetative can­
opies produces an inversion at the crown closure 
level while radiant cooling raises the inversion 
above the canopy at night. Materials released be­
low these inversions tend to drift below the inver­
sion until a thermal chimney is encountered. 

The success of any a e r i a l a p p l i c a t i o n depends i n part upon the 
meteorology and the micrometeorology (both w i l l be referred to as 
meteorology) of the area to be treated. The meteorology i s i n 
turn related to the general l o c a t i o n w i t h i n the continent, topog­
raphy, time of year and time of day. The combination of these 
features y i e l d s p e c i f i c environmental conditions which can be 
predicted successfully i n some areas at c e r t a i n times of the 
year. The purpose of t h i s paper i s to describe the combination 
of features and the r e s u l t i n g c l i m a t i c conditions i n the P a c i f i c 
Northwest during summer periods as they may r e l a t e to a e r i a l ap­
p l i c a t i o n of materials. 

General C i r c u l a t i o n 

The excess heating i n the t r o p i c a l regions of the earth, r e l a t i v e 
to other regions, causes r i s i n g a i r over the t r o p i c s . This warm 
a i r moves both north and south. Due to the r o t a t i n g earth, the 
northward moving a i r i s deflected to the r i g h t and becomes a 
westerly flow, thus the northward flow i s slowed and a i r p i l e s up 
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at about 30 degrees N. Because of the p i l e up of a i r and the 
heat loss by r a d i a t i o n , some of the a i r s t a r t s to descend forming 
a high pressure zone. A i r that descends flows r a d i a l l y outward. 
Again the northward flowing a i r i s deflected to the r i g h t and 
becomes the p r e v a i l i n g w e sterlies i n the middle l a t i t u d e s while 
the a i r that flows to the south i s deflected to the west and be­
comes the northeasterly trades of the low l a t i t u d e s . 

At the surface, a i r that flows outward from a high pressure 
zone i s replaced by sinking a i r o r i g i n a t i n g high i n the tropo­
sphere. This sinking i s referred to as subsidence and gives r i s e 
to the upper a i r s t a b i l i t y that dominates the P a c i f i c Northwest 
during the summer. The sinking a i r warms at the dry adiabatic 
lapse rate and, without the addition of moisture, has a very low 
r e l a t i v e humidity. Because of the warming and drying of the a i r , 
subsiding a i r i s c h a r a c t e r i s t i c a l l y very c l e a r and cloudless. 
Subsidence may occur i  stage  givin  r i s  t  tw  i n
versions. The subsidin
j e c t o r y i n the P a c i f i y
inversions increase at Seattle while t h e i r height decreases from 
spring to f a l l as the P a c i f i c High i n t e n s i f i e s (Figure 1) (1). 

Along the west coast at lower l e v e l s , warm moist a i r over 
the P a c i f i c Ocean i s advected over the cold upwelling coastal 
currents g i v i n g r i s e to cool moist a i r and frequent fog. This 
l a y e r , 300 to 600 m t h i c k , i s o v e r l a i n with the warm dry subsid­
ing a i r r e s u l t i n g i n extremely stable conditions. The cool moist 
a i r frequently invades the lower coastal v a l l e y s and the Puget 
Sound lowland while the higher topography i s exposed to the warm 
dry a i r . Strong surface heating may f i n a l l y wipe out the lower 
or marine inversion leaving the higher subsidence inversions. 
When the cool marine a i r i s dammed by the Coastal and Cascade 
mountains (Figure 2) and i f the pressure i s greater on the west 
side than on the east side, a foehn wind may r e s u l t on the east 
side (2-3). The foehn winds are warm dry descending winds which 
r e s u l t i n c l e a r sky conditions and may induce inversions. 

Topography 

Topography also influences s t a b i l i t y at the lower atmospheric 
l e v e l s . Night time r a d i a t i o n a l cooling of the surface produces 
low inversions which grow deeper during the night. Strong sur­
face heating during the day usually eliminates the r a d i a t i o n a l 
inversions. A d d i t i o n a l l y , a i r i n mountain v a l l e y s and i n basins 
heats f a s t e r during the day and cools more r a p i d l y at night than 
a i r over the p l a i n s . The amount of heating or cooling depends 
upon the steepness and o r i e n t a t i o n of the sloping surfaces, and 
the degree of vegetative cover. East facing slopes heat e a r l i e r 
i n the day than do west facing slopes, however southerly slopes 
reach greater temperatures and produce greater i n s t a b i l i t y than 
northerly slopes, Figure 3 (3). Cooling of these surfaces i s 
also dependent upon slope, o r i e n t a t i o n and vegetative cover. 
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Figure 1 . Afternoon inversions at Seattle during May to 
October 1 9 5 7 - 6 1 . Mean inversion heights ("base and top): 
magnitude (potential temperature difference); percentage 
frequency of inversion occurrence; wind speed and direction 
at the inversion base for the principal (solid lines) and 
secondary inversions (dashed lines). (Adapted from Réf. 1 . ) 
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Figure 2. Anticylonic foehn with damming of cold a i r : T, 
a i r temperature; p  a i r pressure; and e  vapor pressure; 
s u f f i x o, values a
leeside slope. (Reproduce
Copyright 1975» University of Tokyo Press.) 

Figure 3. Temperature on a conical shaped mountain 
Values are ranked from T l (warmest) to T5 (coldest) 
(Reproduced with permission from Ref. h. Copyright 
1967, Harvard University Press.) 
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Slope and v a l l e y winds 

The r e s u l t of solar heating on upper slopes as contrasted to 
lower slopes produces less dense a i r which r i s e s up the side 
slope, Figure 4, b (4). The steeper s u n l i t slopes act as natural 
chimneys e s p e c i a l l y i f they are barren and associated with draws 
or ravines. 

S i m i l a r l y about midmorning, the head of v a l l e y s are heated 
with respect to the base which promotes a i r flow up the major 
axis of the v a l l e y (Figure 4, c ) . Usually t h i s flow s t a r t s a f t e r 
the slope flows. However, both depend upon the o r i e n t a t i o n of 
the v a l l e y and the vegetation cover. The upslope or upvalley 
flows are usually turbulent. 

Later i n the day, as the solar heating becomes less intense 
on the side slopes, upper portions cool quickly by r a d i a t i o n a l 
loss to the clear cold
than bare rock surfaces
faces becomes dense and s t a r t s to drain down the slope taking the 
path of leas t resistance (Figure 4, e). This process occurs on 
easte r l y slopes e a r l y i n the afternoon. These downslope or 
drainage winds are laminar i n nature and tend to flow l i k e water, 
usually through the stem space i f trees are present. They can be 
dammed momentarily by any obstruction l i k e vegetation, road 
f i l l s , fences or narrowing of v a l l e y s . Later i n the evening, the 
head of the v a l l e y cools with respect to the base and the cold 
dense a i r begins to flow down the c e n t r a l portion of the v a l l e y 
usually above the vegetation (Figure 4, g). The downvalley winds 
tends to be stronger than the downslope winds having a maximum 
speed some distance above the vegetation. Note that the drainage 
winds p e r s i s t during the hours of darkness and u n t i l enough solar 
heating causes a r e v e r s a l . These up- and down- slope, and v a l l e y 
winds are c y c l i c i n nature, s p e c i f i c for a given drainage, and 
can be very predictable i n the absence of f r o n t a l systems. 

Winds were studied i n the Carbon River Valley near Mount 
Rainier (5). The l o n g i t u d i n a l s e c t i o n a l winds are shown i n F i g ­
ure 5 a and b. The down-valley or mountain wind persisted u n t i l 
midafternoon on 9 and 10 August. The up-valley or v a l l e y winds 
started at the base of the v a l l e y at 1200 on 10 August and i n ­
creased i n thickness during the afternoon. Above these v a l l e y 
winds were a n t i - v a l l e y and anti-mountain winds which varied i n 
d i r e c t i o n from the lower winds by 90 to 180 degrees. 

Another example of up- and down-valley winds along the Rio 
Grand River near Los Alamos, N.M. i s shown i n Figure 6 (6). Dur­
ing June, the drainage winds s t a r t about 1900 (WNW to NNW through 
the night) and give way to the downvalley winds about 0530. The 
upslope winds (SE) s t a r t around 0900. Note the sudden change i n 
wind d i r e c t i o n that occurs sh o r t l y a f t e r sunrise with increasing 
a i r temperatures. 

In north-south v a l l e y s , the east-facing slopes are s u n l i t 
early i n the morning while the west-facing slopes are s u n l i t l a t -
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Figure k. Schematic illustration of the slope and valley 
winds where: A, is about sunrise; B, about midmorning; C, 
about noon; D, afternoon; E, early evening; F, early 
night; G, midnight; and H, dawn. (Reproduced with per­
mission from Ref. k. Copyright 19&Ί > Harvard University 
Press.) 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



FRITSCHEN Air Circulation in Forested Areas 

[ I I 
0 1 2 km 

L _ \1_ L _ 
2 m/s 4 m/* 12 m/s 

Figure 5 . Mountain and valley winds in the Carbon River 
Valley near vicinity of Mount Rainier, Washington. Local 
down valley direction—; AV, antivalley wind; AM, anti-
mountain wind; M, mountain wind; V, valley wind. (Repro­
duced with permission from Ref. 5 . Copyright 1 9 6 6 , 
Springer Verlag.) 
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Figure 6. Slope and valley winds for Ik selected days in 
June 1 9 8 Ο . (Reproduced with permission from Ref. 6. Copy­
right 1981, Brent M. Bowen.) 
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er i n the day. This may cause up slope winds on the easter l y 
slopes e a r l y i n the day and downslope winds on the westerly 
slopes. The thickness of the warmed a i r layer increases upslope 
reaching maximum thickness near the top of the slopes. The gen­
e r a l i z e d slope and v a l l e y winds are dependent upon the shape and 
or i e n t a t i o n of the v a l l e y and the vegetative cover. Therefore, 
winds i n mountain v a l l e y s can be extremely complex being i n f l u ­
enced by regional and l o c a l conditions. The general c i r c u l a t i o n 
may reinforce or oppose these l o c a l convective winds. Their 
r e l a t i o n s h i p may change suddenly and over short d i s t a n c e s — 
sometimes winds d i f f e r i n g by 90 degrees are separated by the tree 
crowns. Drainage wind systems for s p e c i f i c v a l l e y s have been 
presented by (7-13). The wind f i e l d of a large v a l l e y i n France 
was discussed by (14). 

Valley inversions 

As the cool dense a i r associated with slope and v a l l e y winds ac
cumulates i n the bottoms of the v a l l e y s , warmer a i r i s pushed up 
i n the center of the v a l l e y creating an inversion which increases 
i n depth and strength during the night. This inversion usually 
occurs at 2/3 to 3/4 of the height of the v a l l e y and gives r i s e 
to the thermal b e l t . The strength of t h i s inversion i s dependent 
upon the configuration, o r i e n t a t i o n and vegetative cover of the 
v a l l e y , Figure 7 (15, 4). Temperature inversions i n other v a l ­
leys have been studied by (16-18). 

Canopy inversions 

During daylight periods, strong radiant heating produces a warmed 
zone of a i r near the height of crown closure and another inver­
sion (0948 through 1608, Figure 8) (19). At night, radiant c o o l ­
ing of the vegetation cools the layer of a i r associated with the 
vegetation which moves the inversion above the plant canopy (2028 
through 0556, Figure 8). These canopy inversions produce a d i s ­
t i n c t i v e microclimate e i t h e r w i t h i n the stem space during the day 
or w i t h i n the canopy during the night. During night time hours 
the canopy inversion may be strengthened by cold a i r draining 
down the slopes w i t h i n the stem space. 

The strength of the canopy inversion depends upon the density 
of the stand. They tend to be more pronounced i n dense stands 
than i n sparse stands. Likewise the windspeed w i t h i n dense 
stands i s usually less than i n more open stands (Figure 9) (19). 
The low l e v e l j e t i n the stem space i s stronger i f an understory 
i s absent. Furthermore, when the wind i s blowing into a forest 
from a c l e a r i n g , the windspeed i s reduced to a low constant speed 
i n two to three heights (Figure 10) (19). The standard deviation 
of the reduced canopy windspeed i s low i n d i c a t i n g a more or le s s 
constant windspeed regardless of the external wind. Thus the 
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Figure 7 · Schematic temperature profile (right hand) 
showing the position of the thermal "belt on the slope in 
relation to the shape of the valley cross section. 
(Reproduced with permission from 
Ref. 3 . Copyright 1 9 7 5 , University of Tokyo Press.) 
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Figure 8. Average a i r temperature p r o f i l e s i n a 27 m 
Douglas f i r f o r e s t . Shaded area represents v e r t i c a l vege­
ta t i o n density. 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



FRITSCHEN Air Circulation in Forested Areas 

Figure 9. Comparison of normalized wind p r o f i l e s of 
various vegetative canopies where Ζ i s the height above 
the ground, Η i s the height of the top of the canopy and U 
i s wind speed. 1, dense cotton (21); 2, Douglas f i r f o r ­
est (19); 3, dense conifer with understory (22); 4, moder­
atel y dense conifer stand with no understory (20); 5, 
dense hardwood jungle with understory (23); and 6, 
i s o l a t e d conifer stand (24). 
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combination of the canopy inversion and low wind speed creates a 
d i f f e r e n t microclimate i n the stem space. 

In addition to the canopy inversions, heating of the forest 
f l o o r creates an unstable zone (Figure 8) which tends to i n h i b i t 
deposition of the less dense materials. Again, t h i s e f f e c t i s 
more pronounced i n more open f o r e s t s . 

Implication to a e r i a l spraying 

Inversions tend to i n h i b i t mixing of a i r below the inversion with 
that above the inversion. The combination of the P a c i f i c high 
pressure, topograpy and generally c l e a r sky conditions found i n 
the P a c i f i c Northwest during the summer months r e s u l t s i n m u l t i ­
l e v e l inversions (e.g. subsidence, marine a i r , v a l l e y and canopy 
inv e r s i o n s ) . A l l of these could a f f e c t a p a r t i c u l a r s i t e . How­
ever, the v a l l e y and canop
These, i n combination wit
the d i s t r i b u t i o n of p a r t i c l e and gaseous dispersoids. 

Fluorescent p a r t i c l e s (3 ym i n diameter, density of 4 and 
s e t t l i n g v e l o c i t y of 1.3 mm/sec) released w i t h i n the canopy, be­
low canopy in v e r s i o n , tended to remain below the inversion regard­
le s s of the release height and d r i f t with the flow u n t i l they 
reach some sort of a thermal chimney, Figure 11 (25). Openings 
i n the canopy, streams and lakes could act l i k e thermal chimneys. 
Furthermore, low density material released above these inversions 
tends to remain above the inversions and d r i f t with the flow 
(25). Spread of materials released w i t h i n the canopy was more 
rapid than materials released above the canopy. They tended to 
spread l a t e r i a l l y f a s t e r and f i l l the space below the i n v e r s i o n . 
The v e r t i c a l extent of plume mixing was determined by s t a b i l i t y 
and vegetative density. 

In a study where 5.1 μπι diameter fluorescent p a r t i c l e s (de­
p o s i t i o n v e l o c i t y , 54 mm/sec) were released at 26 m over a sage 
brush and grass s i t e , 93 percent (an average of 2.1 percent per 
unit height up to 45 m) of the material remained airborne at 842 
m from the release point (26). The temperature d i f f e r e n t i a l be­
tween 10 and 6 m was 0.5 C and the windspeeds were 2.0 and 6.7 
m/s at 2 and 30 m, r e s p e c t i v e l y . 

Based upon the above statements, i t appears that the best 
time of day for a e r i a l a p p l i c a t i o n i n v a l l e y s i t u a t i o n s i s when 
the laminar drainage winds are present e i t h e r i n the early morn­
ing (daylight plus 2 hours on ea s t e r l y slopes) or l a t e afternoon. 
Drainage wind p e r s i s t s longer on westerly slopes. Late afternoon 
may be undesirable because of the p o s s i b i l i t y of e i t h e r up-slope 
or v a l l e y winds being present. To be e f f e c t i v e , materials ap­
p l i e d should have a large enough terminal g r a v i t a t i o n a l s e t t l i n g 
v e l o c i t y to penetrate the canopy inversion; otherwise they may 
d r i f t f or long distances above the inversion. The material 
should be of a nature that when i t impacts upon vegetation i t 
does not break up i n smaller p a r t i c l e s or droplets which can be 
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30 m 1 m / 8 

Figure 11. Dosage i n t e n s i t i e s 10~ 1 2 (min l i t e r " " 1 ) i n a 
ho r i z o n t a l plane (at 1 m) and i n v e r t i c a l planes along the 
plume center l i n e s of fluorescent p a r t i c l e s released i n a 
27 m Douglas f i r f o r e s t . I s o l i n e s are i n powers of 10. 
Release points, and plume center l i n e s are shown · and 
- - -, respe c t i v e l y . (a) release at 1 m; (b) release at 
10 m; and (c) release at 20 m. Average temperature 
p r o f i l e s and wind d i r e c t i o n and speeds are shown fo r 
selected towers and heights. (From 20). 
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c a r r i e d on the drainage winds. I f drops are used, an evaporation 
retardant should be used to maintain drop size and thus reduce 
d r i f t . 
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Importance of Volatilization as a Pathway 
for Pesticide Loss from Forest Soils 
W. F. SPENCER 
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Riverside, CA 92521 

The importance of volatilization of pesticides in the 
forest environmen
measurement. Considering  hig  pesticid
volatilization from foliage and moist so i l surfaces 
under agricultural conditions, it is apparent that 
volatilization of the more commonly used forest pest­
icides will be relatively high from canopy foliage 
and from litter or grass on the forest floor. A 
dynamic model based on the physical and chemical 
factors controlling pesticide concentrations at the 
soi l surface was used to estimate the suscepti­
bility of pesticides to volatilization loss from 
soi l in the forest environment. Calculations indi­
cated that volatilization from soi l of the more 
commonly used forest herbicides and insecticides 
with the exception of carbaryl, will be relatively 
low or insignificant because of their low volat i l i ty , 
low Henry's constants, KH, and/or their high rates 
of degradation in the soi l environment. 

V o l a t i l i z a t i o n of pes t i c i d e s i s an important: pathway fo r t h e i r 
loss from treated a g r i c u l t u r a l lands. The importance of v o l a t i l ­
i z a t i o n i n the forest environment has not been established by 
di r e c t measurement, but can be in f e r r e d from v o l a t i l i z a t i o n rates 
of the same pesticides under a g r i c u l t u r a l conditions and from 
other data on t h e i r behavior i n the f o r e s t environment. In recent 
years, several studies of actual v o l a t i l i z a t i o n rates of p e s t i ­
cides under f i e l d conditions have provided an assessment of the 
rate of input to the a i r under t y p i c a l conditions of use (1). 
These studies showed that v o l a t i l i z a t i o n rates from plant or 
moist s o i l surfaces can be very large with losses approaching 90% 
w i t h i n 3 days f o r more v o l a t i l e p e s t i c i d e s . V o l a t i l i z a t i o n losses 
from dry s o i l or from incorporated chemicals are much l e s s . 

The forest environment i s quite d i f f e r e n t from the a g r i c u l t ­
u r a l environment. P e s t i c i d e applications occur at infrequent 
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i n t e r v a l s i n forest lands. Applications are usually made on a 
r o t a t i o n a l basis with only a small f r a c t i o n of the t o t a l land 
area receiving chemicals at any one time. During a 30- to 80-year 
period, each acre may receive a p p l i c a t i o n s only 2 or 3 times. 
Forest s o i l s are more t y p i c a l l y shallow, have a high i n f i l t r a t i o n 
r a t e , low pH, and r e l a t i v e l y high organic matter content. In the 
undisturbed state, f o r e s t s o i l s are usually o v e r l a i n by for e s t 
f l o o r m a t e r i a l consisting of a l i t t e r layer over a p a r t i a l l y de­
composed layer which i s on top of a humus layer. 

The f o r e s t f l o o r i s one of the major receptors of spray 
materials (2). Most pe s t i c i d e s i n f o r e s t s are a e r i a l l y applied. 
I n i t i a l l y , they w i l l be d i s t r i b u t e d among the a i r , vegetation, 
forest f l o o r and surface waters (3). The proportion of chemical 
entering any of the four compartments w i l l depend on the chemical, 
i t s a p p l i c a t i o n method, c l i m a t o l o g i c a l factors and s i t e f a c t o r s , 
such as vegetation typ
during a p p l i c a t i o n or l a t e
leaf f a l l from treated plants. The d i s t r i b u t i o n of the chemicals 
between the overlying l i t t e r layers and the mineral s o i l i s 
obviously affected by the density and thickness of the l i t t e r 
layer and amounts or timing of r a i n f a l l . 

Herbicides and i n s e c t i c i d e s are the main pe s t i c i d e s used i n 
the f o r e s t . The phenoxy herbicide 2,4-D i s the most commonly used 
herbicide. Other phenoxy herbicides, such as 2,4,5-T, s i l v e x , 
dichlorprop, and MCPA, along with picloram, and dicamba constitute 
the bulk of the other herbicides used i n US fores t s (4). Insec­
t i c i d e s are generally not used i n most of the f o r e s t , although 
they f i n d some l i m i t e d used i n i n t e n s i v e l y managed areas and 
occasionally on very large blocks of f o r e s t land where c e r t a i n 
species of insects have been the object of large scale spraying 
operations. Treatments against the western and eastern spruce 
budworm and the gypsy and douglas f i r tussock moth accounted f o r 
over 95% of the acreage sprayed by the US Forest Service between 
1945 and 1974 (5). Carbaryl i s by f a r the most widely used 
i n s e c t i c i d e i n f o r e s t s at the present time with the organophos-
phate i n s e c t i c i d e s f e n i t r o t h i o n , t r i c h l o r f o n , and malathion being 
used i n much lesser quantities (6). 

No d i r e c t measurements of v o l a t i l i z a t i o n losses of any p e s t i ­
cide has been made following applications to f o r e s t s . However, 
Grover et a l . (7) recently measured the v o l a t i l i z a t i o n of 2,4-D 
af t e r a p p l i c a t i o n as the i s o o c t y l ester to a wheat f i e l d . This 
same l o w - v o l a t i l e ester i s used i n f o r e s t vegetation c o n t r o l . The 
t o t a l vapor loss w i t h i n 3 days a f t e r a p p l i c a t i o n of the i s o o c t y l 
ester of 2,4-D was 20% of the amount applied. The a p p l i c a b i l i t y 
of these findings to v o l a t i l i z a t i o n of l i k e p e s t i c i d e s i n the 
forest environment w i l l be discussed. We w i l l i n d i c a t e how 
v o l a t i l i z a t i o n i n f o r e s t s may d i f f e r from that reported from 
a g r i c u l t u r a l applications to open f i e l d s . The paper also w i l l 
discuss the transfer of pes t i c i d e s i n t o the atmosphere from the 
standpoint of mechanisms involved, f a c t o r s i n f l u e n c i n g rates of 
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vapor transfer and the use of a screening model i n p r e d i c t i n g 
r e l a t i v e v o l a t i l i z a t i o n rates. Recent reviews on v o l a t i l i z a t i o n 
include those by Hamaker (8), Spencer et a l . (9), Wheatley (10), 
Guenzi and Beard (11), Plimmer (12), Taylor (1), and Spencer 
et a l . (13). 

The V o l a t i l i z a t i o n Process 

V o l a t i l i z a t i o n i s defined as the l o s s of chemicals from surfaces 
i n the vapor phase, that i s , vaporization followed by movement 
into the atmosphere. The rate at which a p e s t i c i d e moves away 
from the surface i s d i f f u s i o n c o n t r o l l e d . Close to the evaporat­
ing surface, there i s r e l a t i v e l y no movement of a i r and the vapor­
ized substance i s transported from the surface through t h i s 
stagnant boundary layer to the region of turbulent mixing only by 
molecular d i f f u s i o n . Th
the surface by d i f f u s i o
c o e f f i c i e n t and to the vapor density of the p e s t i c i d e at the 
evaporating surface. Since the thickness of the stagnant boundary 
layer depends on a i r flow rate and turbulence, vapor loss i s 
influenced strongly by the type of s o i l cover and the atmospheric 
conditions, i . e . , wind i n the v i c i n i t y of the s o i l surface. In 
general, under a given set of conditions as a i r exchange rate or 
a i r turbulence increases, v o l a t i l i z a t i o n rate increases. 

V o l a t i l i z a t i o n rates of chemicals from surface deposits are 
d i r e c t l y proportional to t h e i r r e l a t i v e vapor pressures. The 
a c t u a l rates of l o s s , or the p r o p o r t i o n a l i t y constant r e l a t i n g 
vapor pressure to v o l a t i l i z a t i o n r a t e s , are dependent upon 
external conditions that a f f e c t movement away from the evapora­
t i n g surface, such as wind speed and a i r turbulence. I n i t i a l 
v o l a t i l i z a t i o n of p e s t i c i d e deposits from leaf surfaces and grass 
or l i t t e r on the f o r e s t f l o o r are examples of t h i s type of v o l a ­
t i l i z a t i o n . Factors c o n t r o l l i n g v o l a t i l i z a t i o n rates from plants 
was discussed by Taylor (1). 

In comparing the f a c t o r s governing v o l a t i l i z a t i o n from s o i l 
and plant surfaces, the dominant e f f e c t of adsorption that reduces 
the vapoi pressure of p e s t i c i d e s adsorbed on dry s o i l becomes 
apparent (9). Vapor pressures of p e s t i c i d e s are greatly decreased 
by t h e i r i n t e r a c t i o n with s o i l , mainly due to adsorption. 
Spencer et a l . (14) reported that the degree of reduction i n 
vapor pressure i n s o i l due to adsorption i s dependent mainly upon 
s o i l water content, the nature of the p e s t i c i d e , i t s concentra­
t i o n and s o i l properties, p a r t i c u l a r l y s o i l organic matter con­
tent. The concentration of the desorbed p e s t i c i d e i n the s o i l 
water d i c t a t e s the vapor density of the p e s t i c i d e i n the s o i l a i r 
i n accordance with Henry's law. Hence, s o i l water adsorption 
c o e f f i c i e n t s can be used to c a l c u l a t e r e l a t i v e vapor d e n s i t i e s 
i n the s o i l atmosphere. 

Studies by Spencer et a l . (9, 14) and Spencer and C l i a t h 
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(15, 16) have shown that the adsorption of many pes t i c i d e s i s 
very strongly influenced by s o i l moisture. Vapor pressures of 
weakly-polar p e s t i c i d e s decreased markedly when the s o i l water 
content decreased below 1 molecular layer of water. Consequently, 
under very dry conditions, strong adsorptive forces reduce the 
vapor pressure of the p e s t i c i d e residues to n e g l i g i b l e values. 
However, when s u f f i c i e n t s o i l water i s present to cover the sur­
face of the s o i l c o l l o i d s to a depth of a molecular layer or more, 
pe s t i c i d e vapor pressures increase to values near those of the 
pure compounds. This indicates that greater v o l a t i l i z a t i o n from 
wet than from dry s o i l s i s due mainly to an increased vapor pres­
sure r e s u l t i n g from displacement of the chemicals from the s o i l 
surface by water. An example of the e f f e c t of p e s t i c i d e concen­
t r a t i o n and water content on vapor density of a weakly-polar 
p e s t i c i d e , d i e l d r i n , i s shown i n Figure 1. S i m i l a r r e l a t i o n s h i p s 
hold f o r other r e l a t i v e l
over the temperature range
While water contents above 1 molecular layer may have l i t t l e or 
no e f f e c t on p e s t i c i d e vapor de n s i t i e s i n s o i l , higher water con­
tents do greatly a f f e c t v o l a t i l i t y through t h e i r e f f e c t s on p e s t i ­
cide movement through the s o i l . Even though the vapor density or 
v o l a t i l i t y of most weakly polar chemicals are very low i n dry 
s o i l t h e i r v o l a t i l i t y increases to higher values when the dry s o i l 
i s rewetted i n d i c a t i n g that the drying e f f e c t i s mostly r e v e r s i b l e . 

V o l a t i l i z a t i o n of soil-incorporated p e s t i c i d e s involves de-
sorption of the chemicals from the s o i l , movement to the s o i l 
surface, and vaporization in t o the atmosphere. The i n i t i a l 
v o l a t i l i z a t i o n rate w i l l be a function of the vapor pressure of 
the chemical at the surface as modified by adsorptive i n t e r ­
actions with the s o i l . The small f r a c t i o n of exposed material 
that remains on the surface a f t e r mixing i s r e a d i l y l o s t . Vola­
t i l i z a t i o n then becomes dependent upon the rate of movement of the 
p e s t i c i d e to the s o i l surface by d i f f u s i o n or convection i n 
evaporating water. When water i s not evaporating, v o l a t i l i z a t i o n 
rate depends upon rate of movement to the s o i l surface by d i f f u s ­
ion only. Usually both mechanisms, d i f f u s i o n and convection work 
together i n the f i e l d where water and the p e s t i c i d e vaporize at 
the same time. Movement of p e s t i c i d e s to the surface by bulk 
flow or convection i n the s o i l water i s the dominant mechanism 
c o n t r o l l i n g v o l a t i l i z a t i o n of p e s t i c i d e s incorporated i n moist 
s o i l s . V o l a t i l i z a t i o n rates due to convection can be estimated 
from the water f l u x and the concentration of the chemical i n the 
water. The magnitude of the so-called "Wick E f f e c t " w i l l depend 
upon the adsorption c h a r a c t e r i s t i c s and water s o l u b i l i t y of the 
p e s t i c i d e and other factors a f f e c t i n g p a r t i t i o n i n g between the 
a i r , water, and s o i l (17). 

V o l a t i l i z a t i o n of P e s t i c i d e s Under F i e l d Conditions 

Measurements of p e s t i c i d e v o l a t i l i z a t i o n i n the f i e l d have been 
made by several researchers using microclimate techniques. Vapor 
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H E O D IN S O I L , ppm 

Figure 1. Relative vapor density of d i e l d r i n (HEOD) versus 
concentration i n G i l a s i l t loam as affected by s o i l water 
content. 
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fluxes were calculated from measured p e s t i c i d e vapor concentra­
t i o n p r o f i l e s and supporting meteorological data as described by 
Caro et a l . (18) and Parmele et a l . (19). Taylor (1) i n h i s 
review of post^application v o l a t i l i z a t i o n of p e s t i c i d e s under 
f i e l d conditions, summarized the data from several f i e l d e xperi­
ments on p e s t i c i d e v o l a t i l i z a t i o n from vegetation and s o i l . He 
concluded that v o l a t i l i z a t i o n rates from plant or moist s o i l sur­
faces can be very large. In moist s o i l s , v o l a t i l i z a t i o n rates 
from surface applications were s i m i l a r to v o l a t i l i z a t i o n from 
f o l i a g e surfaces, i . e., up to 90% loss i n 3 days f o r the more 
v o l a t i l e chemicals (1, _20, 21). When s o i l surfaces were dry 
v o l a t i l i z a t i o n was greatly reduced or n e g l i g i b l e even f o r surface 
applied p e s t i c i d e s (22, 23). 

V o l a t i l i z a t i o n rates were much les s where the p e s t i c i d e s were 
incorporated even to shallow depths i n s o i l . Incorporation of 
heptachlor, d i e l d r i n , o
losses to less than 7%
orders of magnitude l e s s than those f o r exposed residues of the 
same p e s t i c i d e s . 

W i l l i s et a l . (24) measured v o l a t i l i z a t i o n of toxaphene from 
a mature cotton canopy following an a e r i a l a p p l i c a t i o n at 2.24 
kg/ha. They found l e s s than 20% of the applied toxaphene present 
i n the canopy one hour a f t e r a p p l i c a t i o n . Measured v o l a t i l i z a t i o n 
rates were equivalent to 25% of the remaining toxaphene w i t h i n 5 
days. W i l l i s et a l . (25) also measured v o l a t i l i z a t i o n of toxa­
phene and DDT from a cotton f i e l d f o l l o w i n g t h e i r a p p l i c a t i o n by 
ground equipment. Total toxaphene and DDT v o l a t i l i t y losses 
during the 32 day test period were 53 and 58% of the amounts on 
the p l a n t s , r e s p e c t i v e l y . Because of dry weather, no measurable 
p e s t i c i d e v o l a t i l i z a t i o n occurred from s o i l . They concluded that 
post-application v o l a t i l i z a t i o n from plants i s a major pathway of 
p e s t i c i d e l o s s . C l i a t h et a l . (26) reported v o l a t i l i z a t i o n 
losses of 74% of the applied herbicide, EPTC, from i r r i g a t i o n 
water and moist s o i l w i t h i n 52 hours following i t s a p p l i c a t i o n i n 
i r r i g a t i o n water to an a l f a l f a f i e l d . 

Grover et a l . (7) recently measured the v o l a t i l i z a t i o n of 
2,4-D i s o o c t y l ester a f t e r a p p l i c a t i o n to a wheat f i e l d at 0.5 
kg/ha (acid equivalent). He reported that t o t a l vapor losses 
of the i s o o c t y l ester over a 5-day sampling period were 93.5 g/ha 
or 20.8% of the amount applied. The crop canopy intercepted 77% 
of the applied ester and thus acted as the major source of vapor 
l o s s . He found that the 2,4-D ester losses from the s o i l surface 
occurred only when the s o i l surface was moist, i . e . , a f t e r a 
r a i n f a l l event or i n the ea r l y hours of the morning following the 
d i s p o s i t i o n of dew. The ester was r a p i d l y hydrolyzed to the a c i d 
on the wheat plants and i n the s o i l , p a r t i c u l a r l y when surface 
s o i l moisture was a v a i l a b l e . 

V o l a t i l i z a t i o n of pesticides from various components of the 
fore s t environment, f o l i a g e , f o r e s t f l o o r , or s o i l should f o l l o w 
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somewhat the same pattern as that reported by Taylor (1), W i l l i s 
et a l . (24, 25) and Grover et a l . (?) i n that v o l a t i l i z a t i o n of 
deposits on f o l i a g e and on grass or l i t t e r on the forest f l o o r 
should be much greater than from w i t h i n the s o i l . Even though 
pest i c i d e s applied to fo r e s t s o i l s are seldom incorporated, p e s t i ­
cides on the forest f l o o r , or washed o f f f o l i a r surfaces, may move 
in t o the s o i l by r a i n f a l l instead of by incorporation. Subse­
quently, they w i l l move to the s o i l surface and v o l a t i l i z e by the 
same mechanisms as for soil-incorporated p e s t i c i d e s . However, a i r 
c i r c u l a t i o n under the for e s t canopy may be quite d i f f e r e n t from 
that i n an open f i e l d . The forest canopy provides more of a 
closed environment with a f a i r l y stable atmosphere i n the daytime 
and r e l a t i v e l y unstable at night (27). Consequently, we expect 
p e s t i c i d e turnover under the f o r e s t system to be lower than that 
i n a more open environment such as a bare s o i l or wheat f i e l d . 
S p e c i f i c a l l y , v o l a t i l i z a t i o
probably be lower than
whereas, v o l a t i l i z a t i o n from the top of the canopy might be some­
what s i m i l a r to that reported f o r a g r i c u l t u r a l crops. 

The length of time p e s t i c i d e s p e r s i s t i n the for e s t f l o o r and 
s o i l bears strongly on the p r o b a b i l i t y they w i l l be l o s t by 
v o l a t i l i z a t i o n (28-31). The phenoxy herbicides are commonly 
applied to fo r e s t s as the l o w - v o l a t i l e esters. These esters are 
r e a d i l y hydrolyzed to t h e i r respective acids i n s o i l or on the 
fo r e s t f l o o r . For example, Smith (32) reported that no traces of 
2,4,5-T and 2,4-D esters were observed i n any of four moist s o i l s 
a f t e r 48 and 72 hours, r e s p e c t i v e l y , and most of them were 
hydrolyzed i n l e s s than 24 hours. The vapor pressures of the 
acids are much lower than the esters and t h i s h y d r o l y s i s , along 
with subsequent degradation of the aci d s , r e s u l t s i n a very low 
p o t e n t i a l f o r v o l a t i l i z a t i o n of these materials from s o i l . 

Estimating V o l a t i l i z a t i o n Rates from S o i l s 

Vaporization of pes t i c i d e s from s o i l can be estimated from a con­
s i d e r a t i o n of the physical and chemical f a c t o r s c o n t r o l l i n g t h e i r 
concentration at the s o i l surface. These factors have been d i s ­
cussed i n the section on the v o l a t i l i z a t i o n process. When p e s t i ­
cides are present i n the s o i l matrix, they can move to the surface 
by gaseous or l i q u i d d i f f u s i o n or by convection (mass flow) with 
the s o i l water moving upward to the surface during evaporation. 
Most models developed f o r estimating v o l a t i l i z a t i o n rates are 
based upon equations describing the rate of movement of the chemi­
cals to the surface by d i f f u s i o n and/or by convection and away 
from the surface through the a i r boundary layer above the surface 
by d i f f u s i o n . In add i t i o n , the proportion of a p e s t i c i d e i n s o i l 
that w i l l be l o s t by v o l a t i l i z a t i o n depends on the resistance of 
the chemical to degradation. 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 
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Screening Model. In a series of papers, Jury et a l . (33-36) 
described and applied a model f o r assessing r e l a t i v e v o l a t i l i t y , 
m o b i l i t y , and persistence of pesticides and other trace organics 
i n s o i l . The model describes movement i n both the l i q u i d and 
vapor phases f o r chemicals which p a r t i t i o n between l i q u i d , vapor, 
and adsorbed phases i n the s o i l . The s o i l surface boundary con­
s i s t s of a stagnant boundary layer connecting the s o i l and a i r 
through which p e s t i c i d e and water vapor must move to reach the 
atmosphere. The model assumes that gas and l i q u i d concentrations 
are r e l a t e d by Henry's law, and that the adsorption isotherms 
r e l a t i n g l i q u i d and adsorbed concentrations are l i n e a r over the 
range of concentrations encountered. I t i s also assumed that 
degradation occurs by a f i r s t order rate process. The model 
[presented i n d e t a i l i n Jury et a l . (33)] i s intended to c l a s s i f y 
and screen organic chemicals f o r t h e i r environmental behavior. 
Each chemical simulate
pressure and s o l u b i l i t
carbon p a r t i t i o n c o e f f i c i e n t , Koc> a n d i t s degradation r a t e , μ. 
The purpose of the model i s not to simulate chemical transport i n 
a given f i e l d s i t u a t i o n , but rather to estimate how a p e s t i c i d e 
w i l l move under a given set of imposed circumstances or to evalu­
ate the s u s c e p t i b i l i t y of a chemical to a given loss pathway and 
to c l a s s i f y chemicals into groups. 

Jury et a l . (35) applied the screening model to a set of 20 
pesti c i d e s and 15 other trace organic chemicals f o r which bench­
mark properties were obtained from the l i t e r a t u r e or calculated. 
Results were presented i n a serie s of c l a s s i f i c a t i o n s r a t i n g the 
s u s c e p t i b i l i t y of the chemicals to a given loss pathway. The 
model indicated that v o l a t i l i z a t i o n behavior of a chemical was 
con t r o l l e d mainly by the r a t i o of i t s s o l u t i o n to vapor concen­
t r a t i o n or Henry's constant, which determined the extent to which 
the a i r boundary layer r e s t r i c t e d v o l a t i l i z a t i o n from s o i l . The 
extent to which t h i s boundary layer l i m i t s the v o l a t i l i z a t i o n f l u x 
can be used as a c r i t e r i o n f o r c l a s s i f y i n g p e s t i c i d e s into general 
categories, based upon whether control of v o l a t i l i z a t i o n i s w i t h i n 
the s o i l or w i t h i n the boundary layer (34). When a boundary 
layer i s present, I t w i l l act to r e s t r i c t v o l a t i l i z a t i o n fluxes 
only i f the maximum f l u x through the boundary layer i s small com­
pared to the rate at which chemicals move to the s o i l surface. 

The 20 pe s t i c i d e s were divided in t o one of three categories 
depending on whether Henry's constant (KH) ( i n u n i t s of yg/ml a i r 
per ug/ml solution) i s much greater (Category I ) , approximately 
equal to (Category I I ) , or much less (Category I I I ) than the value 
2.65 Χ 10" 5. Category I chemicals are not affected by the bound­
ary layer and Category I I I chemicals are dominated by the bound­
ary layer properties. This independence of or dependence on 
boundary layer properties has clear cut implications f o r v o l a t i l ­
i z a t i o n of soil-incorporated p e s t i c i d e s . For example, Jury et 
a l . (34) were able to show from the model that (for. no water 
f l u x ) the dependence of p e s t i c i d e f l u x Jp on p h y s i c a l and chemi­
c a l parameters was as follows: 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 
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Category I 

Category I I I i j 

Jp * C T 0 «H ^ c " f o c " d " e _ P t ( 2 ) 

where C ^ = M/L i s i n i t i a l p e s t i c i d e concentration, Μ i s i n i t i a l 
p e s t i c i d e mass, L i s i n i t i a l depth of incorporation, a i s volume­
t r i c s o i l a i r content, t i s time, d i s thickness of a i r boundary 
laye r , and f Q i s s o i l organic carbon f r a c t i o n . 

Figure 2 shows v o l a t i l i z a t i o n f l u x rates versus time f o r three 
prototype chemicals under conditions of 1) no water evaporation, 
2) steady evaporation at 2.5 mm/day  and 3) steady evaporation at 
5.0 mm/day (34). A clea
havior of Category I an
I, the v o l a t i l i z a t i o n f l u x shows a c h a r a c t e r i s t i c decrease with 
time i n a l l three cases whereas the f l u x rate of the Category I I I 
chemical tends to increase with time when upward water flow i s 
occurring and to decrease slowly with time when water i s not 
evaporating. The Category I I v o l a t i l i z a t i o n f l u x decreases with 
time when no evaporation occurs and increases with time when high 
evaporation occurs. The Category I I I compound with a low Henry's 
constant moves to the surface i n evaporating water f a s t e r than i t 
can v o l a t i l i z e i n t o the atmosphere, consequently, i t s concentra­
t i o n increases at the s o i l surface under evaporative conditions 
and v o l a t i l i z a t i o n rate increases with time. V o l a t i l i z a t i o n rate 
of Category I I I chemicals depends upon the depth of the stagnant 
a i r layer and c o n t r o l of v o l a t i l i z a t i o n rate i s w i t h i n the atmos­
phere as w e l l as w i t h i n the s o i l . 

Model A p p l i c a t i o n to Herbicides and Insecticides Commonly Used 
i n Forestry. The screening model described by Jury et a l . (33) 
was applied to four herbicides and four i n s e c t i c i d e s commonly 
used i n the f o r e s t environment f o r the purpose of determining 
t h e i r s u s c e p t i b i l i t y to loss from s o i l by v o l a t i l i z a t i o n compared 
with degradation. Table I gives the parameters at 25°C of vapor 
density, Cyl water s o l u b i l i t y , C; organic carbon p a r t i t i o n 
c o e f f i c i e n t , Ko C; Henry's constant, K J J; and h a l f - l i f e , t % ; f o r 
the four herbicides and four i n s e c t i c i d e s commonly used i n forests 
along with lindane as a comparison Category I p e s t i c i d e . The 
parameters were e i t h e r obtained d i r e c t l y from the l i t e r a t u r e or 
estimated from various r e l a t i o n s h i p s . In the case of the phenoxy 
herbicides 2,4-D and 2,4,5-T, the properties of the acids were 
used instead of the more v o l a t i l e esters. Even though they may be 
applied as low v o l a t i l e e sters, the phenoxy herbicides r a p i d l y 
hydrolyze to the acids on contact with the s o i l (2, 32). The 
vapor pressure of 2,4,5-T acid was estimated from the vapor pres­
sures of the hexylethyl esters of 2,4-D and 2,4,5-T and the 
vapor pressure of 2,4-D a c i d . 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 
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Figure 2. V o l a t i l i z a t i o n f l u x rates f o r a prototype chemi­
c a l from each category of v o l a t i l i z a t i o n behavior as 
affected by water evaporation (E). 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 
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Table I . Chemical and P h y s i c a l Properties of Forest P e s t i c i d e s 
Used i n Simulations 

Vapor 11 
Density— 

Solu­ Henry's Category 
Chemical 

Vapor 11 
Density— b i l i t y Constant, Koc> th (34), 
(mg/L) (mg/L) (KH) (mL/g) (days) (No.) 

HERBICIDES 2/ 
1.9E-0&-' 2,4,5-T (Acid) 2/ 
1.9E-0&-' 268 7.2E-09 53 25 I l l 

2,4-D (Acid) 5.0E-06 900 5.6E-09 20 15 I I I 
Picloram 8.OE-06 430 1.9E-08 25 100 I I I 
Dicamba 2.4E-04 4500 5.3E-08 2 25 I I I 
INSECTICIDES 
Carbaryl 3.2E-03 40 8.1E-05 230 12 I 
Fenitrothion 1.8E-04 30 6.0E-06 670 12 I I 
T r i c h l o r f o n 2.2E-0
Malathion 3.6E-0
Lindane 1.0E-03 7.5 1.3E-04 1300 266 I 
_V Vapor Density (C v) calculated 

the equation C v = PM/RT where 
gas constant, and Τ absolute 

21 E-06 = xlO , etc. 

from vapor pressue (P) using 
M i s molecular weight, R the 
temperature. 

The simulations of v o l a t i l i z a t i o n were conducted using the 
complete model described by Jury et a l . (33) where each chemical 
i s present i n the s o i l at a uniform concentration of 1 kg/ha to a 
depth, L, i n the s o i l and i s allowed to v o l a t i l i z e through a 
stagnant a i r boundary layer f o r a s p e c i f i e d time period i n the 
presence or absence of water evaporation. The standard conditions 
or common properties assumed i n the simulations are the same as 
those indicated i n Jury et a l . (35, 36), i . e . , a i r d i f f u s i o n 
c o e f f i c i e n t , 0.43 m2/d; water d i f f u s i o n c o e f f i c i e n t , 4.3 X 10" 5 

m^/d; atmospheric r e l a t i v e humidity, 50% temperature, 25°C; 
s o i l porosity* 50%; bulk density, 1.35 g/cm3; s o i l water content, 
0.30; organic carbon f r a c t i o n , 0.0125; amount of p e s t i c i d e i n 
s o i l , 1 kg/ha; depth i n s o i l , 1 or 10 cm; water evaporation r a t e , 
0, 0.25, or 0.50 cm/d. 

The r e s u l t i n g v o l a t i l i z a t i o n fluxes and cumulative losses 
are used to categorize the r e l a t i v e s u s c e p t i b i l i t y to atmospheric 
loss of the nine chemicals. The four herbicides have very low 
Henry's constants and f a l l i nto Category I I I (34) from the stand­
point of t h e i r v o l a t i l i t y c h a r a c t e r i s t i c s . Two of the four insec­
t i c i d e s have intermediate Henry's constants and f a l l i n t o Category 
I I , while t r i c h l o r f o n i s a Category I I I chemical because of i t s 
very high water s o l u b t i l i t y and carbaryl and lindane are Category 
I chemicals. 

Figure 3 shows calculated v o l a t i l i z a t i o n fluxes versus time 
over a 20-day period f o r the nine p e s t i c i d e s present i n the 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
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Figure 3. Calculated v o l a t i l i z a t i o n f l u x versus time f o r 
selected f o r e s t p e s t i c i d e s as affected by water evaporation 
(E) at s o i l depth L = 10 cm. 
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0 - 10 cm s o i l depth as affected by water evaporation. The bound­
ary layer thickness (d) f o r the three water evaporation rates (Ε), 
calculated using Equation 28 of Jury et a l . (33), were d = 4.75 
mm when Ε = 0 and 0.25 cm/d and d = 2.38 mm when Ε = 0.5 cm/d. 
The shapes of the curves i n d i c a t e the e f f e c t of water evaporation 
on changes i n v o l a t i l i z a t i o n with time f o r the various p e s t i c i d e s . 
The herbicides f a l l i n t o Category I I I chemicals and t h e i r v o l a t i l ­
i z a t i o n rates increase with time when water i s evaporating. The 
v o l a t i l i z a t i o n rates of lindane and car b a r y l , the Category I 
chemicals, decrease with time under a l l conditions. The Category 
I I i n s e c t i c i d e s are intermediate i n t h e i r response to water evap­
oration rate. The chemicals with high degradation ra t e s , such as 
malathion and t r i c h l o r f o n degrade so r a p i d l y that t h e i r v o l a t i l i ­
z ation rate decreases with time under a l l conditions. 

Figure 4 shows p e s t i c i d e v o l a t i l i z a t i o n as affected by s o i l 
depths of 1, 5, and 10
0.25 cm/d. Since the concentratio
to the depth of s o i l containing the 1 kg/ha of p e s t i c i d e , the 
r a t i o of the concentrations roughly explains the i n i t i a l r e l a t i v e 
v o l a t i l i z a t i o n rates. The very water soluble (Category I I I ) com­
pounds appear to approach a constant v o l a t i l i z a t i o n rate regard­
less of depth because t h e i r v o l a t i l i z a t i o n i s co n t r o l l e d by d i f ­
f u s i o n of the chemical through the boundary layer above the s o i l 
surface as w e l l as by the rate of movement upward to the s o i l 
surface. 

Table I I shows the calculated cumulative v o l a t i l i z a t i o n a f t e r 
10 days as affected by depth of pe s t i c i d e s i n s o i l (L) and water 
evaporation rate (E) expressed as a percent of the 1 kg/ha 
i n i t i a l l y present i n the s o i l at t = 0. S o i l water content (Θ) 
was assumed to be equal to 0.30, and the organic carbon content of 
the s o i l (foe) equal to 0.0125. The v o l a t i l i z a t i o n rates shown 
i n Table I I are fo r the i d e a l conditions and high water evapora­
t i o n rates assumed i n the simulations. They are undoubtedly the 
upper l i m i t s of v o l a t i l i z a t i o n to be expected from forest s o i l s . 
V o l a t i l i z a t i o n was increased greatly by evaporating water, p a r t i c ­
u l a r l y f o r the compounds with low KJJ values and increasing s o i l 
depth decreased v o l a t i l i z a t i o n . 

The amounts v o l a t i l i z e d i n 10 days were extremely low i n most 
cases. Dieamba was the only herbicide e x h i b i t i n g s i g n i f i c a n t 
v o l a t i l i z a t i o n and that only i n the presence of high water evapo­
r a t i o n . Apparently the i n s e c t i c i d e c a r b a r y l , has the p o t e n t i a l 
to v o l a t i l i z e s i g n i f i c a n t l y from the s o i l with or without water 
evaporation, p a r t i c u l a r l y when i t i s present near the s o i l 
surface. The reference i n s e c t i c i d e , lindane, w i l l appreciably 
v o l a t i l i z e when i t i s present near the s o i l surface, but i t s 
v o l a t i l i t y decreases markedly when present w i t h i n the e n t i r e 
0 - 10 cm depth. V o l a t i l i z a t i o n of the other i n s e c t i c i d e s w i l l 
be e s s e n t i a l l y i n s i g n i f i c a n t due e i t h e r to t h e i r rapid degradation 
rate or low ΚΗ· 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
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Figure 4. Calculated v o l a t i l i z a t i o n f l u x versus time f o r 
selected f o r e s t p e s t i c i d e s as affected by depth (L) w i t h i n 
the s o i l at water evaporation rate Κ β 0.25 cm/day. 
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Table I I . Cumulative V o l a t i l i z a t i o n A f t e r 10 Days as a Function 
of Evaporation (E, cm/day), and S o i l Depth (L, cm), 
Expressed as a % of the 1 kg/ha I n i t i a l l y i n S o i l 

(With θ=0.3; f o c=0.0125) 

Chemical 
L = 1 cm L = 10 cm 

Chemical E=0.0 E=0.25 E=0.0 E=0.25 
HERBICIDES 
2,4,5-T 0.05 0.31 <0.01 0.05 
2,4-D 0.06 0.45 <0.01 0.10 
Picloram 0.20 1.60 0.02 0.35 
Dicamba 0.94 9.07 0.13 3.73 
INSECTICIDES 
Carbaryl 24.2 51.2 2.44 5.40 
Fenitrothion 3.9
T r i c h l o r f o n 0.0
Malathion 0.62 1.24 0.06 0.12 
Lindane 12.6 18.8 1.26 1.88 

Table I I I shows the percent of each p e s t i c i d e remaining i n 
the s o i l a f t e r 10 days of v o l a t i l i z a t i o n and degradation. The 
percentage of the chemicals not accounted f o r by v o l a t i l i z a t i o n 
disappeared by degradation at a rate r e f l e c t e d by the h a l f - l i f e , 
t%9 i n Table I. A comparison of the data i n Tables I I and I I I 
provides an i n s i g h t into the r e l a t i v e rates of v o l a t i l i z a t i o n 
and degradation of the nine p e s t i c i d e s . With the exception of 
lindane at the 0 - 1 cm depth and carbaryl at 0 - 1 cm depth with 
water evaporating, degradation i s a much more important pathway 
f o r loss of the nine chemicals from s o i l than i s v o l a t i l i z a t i o n . 

Table I I I . Percent Mass (M) Remaining i n S o i l A f t e r 10 Days as 
Affected by Evaporation (E, cm/day) and S o i l Depth 
(L,cm) (With θ=0.3, Mo=l kg/ha and f o c

 = 0.0125) 
L = 1 cm L = 10 cm 

Chemical E=0.0 E=0.25 E=0.0 E=0.25 
HERBICIDES 
2,4,5-T 75.7 75.5 75.8 75.7 
2,4-D 63.0 62.6 63.0 62.9 
Picloram 93.1 91.7 93.3 93.0 
Dicamba 75.0 67.9 75.7 72.4 
INSECTICIDES 
Carbaryl 39.5 19.7 54.5 52.5 
Fenitr o t h i o n 53.9 51.1 55.9 55.6 
T r i c h l o r f o n 9.9 9.9 9.9 9.9 
Malathion 0.1 0.1 0.1 0.1 
Lindane 85.0 79.0 96.2 95.6 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
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Conclusions 

Extrapolating to the forest environment from f i e l d measurements 
of p e s t i c i d e v o l a t i l i z a t i o n i n a g r i c u l t u r a l environments, along 
with output from the screening model using benchmark properties, 
we conclude that v o l a t i l i z a t i o n from the canopy f o l i a g e w i l l be 
r e l a t i v e l y high f o r the more commonly used for e s t p e s t i c i d e s . 
Their v o l a t i l i z a t i o n from l i t t e r on the forest f l o o r w i l l also be 
appreciable. With the possible exception of ca r b a r y l , t h e i r 
v o l a t i l i z a t i o n a f t e r being washed int o the s o i l w i l l be r e l a t i v e l y 
low or i n s i g n i f i c a n t because of t h e i r low v o l a t i l i t y , low Henry's 
constants, KH, and/or t h e i r high rates of degradation i n the s o i l 
environment. The rapid disappearance of the phenoxy herbicides 
(j2, 31) and the i n s e c t i c i d e , f e n i t r o t h i o n (28) from vegetation 
and the forest f l o o r i s supporting evidence that v o l a t i l i z a t i o n 
i s an important pathwa
for e s t canopy and l i t t e

The screening model developed by Jury et a l . (33) should 
provide a usefu l mechanism f o r determining the r e l a t i v e importance 
of v o l a t i l i z a t i o n and other pathways for loss of applied chemicals 
from s o i l s . The model should also be useful f o r assessing the 
r e l a t i v e loss by v o l a t i l i z a t i o n of new compounds based on t h e i r 
physico-chemical properties. 
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15 
Vapor Phase Redistribution of Aminocarb 
and Transformation Products from Leaf Surfaces 
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The process of
leaf surface is considere
component physical processes of sublimation and 
molecular diffusion through a saturated boundry 
layer. Predicted volatilization rates based solely 
on pesticide vapour pressures often bear little 
relation to field observations due to myriad 
interactions of the pesticide with the leaf and 
the surrounding microenvironment. Observed 
pesticide fluxes above sprayed agricultural fields 
together with microclimatological characteristics 
of coniferous forests are then used to predict 
general patterns of pesticide volatilization from 
a treated coniferous stand. 

The multiplicity of abiotic transformation 
products which have been detected for 
aminocarb has prompted a comparison of the 
anticholinesterase activity, in vivo insect toxicity 
and relative volatility of a series of oxidation 
products. Successive oxidations of the 
aryldimethylamino group resulted in increased 
toxicity whereas oxidation of the arylmethyl 
group or of the carbamate N-methyl group 
considerably reduced toxicity. Saturated vapour 
concentrations of the toxic transformation 
products were only slightly lower than the 
parent carbamate. 

Within the forest environment pesticides are limited to a 
relatively few specific use patterns; however in terms of area treated 
(and quantity of active ingredients applied) these restricted patterns 
still represent usage on a rather massive scale. Herbicides are used 
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212 CHEMICAL AND BIOLOGICAL CONTROLS IN FORESTRY 

for brush control along "rights of way" and for the selective control of 
vegetation (broad leaf and woody plants) which may compete with young 
conifers for limited resources. The use of phenoxy herbicides (mainly 
2, 4-D and 2,4,5-T with lesser amounts of dichlorprop, silvex and 
MCPA) in forestry has been reviewed recentlyXl). 

Insecticides are also used on a large scale to control a few 
lepidopterous defoliators of mature conifers including spruce budworm. 

The strategy in these spray programs is to protect the current years 
foliage only and as a consequence insecticides are applied aerially at 
very low rates (52 to 87 g active ingredient per hectare (2). Spraying 
programs commence in mid-May and are completed by early June. 
Insecticides currently used for these purposes include aminocarb and 
fenitrothion with lesser amounts of carbaryl. It has been estimated 
that over 1,000 tons of aminocarb alone were applied to eastern North 
American spruce-fir stands during the decade 1970-1980 (2). 

Upon release the formulate
the air, the forest vegetatio
application loss of insecticides from conifers which is the subject of 
the following discussion. Volatilization has become increasingly 
recognized as a significant factor which limits the efficiency of 
pesticides and provides a major pathway to general environmental 
contamination. 

Volatilization 

Volatility is a measure of the tendency of a chemical to escape from 
the solid (or liquid) phase into the gaseous phase; a measure of its 
tendency to evaporate or sublime. This process can be considered as 
an equilibrium phenomenon in which the concentration in the vapour 
phase is indépendant of the chemical composition of the vapour phase 
or of the pressure, however it is directly related to the temperature. 
This equilibrium is modified by the rate of escape of the vapourized 
pesticide from the stagnant boundary layer of saturated vapour into the 
bulk of the air. The boundary layer is a very thin blanket of stagnant 
air which lies just above the leaf surface. This boundary layer is 
unaffected by eddy currents from the more turbulent air above due to 
the buffering action of several intervening layers of air which are 
successively less turbulent as one approaches the evaporating surface. 
Although eddy diffusion is a much more rapid mechanism for transport 
it is inoperative at the boundary layer interface. Thus escape from the 
solid (or liquid) phase is subject to a rate limiting step which is the 
diffusion (a random molecular motion) of vaporized pesticide through 
the boundary layer. The thickness of the boundary layer (and thus the 
overall volatilization rate) is a function of environmental and 
meteorological conditions. This subject has been considered in depth in 
several excellent reviews (3,4,5). 

A key parameter used to estimate or model volatilization 
processes is the pesticide vapour pressure; a fundamental property of 
the chemical agent which is uniquely defined by the temperature. This 
parameter is readily and reproducibly measured in the laboratory. Two 
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approaches have been widely used. The most popular technique (6,7) 
involves the creation of a saturated vapour of the pesticide in an inert 
atmosphere and determining the saturated vapour concentration (SVC). 

SCV = XL = Ρ Ρ = vapour pressure of the pesticide 
V RT 

A less widely used approach (8,9) has been to expose a surface of 
pesticide to an air flow under conditions of a rapid rate of air change 
such that the concentration of the pesticide in the air surrounding the 
stagnant boundary layer is far below saturation. Under these conditions 
the relative rates of diffusion of two pesticides will be inversely 
related to the square root of their respective molecular weights 
(Graham's law of Diffusion) and directly related to their saturated 
vapour concentrations in the boundary layer. 

r a t e i = v & . 2 SVC  vfiZw.
r a t e 2 vSTw.i X SVC2 v̂ MTw. ι X n 2/V 

and i f the rates are expressed i n units of mass transferred 

r a t e i _ Z M . W . 2 ηχ · MWi _ pî /MWi 
r a t e 2 \fà7fî. ι X n 2 m MW2 ~ p2/MW2 

If the rates are determined experimentally and the vapour pressure for 
one pesticide is known the vapour pressure of the second pesticide may 
be determined. 

Neither procedure requires pure compound(s): thus technical 
products, spray formulations or multi-component pesticide mixtures may 
be assayed. Both techniques are as sensitive as the chemical 
procedure(s) used to determine the quantity of pesticide trapped (SVC 
technique) or lost (volatilization rate technique). In both techniques 
mixtures must be uniform, of sufficient thickness to attenuate any 
interactions with the surface and the entraining gas should be 
unreactive to the test chemicals. 

Processes which Attenuate Volatilization Rates in the Field 

Although saturated vapours can be reproduced precisely in the 
laboratory the application of equilibrium vapour pressures to the 
prediction of field volatilization rates are fraught with difficulties. The 
pesticide may interact with other spray components to change the 
physical characteristics of the deposits. As pointed out by Hartley (4) 
a pesticide which can exist in a supercooled state (eg. impure DDT in 
thin films) will be more volatile and more soluble than if it is 
crystalline. As a rough approximation a crystalline substance becomes 
one-third to one-fourth as volatile as the supercooled liquid for each 
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50° C below the melting point. The nature and the size of the 
exposed surface of the deposit on the leaf surface can be modified by 
spray adjuvants such as wetting agents, thickeners or particulating 
agents. The deposited pesticide may also interact with the target 
surface, with leaf exudates or with the polymeric wax-like surface of 
cutin. It may also physically penetrate the surface of the leaf. 

If a uniform coating is ever achieved initally the quantity of 
pesticide will be dissipated with time. Eventually a point will be 
reached where so little remains that it no longer uniformly covers the 
surface. Discrete point sources will result. This time dependent 
retreat of the pesticide into crevices and less exposed surfaces will 
serve to further attenuate the volatilization process. The target leaves 
can also be serveral degrees warmer than the air temperature (if 
receiving solar radiance) or several degrees cooler if at night. 
Volatilization rates will be modified accordingly. Meteorological 
conditions will also profoundl
profiles and temperatur
leading to forced convection currents and buoyant thermal currents of 
air which will efficiently transport vapourized pesticide away from the 
stagnant boundary layer resulting in bulk air with a high "saturation 
deficiency" of pesticide. Moreover the resulting turbulence will directly 
reduce the thickness of the boundary layer. Calculations by Hartley 
(5) are illuminating. A ten meter depth of air over one hectare would 
be saturated by 500, 12 and 0.01 g of dichlorbenil, lindane and simazine 
respectively. In completely calm conditions the saturation process 
would require several months (if by molecular diffusion alone) but only 
a few minutes in conditions of normal wind and turbulence. The 
topography and aerodynamic roughness of the leaf surface will also 
contribute significantly to the degree of turbulence. 

Humidity has also been demonstrated to influence volatilization 
rates. Although the mechanism of interaction remains obscure the loss 
of BHC from bean leaves was lower under conditions of high relative 
humidity than under conditions of low relative humidity (10). The 
effect of humidity upon volatilization however is generally considérée 
to be small (11). 

Field Measurements of Pesticide Volatilization 

In the absence of direct field measurements of pesticide fluxes 
eminating from a sprayed forest a series of suppositions may be drawn 
from similar observations of losses from treated agricultural crops. The 
volatilization of dieldrin and heptachlor from a grass pasture was 
characterized by rather marked diurnal variations in vertical flux 
intensities of both insecticides during the initial days post application 
(12). The authors concluded that the volatilization ceased or was 
greatly reduced with decreased solar radiance. Estimated relative 
vapour concentrations of dieldrin rapidly declined from saturation 2 
hours post application to 10% by evening. This parameter reached a 
maximum of 30 - 40% on day 2 and 20 - 25% on day 3. Although the 
saturated vapour concentration of heptachlor is approximately fifty 
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times greater than dieldrin estimated relative vapour concentrations of 
the former remained much lower throughout this study. Declination 
curves for both pesticides were characterized by a biphasic response 
suggesting an initial period of rapid volatilization followed by slower 
rates of loss in the latter parts of the study. Nonetheless direct 
volatilization, as measured by pesticide fluxes in the air above the 
treated plots was sufficient to account for all the decreases in residues 
found in the grass and in the soil. The losses of 90% of the dieldrin 
and 95% of the heptachlor within the first week contrast the small 
losses of these two insecticides (3 and 7% respectively when 
incorporated to a depth of 7.5 cm) from soil over a growing season. 
Maize subsequently grown in plots treated with these insecticides 
accumulated a maximum of 1.8 ppm pesticide in the lower leaves by 
late October (13). Upper leaves contained considerably less. The 
authors interpret these results as being due primarily to a redistribution 
process in which depositio  fro  th  phas  account  fo
accumulation by the maiz
downwind from the treate  plo
of the residues found in plants from the treated plots. 

Volatilization losses of toxaphene and DDT from cotton plants 
decreased exponentially with time and were linearly related to the 
pesticide load on these plants (14,15). Although typical volatile loss 
patterns suggested that flux densities were highest during mid-
afternoon evidence was also obtained for high volatilization rates when 
leaves were drying after a heavy dew or a light rain (15). 

There are relatively few studies which relate to volatilization of 
pesticides from conifers. Yule et al.(16) have monitored the level of 
phosphorus in air (both vapours and particulate material) at five sites 
in New Brunswick during a spraying season in which 300 tons of 
fenitrothion were applied to over 10 ha. Average daily concentration^ 
ranged up to 3 ug/m and were generally between 0.5 and 1.5 ug/m 
(background 0.5 ug/m ). The atmosphere contamination was due partly 
to local application and partly to downwind drift of pesticide. 

Addison (17) has measured vapour pressures for technical 
aminocarb of 3.0 - 5.0 χ 10 mm Hg (at 13°C and 0-35% relative 
humidity) when ^prayed on Balsam fir foliage and a vapour pressure of 
7.5 to 9.5 χ \0'y mm Hg (16-18°C) was determined for fenitrothion. 

Microclimate of a Coniferous Stand 

As a consequence of the very rough surface of a coniferous 
canopy (which in no way approaches a plane structure) thermal fluxes 
from these surfaces are relatively small ie. forest canopy surfaces are 
relatively cooler than the surfaces of farm crops (18). The spire like 
structure of the crown result in daytime temperature gradients 
immediately above the canopy surface which are small and wind speed 
gradients which are relatively large. It should he anticipated that 
buoyant (free convective) eddies generated by vertical temperature 
gradients will be relatively unimportant and that wind speed gradients 
will provide the major source of eddy currents. 
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The loading of pesticide in the lower canopy and in the sub 
canopy region will depend on the denseness of the stand. The 
microclimate within these lower regions are characterized by calmer 
conditions with only occasional bursts of wind. It is generally cooler 
(with less diurnal variation) and somewhat moister than the upper 
canopy. Nonetheless most wind profiles which have been measured are 
not monotonie within the canopy and subcanopy regions. There are 
regions within the stand of preferred downdraft, horizontal pressure 
gradients and regions of preferred uplift (18). Despite a very complex 
pattern of convective air flows it seems reasonable to anticipate that 
pesticides will be volatilized most rapidly from the crown and the upper 
canopy but that diurnal variations in the pesticide flux from these 
regions will be relatively less intense than from a similarly treated 
agricultural field. Since dew deposition is mainly limited to the upper 
canopy and crown of the forest profile early morning fluxes from this 
region may be augmented
surfaces. Heavy dew deposit
season. Volatilization losses from the lower canopy and sub canopy 
regions will be considerably less rapid thus providing conditions for 
redistribution of the control agent into the upper canopy. 

Volatility of Aminocarb Transformation Products 

Despite several monitoring studies for aminocarb (under field conditions 
and in laboratory simulations) our knowledge of the environmental fate 
of this control agent remains far from complete. Laboratory studies 
and field trials do indicate that a multiplicity of products can be 
formed (2). A consideration of the structure of aminocarb suggests 
that all three functional groups (aryl dimethylamino, aryl methyl and 
carbamate N-methyl) will be susceptible to oxidation. Because abiotic 
transformations in the environment are mainly oxidative and because 
the carbamate functionality is at least as resistant to oxidation as the 
other two functional groups, several transformation products may be 
anticipated. A partial oxidative decommposition scheme is outlined in 
Figure 1. Each of the products of Figure 1 retains a carbamate 
functionally intact and thus is likely to inhibit cholinesterases in vitro. 
In this decomposition scheme hydrolysis (which is competitive with 
oxidation in terms of rates) has been deemphasized because the 
products are considered to be relatively non-toxic. Further the scheme 
arbitrarily emphasizes separate routes of oxidation; viz (1) the 
sequential oxidation of the aryl dimethylamino group to result in the 
N-Methyl, N-Hydroxymethyl derivative (II), N-formyl N-methyl (III), 
N-methyl (IV), N-hydroxymethyl (V), N-formyl (VI) and amino (VII) 
analogs. Route 2 delineates a sequential series of oxidations of the 
aryl methyl group to result in the aryl hydroxymethyl (VIII), aryl formyl 
(IX) and aryl carboxy (X) products. Route 3 emphasizes the oxidation 
of the c a r b a m a t e N - m e t h y l group to result in the 
carbamate-N-hydroxymethyl (XI), carbamate N-formyl (XII) and the 
unsubstituted amino carbamate (XIII) analogs. There does not seem to 
be any good reason why any one route should predominate over the 
other two, therefore cross-products should be anticipated. 
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Figure 1. Hypothetical oxidative décomposition scheme f o r 
aminocarb. 
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Our approach to this problem has been to synthesize several of 
these potential transformation products, to test their ability to inhibit 
acetylcholinesterase in vitro as well as their toxicity to a suitable 
insect indicator species and to begin an assessment of their stability 
under environmental conditions. In this connection it was deemed 
necessary to measure the volatility of the more potent inhibitors. 

Figure 2 represented a log-probit plot of the observed inhibition 
of purified bovine erythrocyte acetylcholinesterase as a function of 
concentration for several of the transformation products of aminocarb. 
The observation that these inhibition curves are parallel suggests a 
similar mechanism of interaction for the various derivatives. The 
parameter (the concentration of inhibitor required to achieve 50% 
inhibition oi the enzyme activity) for each of the inhibitors were 
calculated and are recorded in Table 1. These values are reported 
relative to the parent compound aminocarb = 1. Also included in Table 
1 are the relative toxicitie
crickets (Acheta domesticus)
bioassay tests using the target insect itself, the eastern spruce budworm 
(Choristoneura fumiferana). However, spray tower results were quite 
variable and it was considered that genetic variability of the stock 
culture made the production of uniform test batches difficult to 
achieve. Using the house crickets, an of 130-155 ppm for 
aminocarb standard was observed over the course of more than 25 
bioassays. Also included in Table 1 are observations by Abdel-Wahab 
and Casida (19) using human plasma or house fly head cholinesterases. 

We were very much envouraged by the close agreement of the four 
assay systems. The results indicated that oxidation of the aryl 
dimetylamino group increased toxicity modestly whereas oxidation of 
the aryl methyl functionality reduced toxicity. Moreover as the level 
of oxidation increased the capacity to inhibit was correspondingly 
reduced. Similarly oxidation of the carbamate N-methyl group to the 
corresponding aldehyde or further to result in the unsubstituted 
carbamate resulted in large decreases in activity. Our synthetic work 
and related spectrosopic studies further indicated a relatively strong 
interaction of para amino group (or substituted amino group) with the 
neighboring hydroxymethyl (or aldehyde or carboxylic acid). Based on 
these studies it was arbitrarily decided to concentrate on those 
transformation products which retained at least one one-hundreth of the 
activity of the parent compound in the bioassays. Among the studies 
it was considered prudent to determine the equilibrium vapour pressures 
of several of these products. 

SVCs of Aminocarb Oxidation Products 

The system used to generate a saturated vapour of each of these 
products was essentially as described by Grayson and Fosbracy (20) in 
which a gas chromatograph was modified to accept a U-tube saturator 
which was filled with glass beads. Nitrogen was used to entrain 
volatiles from the saturator through a detector port in the roof of the 
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*-τι *-n *-n r-e 
10 10 10 10 10 

L O G . INHIBITOR C O N C E N T R A T I O N 

Figure 2. Log-probit plot of acetylcholinesterase inhibi­
tion as a function of concentration of aminocarb and trans­
formation products. 
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chromatograph overn and into a series of collectors. These collectors 
consisted of small glass coil condensors filled with glass beads and 
immersed in liquid air. The portion of the gas train between the top 
of the oven and the first collector was wrapped with heating tape and 
maintained at 50 C. No product could be detected in the third trap 
during any of our trials. The flow-rate of nitrogen was controlled via 
a needle valve and the entraining gas was passed through a heat 
exchanger consisting of an eight foot coil of copper tubing positioned 
inside the chromatographic oven. Quantitation of the trapped volatiles 
was performed by gas chromatography (17,2) or by high pressure liquid 
chromatography (21). The system was exhaustively silylated prior to 
commencing these trials. 

Results are presented in Table II. Observations at 30° or 40°C 
represent the average of at least three observations performed at 
separate flow rates. Included in this table is the correlation coefficent 
(r) for linear regression analysi
(degrees Kelvin) and estimate
represents the slopes of these plots. 

Table II - Equilibrium Vapour Pressures for Aminocarb and 
Transformation Products as a Function of Temperature 

Equilibrium Vapour Pressure (mm Hg χ 10 ) 

20°C 3 0 o c ( a ) 35°C 4 0 ° C ( a ) r H s ( b ) 

Aminocarb I 9 . 7 28 . 9 ± 3.0 58.2 83 .9±8.6 0 . 9 9 7 20.80 

N-methyl VI 2 . 7 10.1±0 .9 21.2 29.113.3 0 . 9 9 4 22.51 

N-formamido VI 4.0 17.5±2.1 38 . 9 47.215.1 0 . 9 9 3 23.71 

Amino VII 2.0 5 . 3 ± 0 . 5 13 .9 24.712.2 0.992 23.40 

m-hydroxymethyl 
p-methylamino 6.8 18.2±2.1 3 5 . 9 5 5 . 4 1 5.8 0 . 9 9 7 19 . 5 3 

average of three replicates 
heat of sublimation i n kcal/mole 

Our observations are in relatively good agreement with those of 
Addison (17) who observed vapour pressures between 7Λ and 33.2 χ 
10 mm Hg at 30°C and relative humidities between 0 and 59 percent. 
Apparently the volatility of aminocarb is profoundly affected by changes 
in the humidity of the entraining gas. In our assays no changes in the 
chemical composition of the test substance in the vapour saturator 
could be detected after six hours of operation. Each of the four 
transformation products was somewhat less volatile than the parent 
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compound; however, the environmental implications remain unclear. 
The persistence of these products remains to be studied. 

Redistribution of Aminocarb 

In a final series of experiments we wished to begin studies on possible 
redistribution via the volatilization mechanism. In a closed system it 
is intuitively clear that aminocarb would be redistributed throughout the 
system. However if deposits of aminocarb on a flat poorly-adsorbing 
surface were exposed to turbulent air the results would be less certain. 
Aminocarb (ring 1 C) dissolved in acetonitrile was spotted (1 uL) on 
the plastic backing from a thin layer chromatography plate using the 
spotting template in Figure III. Each spot was determined to contain 
40-45 ng of the pesticide. About the labelled deposits were placed a 
series of potential trapping agents. These consisted of carbowax 20-M 
(quandrant 1), SE-30 (quandran
(quandrant 4). Each of th
1 uL droplet of a 2 percent solution in hexane or acetonitrile. The 
open symbols of Figure III denote deposits of trapping agent (different 
symbols for different mean distances from each deposit of pesticide). 
Four plates were spotted and placed in a fume hood. After 1 hour or 
1, 3 1/2 or 7 days a spotted plate was removed and exposed to X-ray 
film in a light-tight cassette for 4 days. Figures IV (after 3 1/2 days) 
and V (seven days) are photographs of the resulting autoradiograms. 
The fcomet tails1 associated with each of the aminocarb deposits 
indicate the prevailing wind direction. The flow had been measured 
previously at 0.8 meters/sec. Trapping of activity is clearly evident in 
quadrants 1 and 2 but not evident in quandrant 3 of each of these 
photographs. Moreover, there is an increase in activity in the trapping 
zones with time (Figure IV vs Figure V) and a gradient of activity with 
distance from the pesticide deposit. It is considered that translocation 
of activity must have occurred either in the gas phase or as a result 
of radioactive microcrystals being physically transported as crystalline 
material. The fact that there was no detectable redistribution of 
activity after one hour of laminar air flow, that only the closest traps 
contained detectable activity after one day and that the activity in 
corresponding traps increased after three and seven days would seem 
to mitigate against the physical transfer of microcrystals; i.e. the time 
frame is too long. Moreover the activity is more or less evenly 
distributed across the surface of each trap. If a crystal had impinged 
on the trapping surface a concentration gradient across the surface of 
the trap might have been anticipated. Although the mechanism of 
transfer remains equivocal the redistribution of activity is clearly 
evident. It is suggested that similar mechanisms operate on leaf 
surfaces. A predictive model for uptake of volatilized pesticide by 
leaves as a function of distance from the spray tract has recently been 
published (22). 
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Figure 3. Spotting template f o r r e d i s t r i b u t i o n t r i a l s . 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



CHEMICAL AND BIOLOGICAL CONTROLS IN FORESTRY 

Figure k. Autoradiogram of aminocarb on plastic sheet 
after 3 - 1 / 2 days exposure to laminar flow of air. 

Figure 5· Autoradiogram of aminocarb on plastic sheet 
after 7 days exposure to laminar flow of air. 
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16 
Implications of Pesticide Photochemistry 
in Forestry Applications 

DONALD G. CROSBY 

Department of Environmental Toxicology, University of California, Davis, CA 95616 

Pesticides, widely applied for modern forest 
management, become distributed on leaf surfaces, as 
airborne particles d  atmospheri  Forest 
applications usuall
solar ultraviolet light, and many of the pesticides 
can be expected to undergo photochemical degradation. 
Photodegradation actually has been observed, for exam­
ple in the photoreduction of 2,4,5-T esters. While 
photolysis under the leaf canopy is limited, most 
applications result in exposure of the chemicals to 
sunlight on canopy surfaces, where formulation plays a 
major part in degradation. Photodegradation in air­
borne drift may be more important than previously 
recognized, and photodegradation in vapor produced 
from spray or treated surfaces probably provides a 
major sink for most chemicals. The resulting losses 
lead to overapplication, with its consequent hazard 
and expense, but might be substantially reduced and 
efficacy improved by appropriate formulation and 
timing. Photodegradation also can contribute a 
desirable nonpersistance to environmental pesticide 
residues. Despite these important implications, 
quantitative supporting data generally are lacking. 

Forestry now represents a major area of pes t i c i d e use. In 
North America and, increasingly, worldwide, herbicides are being 
applied for s i t e preparation, brush c o n t r o l , conifer release 
( d e f o l i a t i o n of competing vegetation), and control of resprouting. 
A large forest acreage also i s sprayed f o r insect c o n t r o l , and a 
market for disease-control chemicals i s developing. "Minor uses," 
s t i l l i nvolving a large tonnage of p e s t i c i d e s , include Christmas 
tree farms, nurseries, and firebreaks. The subject has been 
reviewed i n a recent handbook (1) as w e l l as i n other papers i n 
th i s Symposium. 
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A l l together, these applications consume m i l l i o n s of pounds of 
pesticides annually. Where does i t a l l go? What part does sun­
l i g h t play i n i t s environmental fate? What does t h i s imply f o r 
forest management? These w i l l be the subjects addressed i n t h i s 
paper. 

P e s t i c i d e Fate i n the Environment 

There s t i l l seems to be l i t t l e s p e c i f i c information on the fate of 
the pesticides used i n f o r e s t r y . However, i t i s reasonable to 
expect that a p p l i c a t i o n methods and t h e i r physical and chemical 
consequences w i l l not d i f f e r greatly from those r e l a t i n g to other 
forms of a g r i c u l t u r e . The major applications are made by a i r ­
c r a f t , e s p e c i a l l y i n rugged t e r r a i n ; the coverage w i l l be l a r g e l y 
on open foliage—economics minimizes a p p l i c a t i o n to bare s o i l , and 
water contamination usuall
chemicals most often ar
coinciding with maximum temperatures and sunlight; and most are 
not applied neat but as a d i l u t e d spray of formulated materials 
dispersed i n water or o i l . 

As a r e s u l t of almost any forest a p p l i c a t i o n , a p e s t i c i d e w i l l 
take three forms: 

1. Airborne p a r t i c l e s . Droplets with diameters less than about 
100 ym may remain a l o f t for considerable periods of time and 
move over many kilometers, continually l o s i n g volume to become 
minute s o l i d or semisolid p a r t i c l e s . 

2. Deposits on leaf surfaces. Considerable ingenuity has been 
directed toward formulating pesticides so that they w i l l 
adhere to leaves, and a e r i a l spraying ( e s p e c i a l l y from conven­
t i o n a l a i r c r a f t ) generally r e s u l t s i n a large proportion of 
the spray remaining on the s u n l i t upper surfaces of the 
canopy. Comparatively l i t t l e spray reaches the forest f l o o r 
(2). 

3. Atmospheric vapor. Vapor r e s u l t s from pest i c i d e v o l a t i l i z a ­
t i o n during spray release, vaporization from leaf deposits, 
and, over a longer time period, desorption from the s o i l and 
l i t t e r of the forest f l o o r . Several reviews of t h i s subject 
appear elsewhere i n t h i s Symposium volume. 

To i l l u s t r a t e t h i s d i s t r i b u t i o n , Figure 1 shows the r e s u l t of 
an actual a e r i a l a p p l i c a t i o n of a t y p i c a l p e s t i c i d e spray to a 
broadleafed tree species (3). The " a p p l i c a t i o n l e v e l " (A) simply 
assumes that a l l the spray leaving the a i r c r a f t becomes uniformly 
d i s t r i b u t e d over the target area (1.12 kg/ha), and the curve shows 
the parathion l e v e l s a n a l y t i c a l l y detected on a s t a t i s t i c a l samp­
l i n g of leaves. A major part of the applied pesticide (B) f a i l s 
to reach the canopy, as corroborated by Barry (2) with c o n i f e r s , 
and i s assumed to represent airborne d r i f t , v o l a t i l i z a t i o n , and, 
to a l e s s e r extent, penetration to the ground. Once on the 
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leaves, a further amount (C) i s lost by v o l a t i l i z a t i o n , chemical 
transformation, and eventual absorption into the tissue. Whether 
suspended i n a i r , vaporized, or residing on a surface, the p e s t i ­
cide i s most l i k e l y to meet conditions favoring any possible 
action of sunlight. 

Pesticide Photochemistry 

There now exists a sizable body of l i t e r a t u r e to demonstrate that 
many—perhaps most—pesticides are subject to photochemical degra­
dation energized by the u l t r a v i o l e t (UV) portion of sunlight, at 
least under laboratory conditions. Background information and 
numerous examples have been provided i n the review by Crosby (4)· 
The most important UV energy generally i s that provided between 
the lower-wavelength cutoff imposed by the atmosphere's ozone 
layer, about 290 nm, an
quantum energy i s i n s u f f i c i e n
Commonly found i n pesticides. This UV energy varies with wave
length and solar angle (and hence with the time of year), although 
at least as much of i t i s derived from open sky as from direct 
sunlight (Figure 2) (_5). 

Penetration of this UV radiation to ground l e v e l depends upon 
the type of forest stand and canopy (6)· A clumped stand and 
erectophile canopy admit the greatest proportion (about 35% of the 
UV incident at the top), as expected. However, i n either normal 
or planophile canopies i n any type of stand, penetration always i s 
less than 15% and often i s on the order of only 2%. Almost a l l 
photodegradation w i l l be expected to occur at or above the top 
contour of the sprayed foliage. 

The f i r s t law of photochemistry states that a substance must 
absorb light energy in order for photochemical transformation to 
occur, and many pesticides do react i n this way. However, the 
importance of environmental reagents and the sp e c i f i c surrounding 
chemical microenvironment i n pesticide photodegradations now i s 
becoming apparent. In water and aqueous spray, for example, not 
only H2O but 0H~", other nucleophiles, and other ionic reagents can 
react photochemically with appropriate pesticides (7^), especially 
i n photonucleophilic substitution reactions (8). In the presence 
of organic solvents such as those employed i n emulsifiable 
concentrates, spray o i l s , or even natural leaf waxes, a reducing 
environmental exists which can result in light-energized replace­
ment of functional groups by H (9). As atmospheric vapor, p e s t i ­
cides react p r i n c i p a l l y with oxidants such as O2, O3 and HO · ( 1 0 ) ; 
the presence of a i r pollutants increases oxidant levels substan­
t i a l l y (Table 1). In aqueous media, especially, several such 
type-reactions may occur simultaneously (11 ), and i t i s not essen­
t i a l that the pesticide i t s e l f absorb the UV energy for some 
transformation—expecially o x i d a t i o n — t o take place, as long as 
appropriate light-generated reagents are present. Under some 
circumstances, the phenomenon of "photosensitization" also can 
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Figure 1· D i s t r i b u t i o n of parathion emulsion spray applied 
(1.12 kg/ha) to peach trees (3). A = ap p l i c a t i o n l e v e l , 
Β = atmospheric dispersion, C = leaf ^residue. 

Figure 2. Spectral energy d i s t r i b u t i o n of sunlight at the 
earth's surface f o r solar angles of 10°, 40°, and 90°, from 
d i r e c t sun ( ) or r e f l e c t i o n from open sky ( ) (5). 
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Table I . Atmospheric Reagents (Moles/km ) (10) 

Normal Polluted Percent 
Reagent Atmosphere 8 Atmosphere 3 Increase 
Oxygen ( t r i p l e t , 3Σ) 
Oxygen ( s i n g l e t . * Δ) 
Oxygen (atoms, P) 

8.0 χ 1 0 9 8.0 χ 10 9 0 Oxygen ( t r i p l e t , 3Σ) 
Oxygen ( s i n g l e t . * Δ) 
Oxygen (atoms, P) K 0 A 2 0 A 

2,000 
Oxygen ( t r i p l e t , 3Σ) 
Oxygen ( s i n g l e t . * Δ) 
Oxygen (atoms, P) 1.2 x l O " 4 8 χ 10~ 4 670 
Ozone 1,200 20,000 1,670 
Hydroxyl 0.003 0.08 2,670 
Nitrogen dioxide 150 8,000 5,330 
N i t r i c acid 600 7,000 1,170 

Ground l e v e l 

occur, i n which the UV
passed on to the pesticid
while the s e n s i t i z e r returns to i t s i n a c t i v e s t a t e . 

With so many opportunities, one cannot be surprised that many 
pesticides are found to undergo photochemical reactions. However, 
few photochemical i n v e s t i g t i o n s have been made with fo r e s t r y pes­
t i c i d e s under p r a c t i c a l f i e l d conditions, and i l l u s t r a t i o n of the 
possible consequences requires a c e r t a i n amount of extrapolation. 

Environmental Photodegradation 

Airborne droplets. Upon release from the a i r c r a f t , a large 
proportion of the spray d r o p l e t s — e x p e c i a l l y those with diameters 
below 100 ym—become airborne, and, w i t h i n minutes, water and 
other v o l a t i l e solvents evaporate. In most cases, i t i s doubtful 
that appreciable pesticide photodegradation occurs during t h i s 
short time. However, MCPA (4-chloro-2-methylphenoxyacetic a c i d ) , 
applied as an aqueous s o l u t i o n of the dimethylamine s a l t (12, 13), 
underwent photodegradation even i n the remaining, hydrated, semi­
s o l i d p a r t i c l e s . The r e s u l t i n g products (Figure 3) represented 
processes of oxidation (by dissolved oxygen), photonucleophilic 
"hydrolysis" to replace CI by OH (from water), and some reduction 
(presumably by Η-abstraction from the organic solutes present). 
In instances where a high - b o i l i n g petroleum f r a c t i o n were to be 
present, less oxidation and hydrolysis and more photoreduction 
might be expected. 

In model (laboratory) experiments, the h a l f - l i f e of MCPA was 
about 3 days, suggesting that p a r t i c l e s might have to be airborne 
for appreciable time periods i n order for breakdown to occur. 
However, atmospheric d r i f t of emulsified parathion (0,£-diethyl 0-
p-nitrophenyl phosphorothionate) underwent subst a n t i a l photooxida-
t i o n , isomerization, and p-nitrophenol formation within a few 
minutes (Figure 4) (14). 
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CI 

Figure 3 . Sunlight degradation products of commercial MCPA 
dimethylamine salt formulation in aqueous spray droplets. 

NO REACTION 

Figure 4 . Sunlight degradation products of commercial 
parathion emulsion formulation in spray droplets, leaf 
residues, or vapor in the presence of dust or ozone. 
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Leaf surfaces. Photoreduction i s a prominent reaction on leaf 
surfaces, with either formulation, pesticide, or the surface 
i t s e l f providing the necessary hydrogen atoms. For example, 
Sundstrôm, et a l . (15), reported the reductive dechlorination of a 
2,4,5-T (2,4,5-trichlorophenoxyacetic acid) ester formulation to a 
complex mixture of successively less-chlorinated phenoxyacetic 
esters, and Que Hee, et a l . (16) reported a similar dechlorination 
of 2,4-D (2,4-dichlorophenoxyacetic acid). The toxic 2,4,5-T 
impurity, TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin), was dechlo-
rinated in a herbicide ester deposit on a sunlit leaf surface 
within a few hours (Figure 5) (17). 

Photooxidation of parathion also occurred on leaf surfaces 
(18), together with isomerization and other reactions. Fenitro-
thion (£,0-dimethyl 0-3-methyl-4-nitrophenyl phosphorothionate) 
and other phosphorothionate insecticides behaved simi l a r l y (19)· 
Some pesticides do not requir
dation on surfaces; carbamat
(1-naphthyl N-methylcarbamate), aminocarb (4-dimethylamino-3-
methylphenyl N-methylcarbamate), and mexacarbate (4-dimethylamino-
3,5-dimethylphenyl N-methylcarbamate) photodecomposed by elimina­
tion of methyl isocyanate to give the corresponding phenol (Figure 
6) (20), and d i e l d r i n formed the isomeric (and more toxic) photo-
d i e l d r i n (21), a reaction which can be photosensitized (22). 
Hydrolysis and other ionic reactions seem unlikely unless the 
formulation can somehow provide water. 

Atmospheric Vapor. As emphasized elsewhere i n this volume, most 
forest pesticides can be expected to v o l a t i l i z e . Even those with 
seemingly low vapor pressures (less than 10" 6 torr) are observed 
to vaporize from s o i l , leaves, and especially from aqueous solu­
tions and suspensions (23-25). Consequently, a significant and 
perhaps major proportion of applied chemicals—pesticides, s o l ­
vents, and adjuvants—can be expected to move eventually into the 
atmosphere. 

Oxidation i s , of course, the dominant reaction. For example, 
vaporized t r i f l u r a l i n ( a, a, trtrifluoro^jo-dinitro-NjN-dipropyl-p-
toluidine) was demethylated (Figure 7) (26), and i t s atmospheric 
h a l f - l i f e was found to be 8 minutes (27). However, the reaction 
occurred to a small extent even at night, and oxidation by ozone 
was implicated. In fact, there i s evidence (28) that parathion 
photooxidation actually required the presence of ozone or other 
highly reactive oxidants. Degradation not requiring external 
reagents also may proceed rapidly; t r i f l u r a l i n was cyclized to a 
substituted benzimidazole (11, 26), and d i e l d r i n again formed 
photodieldrin (29). 

Although the herbicide, molinate (S-ethyl hexahydro-lH-
azepine-l-carbothioate), does not absorb appreciable sunlight UV 
energy, i t s vapor s t i l l was photooxidized by atmospheric ozone 
(Figure 8) (30). We, and others, have observed the same pheno­
menon with a number of other non-absorbing chemicals such as 
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Figure 5. Sunligh
butyl esters of 2,4-
surface. 

Figure 6. Sunlight degradation products of carbaryl and 
d i e l d r i n on surfaces or as vapor. 
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Figure 8. Sunlight degradation products of molinate 
atmospheric vapor (a) compared to natural water (w) 
containing oxidant. 
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chlorinated a l i p h a t i c hydrocarbons, some of them otherwise 
considered to be highly persistent (31, 32)« Consequently, the 
type and l e v e l of atmospheric photooxidants—both natural and 
manmade "smog"—may assume major significnce i n their role as 
reagents for the transformation and destruction of many and 
perhaps most pesticides. The apparently high oxidant levels 
observed to be generated over forest areas (33, 34) actually may 
exert a profound influence on vaporized pesticides. 

Implications 

Despite the diverse chemical types represented by forest p e s t i ­
cides, the variety of their formulations, and the many rates and 
routes of application, two factors remain consistently present i n 
their environment—sunlight and powerful reagents. Quite appar­
ently, these forces ar
haze" observed over forest
man's chemical wastes i s a result of photooxidation reactions of 
v o l a t i l e natural chemicals similar to those which generate manmade 
smog. 

We can expect the forest pesticides s i m i l a r l y to respond to 
such natural forces, and our very limited knowledge indicates that 
they do. 2,4,5-T applied to a sunl i t forest was photoreduced; our 
recent experiments at the University of California's Blodgett 
Forest with a standard 2,4-D/2,4,5-T ester application showed that 
the trace of contained TCDD was largely photolyzed within a single 
sun l i t day and undetectable after two days; forest application of 
fenitrothion produced continuous low levels of the expected oxon 
and nitrocresol on foliage. 

Photolysis r e f l e c t s oxidation, reduction, hydrolysis, and 
occasional characteristic elimination or isomerization reactions, 
although even those pesticides which do not absorb UV l i g h t can 
react in the presence of external photochemical oxidants. As i n 
the case of 2,4,5-T and TCDD, these processes most often imply 
detoxication, but occasionally the result i s toxicological activa­
tion instead, as i n photooxidation of parathion and fenitrothion 
or the isomerization of d i e l d r i n . The actual health significance 
of such transformations i n the forest environment remains unknown; 
for example, the products of vapor photolysis must be so dilute as 
to present negligible respiratory hazard, while transformations on 
Christmas trees or frequently-handled nursery stock might have 
unexpectedly dangerous consequences through skin exposure. 

Our frequent i n a b i l i t y to account for a significant proportion 
of applied pesticides even shortly after application (Figure 1) i s 
bothersome and unsatisfactory. Vaporization and surface photoly­
s i s may be partly responsible, but i t seems l i k e l y that airborne 
d r i f t of minute particles represents a large fraction of such 
losses. From our own evidence, pesticide photodegradation i n such 
dispersions may be more important than previously suspected, and 
the consequences—especially i n terms of inhalation t o x i c i t y — 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



16. CROSBY Implications of Pesticide Photochemistry 237 

remain unexplored. However, these losses, plus those from subse­
quent surface photolysis, mean that a considerable proportion of 
applied chemical i s simply wasted—worse than wasted, as people 
must be concerned over possible adverse e f f e c t s of the "missing" 
pe s t i c i d e or i t s degradation products. Use of formulation addi­
tives has proved successful i n c o n t r o l l i n g both surface v o l a t i l i ­
z ation and photodegradation (35), and such an approach could lead 
to s u b s t a n t i a l reductions i n the l e v e l of pesticides needed and 
the frequency of a p p l i c a t i o n . As simple an expedient as properly 
regulating the diurnal timing of applications and the formulation 
could help to take advantage of a p a r t i c u l a r pesticide's 
photochemical r e a c t i v i t y . 

S u r p r i s i n g l y and unfortunately, information on the photochemi­
c a l fate of almost a l l major forest pesticides s t i l l i s sparse 
indeed—2,4-D, 2,4,5-T, picloram, and f e n i t r o t h i o n have received 
the most at t e n t i o n — a n
environment are even ra r e r
that photodegradation can occur and may be s i g n i f i c a n t , but f i e l d 
i n v e s t i g a t i o n w i l l be necessary. Release of e x i s t i n g manufac­
turer's a n a l y t i c a l data also would be s c i e n t i f i c a l l y h e l p f u l and 
might reduce the expense of others' r e p e t i t i o u s i n v e s t i g a t i o n s . 
Far from being undesirable, photochemical i n s t a b i l i t y can provide 
the nonpersistence now considered the hallmark of an environmen­
t a l l y compatible product. 

I t appears l i k e l y that vapor-phase photolysis provides the 
ultimate destruction of many pes t i c i d e s , including those now so 
important to forest management. However, most pathways, pro­
cesses, and intermediates which separate a pesticide's release at 
the spray nozzle and i t s eventual environmental fate s t i l l demand 
our best s c i e n t i f i c a t t e n t i o n . 
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Fate of Chemical Insecticides 
in Foliage and Forest Litter 

J. A. ARMSTRONG 

Canadian Forestry Service, Environment Canada, Place Vincent Massey, 
Hull, Quebec, Canada 

The spruce budwor  i  Easter  Canad  result 
in the annual applicatio
organophosphate (fenitrothion) and biorational (Bac
cillus thusingiensis) insecticides to several million 
hectares of spruce-fir forest. Accountability of the 
pesticide deposit requires an understanding of the 
fate of the pesticide on and into foliage. Studies 
show a longer residual life of the insecticide 
on old than new foliage. There is also a greater 
retention of the oil base than the water base 
sprays. Decidous foliage yielded measurable 
deposits for 15 days post treatment. The insecticide 
aminocarb has a very short residual life. The 
insecticide residues found in the forest litter 
appear to have relatively little impact on the biota 
of the forest floor. 

The current outbreak of the spruce budworm (Choristoneura 
fumiferana Clem.) i n Eastern Canada has resulted i n the s i g ­
n i f i c a n t loss of softwood resource i n that area. The l a r v a l 
form of the insect attacks the tree by feeding on the foliage 
and when the population i s s u f f i c i e n t l y high there can be a 
sig n i f i c a n t decrease i n increment growth and, under extreme 
pressure for several years, death of the tree. To protect 
their forest resources, and to ensure a continuing supply 
of raw maeterial to the m i l l s , the provinces of New Brunswick, 
Quebec, Newfoundland and Nova Scotia have used either 
chemical or b i o l o g i c a l insecticides to prevent unacceptable 
def o l i a t i o n . The province with the longest history of 
continuous spray application i s New Brunswick, with Quebec 
next followed by Newfoundland and Nova Scotia. Over the years 
DDT (1,1,l-Trichloro-2,2-bis-(p-chlorophenyl)ethane), 
phosphamidon (2-chloro-N,N-diethyl-3hydroxycrotonamide dimethyl 
phosphate) fenitrothion (0,^-dimethyl £-(4 nitro-in-tolyl) 
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phosphorothioate), aminocarb (U-dimethylamino-m-tolyl methyl-
carbamate), mexacarbate (U-dimethylamino-3,5 x y l y l methylcarba-
mate), T r i c h l o r f o n (dimethyl (2,2 92-trichloro-l-mydroxyethyl) 
phosphonate) and acephate (O^S-dimethyl acetylphos-phoramido-
thioate) have been used op e r a t i o n a l l y i n these areas with the 
major use being the f i r s t four (DDT, phosphamidon, f e n i t r o t h i o n 
and aminocarb). Table I shows the use pattern of these products 
i n terms of area treated. P r i o r to 1967 , the i n s e c t i c i d e s used 
were DDT (only product used up to I960 ) and DDT and phosphamidon 
(used e x c l u s i v e l y f o r the period 1961 to 1 9 6 6 ) . 

The awareness of the e f f e c t of the chemical i n s e c t i c i d e s 
on the forest ecosystem resulted i n the i n i t i a t i o n of research 
programs w i t h i n the Canadian Forestry Service to not only 
record the presence of the i n s e c t i c i d e and i t s metabolites, 
but also to t r y to gain some understanding of the b i o l o g i c a l 
s i g n i f i c a n c e of the residues
now demand more informatio
i n s e c t i c i d e s i n Canadian f o r e s t s ; thus although a product 
may be registered and have a f o r e s t r y use i n other countries, 
data must be generated to answer the s p e c i f i c questions 
pertaining to tree types, s o i l s and temperature regimes 
experienced i n Canada. 

In the a e r i a l a p p l i c a t i o n of an i n s e c t i c i d e the target 
i s the tree, however the r e a l i t i e s of a e r i a l a p p l i c a t i o n 
are that areas other than the tree receive a dose of i n ­
s e c t i c i d e . Norris (1) has indicated that the p e s t i c i d e 
ends up i n 4 main compartments, a i r , vegetation, s o i l and 
water. The i n s e c t i c i d e that i s deposited on the vegetation 
may be washed o f f to f a l l to the forest f l o o r or, i f i t i s 
absorbed into the f o l i a g e i t w i l l remain there u n t i l such 
time as the f o l i a g e i t s e l f f a l l s to the forest f l o o r . Once the 
i n s e c t i c i d e i s on the forest f l o o r i t may remain i n the 
l i t t e r - s o i l compartment to be u l t i m a t e l y broken down or i t may, 
through leaching or run-off, end up i n the water of streams 
running through or emanating from the f o r e s t . This paper 
reviews a portion of the l i t e r a t u r e on the fate of i n s e c t i c i d e s 
i n f o l i a g e and forest l i t t e r . 

The Fate of I n s e c t i c i d e s on Foliage 

The droplet of i n s e c t i c i d e on the f o l i a g e of f i r (Abies 
balsameae (L) M i l l . ) and spruce (Picea spp.) may be i n the 
form of a deposit on the surface or i t may be absorbed 
into the f o l i a g e depending on the physical-chemical properties 
of the i n s e c t i c i d e , the i n s e c t i c i d e mix applied, and the f o l i a g e . 
Some i n s e c t i c i d e s s u f f e r an i n i t i a l rapid loss due to washing 
off and weathering of the deposit while others are absorbed 
and held i n the f o l i a g e f o r periods of up to several months. 
GLC analysis of v i r t u a l l y a l l aspects of trees a f t e r a e r i a l 
a p p l i c a t i o n of i n s e c t i c i d e showed the maximum amounts on outer 
portions of the tree (2). 
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Table 1. Insecticides used operationally and areas treated 
a e r i a l l y for control of the .spruce budworm i n E. 

Canada during the period 1967-19821 

Year Insecticides 
Area treated 2,ό 

ha 4 (000 fs) 
1967 DDT 311 

Fenitrothion 80 
Phosphamidon 30 

1968 Fenitrothion 234 
Phosphamidon 96 
DDT 84 

1969 

DDT 1.4 

1970 Fenitrothion 1736 
Phosphamidon 124 
Aminocarb 3 
Trichlorfon 1.7 

1971 Fenitrothion 3303 
Aminocarb 15 
Mexacarbate 10 

1972 Fenitrothion 1612 
Mexacarbate 70 
Aminocarb 31 
Phosphamidon 3.2 

1973 Fenitrothion 4682 
Phosphamidon 890 
Aminocarb 121 
Mexacarbate 36 

1974 Fenitrothion 2673 
Phosphamidon 1406 
Aminocarb 486 
Mexacarbate 424 
Trichlorfon 13 

1975 Fenitrothion 2537 
Phosphamidon 2121 
Trichlorfon 94 
Aminocarb 64 

Continued on next page 
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Table I . Continued 
Area Treated' 

Year Ins e c t i c i d e s h a 4 (000's) 

1976 Fenitrothion 5829 
Aminocarb 2017 
Phosphamidon 200 
Tr i c h l o r f o n 107 

1977 Fenitrothion 1920 
Aminocarb 1683 
Phosphamidon 978 
Tr i c h l o r f o n 138 

1978 Aminocar
Fenitro t h i o n 1412 
Mexacarbate 52 

1979 Aminocarb 2158 
Fenitrot h i o n 158 
Acephate 2 

1980 Fenitrothion 1529 
Aminocarb 313 

1981 Fenitrothion 2038 
Aminocarb 794 

1982 Fenitr o t h i o n 1934 
Aminocarb 1069 

1. Data Summarized from Nigam and P.C. and P. Shea i n Managing 
Spruce Budworm i n E. America USDA Ag. Handbook, i n Press; 
and reports to the Canadian Forestry Service Annual Forest 
Pest Control Form. 

2. Areas le s s than 1000 ha not included. 

3. Areas shown are not the t o t a l area treated but the areas 
to which each i n s e c t i c i d e was applied. 

4. To convert area to acres multiply ha by 2.47. 
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In measurements of the fate of phosphamidon applied as 
an aqueous s o l u t i o n on spruce trees (Picea glauca spp) (3) 
i t was shown that while there were measurable residues on the 
trees a rapid loss of the chemical occured. The rapid decrease 
i n concentration (ppm wt/wt) was p a r t i a l l y a t t r i b u t e d to a 
d i l u t i o n e f f e c t from the r a p i d l y expanding new f o l i a g e . 
The h a l f - l i f e of the phosphamidon was a few days and by 4 days 
post spray, the i n s e c t i c i d e was no longer detectable. The 
rapid loss of the material was a t t r i b u t e d to weathering, 
breakdown, growth d i l u t i o n , absorption and t r a n s l o c a t i o n w i t h i n 
the tree. 

Sundaram (4) found that, due to the geometry of the 
needle f i r (Abies balsamea) acted as a better receptor of 
phosphamidon than spruce f o l i a g e . The f i r c o l l e c t e d about 
75% more i n s e c t i c i d e than the spruce. In comparing the 
r e l a t i v e amounts of th
that the Trans isomer wa
f o l i a g e while the c i s form remains on the surface. The 
surface residue i s then more r a p i d l y l o s t by physical and 
metabolic processes. 

Fenitrothion (applied as a water emulsion) also showed 
an i n i t i a l rapid loss from the f o l i a g e with approximately 
50% of the i n i t i a l deposit being l o s t w i t h i n 4 days of spray 
and 70-85% l o s t i n 2 weeks (5,6). The study by Yule and 
Duffy (5) included several v a r i e t i e s of trees, they reported 
that the rate of loss was greater on spruce than on f i r 
and that the i n s e c t i c i d e persisted for a longer time on 
coniferous f o l i a g e than on "crop'1 plants. (Crop plants 
not s p e c i f i e d , but these probably include r i c e , on which 
fenotrothion i s used.) The study showed a long persistance 
of f e n i t r o t h i o n with 0.5 ppm present 336 days a f t e r a p p l i c a t i o n . 
Extension of t h i s work to other areas of New Brunswick showed 
measurable amounts of f e n i t r o t h i o n one year a f t e r a p p l i c a t i o n . 
Analysis of older f o l i a g e showed an accumulation of f e n i t r o t h i o n 
i n proportion to the number of years sprayed and the dosage 
applied (6). 

The i n s e c t i c i d e aminocarb has also been used extensively 
i n eastern Canada on budworm co n t r o l operations. Fenitrothion 
has been applied as a water emulsion (New Brunswick) and an 
o i l s o l u t i o n (Quebec), but aminocarb because of i t s formulation 
c h a r a c t e r i s t i c s , has been only applied o p e r a t i o n a l l y as an o i l 
s o l u t i o n . Analysis of spruce f o l i a g e (7) showed aminocarb 
had a h a l f l i f e of 5 to 6 days with complete disappearance 
by 64 days post spray. Subsequent work (8) confirmed the 
short h a l f l i f e of aminocarb on coniferous f o l i a g e (3.2 to 
6.9 days), and showed that the half l i f e was dependant on the 
i n i t i a l concentration of the i n s e c t i c i d e . The material was 
found to be highly l a b i l e and dissipated r a p i d l y and the 
authors made the statement that with these c h a r a c t e r i s t i c s 
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this product was not l i k e l y to harm the forest environment. 
In the la s t year a new formulation of aminocarb has appeared 
on the insecticide market. It i s f i n e l y ground aminocarb 
suspended i n an o i l and i t has the advantage that i t can 
be tank mixed to give either an o i l or a water suspension. 
Studies (10) show that, l i k e the o i l solution, this product 
has a half l i f e i n the same range (3.2 to 6.0 days). There 
was an indication of a variation i n the i n i t i a l rate of loss 
due to the physical characteristics of the water emulsion spray 
(in a series of repeat studies the evaporation rate was not 
constant). The presence of the emulsifier inhibited evaporation 
resulting i n a higher i n i t i a l f o l i a r deposit than with the 
o i l base spray. The occurence of the lower rate of deposit 
of the o i l spray can be attributed to the particular o i l used 
in the Canadian budworm sprays. To meet the concerns of the 
health authorities the standar
which had been used ar
known as Insecticide Diluent 585 i s v o l a t i l e with an 
evaporation rate approaching that of water. 

The insecticide Gardona (2-chloro-l(2,4,5-trichloro-
phenyl)-vinyl dimethyl phosphate) has been used experimentally 
on white pine (Pinus strobus L.) to protect i t from attack 
by the white pine weevil (Pissodes st r o b i Peck.) (11). The 
ins e c t i c i d e , applied i n the form of a wettable powder, showed 
an i n i t i a l rapid loss with 50% being lost within 4 days of 
application. By 9 days, 72% was lost and at 50 days post 
spray only 4% remained. Residue analysis of both "oven dry" 
and "wet" (fresh) foliage samples showed the i n i t i a l rapid 
loss of insecticides being very small. It i s suggested that the 
i n i t i a l loss was due to wash-off and weathering ( a problem of 
wettable powders that are not properly tank-mixed) and that a 
small portion of the insecticide was probably absorbed into the 
surface waxes of the foliage. This absorbed material, being 
protected from the weather i s then subjected to different 
pathways of dissapation and i s lost at a much slower rate. 

The insecticide acephate, applied as a water spray has 
a very short l i f e i n terms of b i o l o g i c a l a c t i v i t y and for 
t h i s , as well as economic reasons, i t i s not used on large 
scale operations i n Canada (12). Residue analysis of acephate 
f o l i a r deposits (13) showed that more than half of the 
insecticide was l o s t within one day of spraying, and that by 
32 days post spray, the amount of insecticide had decreased 
to less than 0.01 ppm (the detection l i m i t for 20 gm of 
substrate). The metabolite of acephate known as Ortho 9006 
(0,S-dimethyl phosphoramidothioate) was also assessed 
in this study but was found to be present only i n very small 
amounts. At 2 hours post spray the average acephate concen­
tration on spruce foliage was 55.15 ppm, and the average 
concentration of the Ortho 9006 was 0.12 ppm. There was no 
increase with time i n the amount of the metabolite. The rapid 
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loss of acephate from the f o l i a g e suggests that the external 
factors of photodecomposition v o l a t i l i z a t i o n and r a i n f a l l 
were key agents i n i t s disappearance. Although acephate i s 
reported to have some systemic action when applied to the 
trunk of the tree or the surrounding s o i l (U) there was no 
i n d i c a t i o n of any t r a n s l o c a t i o n when the i n s e c t i c i d e was 
applied to the f o l i a g e ( a e r i a l spray of 0.28 kg Al/ha). 
Presumably at these rates there was no penetration of the waxy 
e p i c u t i c u l a r l a y e r and hence v i r t u a l l y a l l of the i n s e c t i c i d e 
was susceptible to wash o f f and weathering. 

The i n s e c t i c i d e chlorpyrifos-methyl also suffered a 
rapid i n i t i a l l o s s from balsam f i r f o l i a g e with only about 
50% of the i n i t i a l deposit remaining 5 to 8 hours post spray 
(15). By 4 days post spray only 5% of the o r i g i n a l deposit 
remained; but there was then a low l e v e l of residue that 
persisted at detectable
1.5 ppb wet wt.) for up
year's f o l i a g e had a higher l e v e l of i n s e c t i c i d e than did the 
new f o l i a g e ( i . e . i t was shown that on a weight b a s i s , the 
new f o l i a g e ( i . e . new shoot plus needle^ had more needles than 
did the old f o l i a g e , i . e . more surface area to r e s u l t i n a 
higher c o l l e c t i o n e f f i c i e n c y (2). 

The Fate of I n s e c t i c i d e s i n Forest L i t t e r 

A review of the l i t e r a t u r e pertaining to i n s e c t i c i d e 
deposits i n Canadian forests reveals that there are very 
few studies on the l i t t e r alone; most studies deal with s o i l 
residues i n which a s o i l sample consisting of l i t t e r plus s o i l 
to a c e r t a i n depth was taken. This sample was u s u a l l y screened 
to remove the larger b i t s and pieces i . e . stones, s t i c k s , 
mixed uniformly and then processed f o r residue study using 
the appropriate techniques for a n a l y s i s . 

In studies on DDT residues i n forest s o i l (16) s o i l 
p r o f i l e s were dug at i n t e r v a l s across the study area, and 
h o r i z o n t a l samples were then taken from the exposed face 
of each p r o f i l e at measured i n t e r v a l s down from the surface. 
A l l DDT residues were found i n the surface 15 cm of the 
p r o f i l e which was the region which contained the l i t t e r . 
There was no i n d i c a t i o n of any leaching of the i n s e c t i c i d e 
down into the s u b s o i l . Analysis of the samples taken 
at i n t e r v a l s across the study area showed a lack of 
uniformity i n the p e s t i c i d e deposit. This lack of uniformity 
can be a t t r i b u t e d to several f a c t o r s ; uneveness i n the o r i g i n a l 
spray deposit on the forest f l o o r , caused by the screening 
e f f e c t of trees or conversely the lack of trees to give more 
exposure to the ground; t e r r a i n c h a r a c t e r i s t i c s and an uneven 
spray a p p l i c a t i o n . The study indicated that the l a r g e r residues 
were l o s t at a greater rate and that the DDT residues l e v e l s 
were maintained for several years a f t e r cessation of DDT 
a p p l i c a t i o n by the continued f a l l of contaminated f o l i a g e . 
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A study of phosphamidon residues (3) i n s o i l which was 
again made up of the l i t t e r layer plus s o i l to a depth 15 cm 
showed a rapid loss of the i n s e c t i c i d e with the l a s t measurable 
deposit ( l e v e l of detection 0.025 ppm) being recorded at 
4 days post spray and non-detectable l e v e l s a f t e r 8 days post 
spray. This p a r t i c u l a r study compared the deposits i n both 
coniferous and deciduous areas and s i m i l a r r e s u l t s were found 
i n each l o c a t i o n , thus i n d i c a t i n g that l i t t e r from coniferous 
and deciduous trees acted as a common base f o r the i n s e c t i c i d e 
deposit. 

The early work on f e n i t r o t h i o n residues i n s o i l also 
used the s o i l - l i t t e r mix as the sample base (5). Following 
operational sprays of f e n i t r o t h i o n (2x210 g ΑΙ/ha) only 
traces of the i n s e c t i c i d e were found i n the surface l a y e r ; 
at an average depth of 15 cm the l e v e l was les s than 0.04 ppm. 
This study also recorde
metabolite f e n i t r o - or
study, low l e v e l deposits persisted with measurable amounts 
being found at 64 days post spray. With the a n a l y t i c a l 
procedures being at the l i m i t of s e n s i t i v i t y ( 0.04 ppm) no 
s i g n i f i c a n t l o s s of f e n i t r o t h i o n could be measured. In a 
l a t e r study (17) the l i t t e r - s o i l layer was analysed f o r the 
presence of f e n i t r o t h i o n and the breakdown products f e n i t r o -
oxon and 4 - n i t r o c r e s o l . In two plo t s with i n i t i a l measurable 
amounts of f e n i t r o t h i o n (0.10 and 0.03 ppm) there was a 
s i m i l a r pattern of i n s e c t i c i d e l o s s . For the f i r s t 10 
days the deposit l e v e l s were f a i r l y uniform i n the 0.02 
to 0.03 ppm range. By 20 days post spray the l e v e l of the 
deposit was 0.01 to 0.015 ppm and by 30 days post spray 
the amounts were 0.005 ppm to trace , (< 0.005 ppm). From t h i s 
time period to 90 days post spray (the end of the sampling 
period) the i n s e c t i c i d e s was either not detectable or was 
only found at l e v e l s l e s s than 0.005 ppm. During the 
same time period there was only one sample i n which the oxon 
metabolite was found (0.01 ppm); that was at 30 days post 
spray i n the plot with the high i n i t i a l concentration of 
f e n i t r o t h i o n (0.10 ppm). At 45 days post spray i t was present 
i n trace (<0.005 ppm) amounts only. 

In studies on the residue l e v e l s of aminocarb i n a 
l i t t e r - s o i l mixture (samples taken to a depth of 10 cm) 
there was no detectaUe material even at the f i r s t post spray 
sample which was 14 hours a f t e r a p p l i c a t i o n (7). In t h i s 
p a r t i c u l a r study the aminocarb had been applied at 70 g AI/ha 
i n 0.42 1/ha. Aminocarb was found i n f o l i a g e and water. 
However background interference i n the f o l i a g e samples resulted 
i n a minimum detectaUe l i m i t of 0.5 ppm i n a 10 g sample. 
In the l i t t e r - s o i l sample, the l i m i t of detection was 0.1 
ppm. Thus even i f aminocarb had reached the l i t t e r l a y e r , 
i t was probably not present at l e v e l s that could be detected. 
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In a subsequent study (12) there was a rapid loss of aminocarb 
with more than 75% of the i n i t i a l amount of the chemical having 
disappeared from the s o i l - l i t t e r sample by 7 days post spray. 
In this particular study a second application of the insecticide 
was made on day 7 ( of the f i r s t spray application), and again 
there was 60-75% loss from the immediate post spray high i n the 
following 7 days. By 27 days post spray, the aminocarb was 
found at trace levels only (li m i t of detection 0.1 to 0.2 ppm) 
and from day 40 post spray to the end of the sample period 
(/69 days) residue levels were not detectable. 

A true l i t t e r residue study was carried out i n New 
Brunswick i n 1982 (10). The research was part of a program 
to assess the environmental behavior of the new aminocarb 
formulation known as Mactacil 180 F. In this p a r t i c u l a r 
study, trees and screening vegetation i n the spray block were 
removed to give a plot
to the spray. L i t t e r onl
cm? (15.5 χ 15. cm) to a depth of 1 cm for residue analysis. 
Sample units consisting of f l a t aluminum plates supporting 
Kromekote cards (10 χ 10 cm) and two microscope slides 
(7.5 χ 15 cm) were placed i n the plot at ground l e v e l to record 
the amount and droplet spectrum of the spray deposit (18). 
Following normal operational spray procedure two applications 
of aminocarb were made each at 70 g AI i n 1.46 1/ha of spray 
mix. The t o t a l deposit recorded on the ground sample units 
for the two sprays ranged from 10.37 to 40.86% of the material 
emitted (7.23 to 28.6 g AI/ha). The maximum spray deposit 
in the l i t t e r (1 hour post application) ranged from 40 to 70 
ppb. From 3 hours to 12 days post spray the aminocarb l e v e l 
never exceeded the detection l i m i t of 10 ppb. with the 
exception of 3 samples ( t o t a l number of samples-17) i n one 
of the blocks i n which levels of 10, 50 ppb were found i n 
the "as sampled 1litter. The authors suggest that the rapid 
loss of aminocarb from the l i t t e r was due to v o l a t i l i z a t i o n 
photolysis and biodégradation. 

B i o a v a i l a b i l i t y of Insecticide Residues 

In a l l the studies referred to, the presence of the insecticide 
i s determined by chemical means. The major concern i s the 
b i o l o g i c a l effect of the material on the ecosystem. In a 
c l a s s i c a l study, Yule (19) determined DDT residues i n forest 
s o i l s and l i t t e r using GLC and TLC techniques. Bioassays 
using Drosophila spp insects were then done on these samples 
and the mortality equivalent i n terms of ug of DDT was determined. 
The mortality equivalent l e v e l of DDT was 50 to 250 times lower 
than the chemical analysis l e v e l . Thus, although the insecticide 
may be present i n the substrate for a period of time extending 
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to several years (20) i t s b i o l o g i c a l a c t i v i t y i s at a much 
lower l e v e l . I f t h i s argument i s extended to the residues 
of f e n i t r o t h i o n and aminocarb, one might assume that, although 
these compounds are present, t h e i r b i o l o g i c a l s i g n i f i c a n c e 
i s highly questionable. In fact they may be present at 
such low l e v e l s that when t h e i r b i o a v a i l a b i l i t y i s taken in t o 
consideration, the residues are of no s i g n i f i c a n c e . 

Summary 

The a e r i a l a p p l i c a t i o n of i n s e c t i c i d e s f o r budworm control 
r e s u l t s i n the deposition of i n s e c t i c i d e on the f o l i a g e and 
on the forest l i t t e r ; the proportions of the spray being 
deposited can be relat e d to tree species ( f i r c o l l e c t i n g more 
than spruce) and the fate of the i n s e c t i c i d e . DDT became 
a problem of concern p a r t i a l l
l i f e , since i t s withdrawa
i n s e c t i c i d e s , f e n i t r o t h i o n and aminocarb are characterized 
by t h e i r rapid i n i t i a l disappearance. Although aminocarb 
cannot be found chemically r e l a t i v e l y s h o r t l y a f t e r the 
spray a p p l i c a t i o n , f e n i t r o t h i o n residues at very low l e v e l s 
can be found f o r a long time (up to one year) a f t e r spray 
a p p l i c a t i o n . Gardona, acephate and chlopyrifos-methyl are 
also characterized by a rapid i n i t i a l l o s s . 

A s i m i l a r behavior pattern i s found i n the i n s e c t i c i d e 
residues i n the l i t t e r - s o i l complex; p a r t l y as a r e s u l t of needle 
f a l l f e n i t r o t h i o n residues p e r s i s t for an extended period (up 
to one year). Phosphamidon and aminocarb disappear very 
quickly. 

The pattern of disappearance of the i n s e c t i c i d e s from 
f o l i a g e and l i t t e r appears to be an i n i t i a l loss by wash-off 
then degradation by weathering, photolysis and biodégradation. 
The i n s e c t i c i d e s that have a longer r e s i d u a l l i f e (DDT and to 
a l i m i t e d extent phosphamidon) do so because they are absorbed 
in t o the waxy layer of the c u t i c l e and are protected from the 
environment. This protection from the environment may also 
remove the i n s e c t i c i d e as a b i o l o g i c a l hazard. 
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Fate of Chemical Insecticides 
in Aquatic Environments 
Forest Spraying in Canada 

K. M. S. SUNDARAM, P. D. KINGSBURY, and S. B. HOLMES 
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1219 Queen Street East, Sault Ste. Marie, Ontario, P6A 5M7, Canada 

The environmenta
ticides in aquati  system
trolled conditions in laboratory model ecosystems 
and in forest streams following experimental stream 
injections or operational forest spraying. Insec­
ticides studied were representative of organophos-
phorus and carbamate groups. In aquatic model sys­
tems consisting of sediment and natural water, the 
mobility of the chemicals was usually from water to 
sediment even though the insecticides studied were 
very different in chemical structure. Results in­
dicated that adsorbed insecticides were lost prim­
arily due to microbial action. Studies in stream 
ecosystems showed that the distribution and fate of 
insecticide residues varied with physicochemical 
properties of the material, additives present in 
tank mixes, mode of application, stream discharge 
and other site conditions. Disappearance of res­
idues from stream waters was rapid due to downstream 
transport and dilution, movement into other sub­
strates and chemical processes. Stream sediments, 
aquatic plants, fish and aquatic invertebrates ac­
cumulated residues to varying extents and showed a 
wide range of retention times with different insec­
ticides under different exposure conditions. 

Chemicals have been an important means of controlling forest 
insect pests i n Canada for the past four decades. They have been 
used to limit the impact of some of the most destructive forest 
pests, such as spruce budworms (Choristoneura spp.), on forest re­
sources essential to the production of fibre and other forestry 
products. With growing demand for these products, pest control 
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chemicals, because of their efficacy and economy, w i l l continue to 
be our primary weapon of defense against insect pests and their 
usage w i l l constitute an integral part of the current control 
strategies. 

In order to evaluate the potential hazards chemical insect­
icides pose to forest environments, i t is essential that adequate 
and r e l i a b l e research data be generated on their environmental 
chemistry (distribution, persistence, movement, metabolic degrada­
tion, t o x i c i t y , fate, etc.). This paper gives a brief account of 
some laboratory and f i e l d research a c t i v i t i e s carried out at the 
Forest Pest Management Institute, Canadian Forestry Service to 
meet this requirement. Using two chemical insecticides which are 
extensively used now in forest insect control programs in Canada 
viz aminocarb [Trade name, Matacil; 4-dimethylamino-m-tolyl N-
methylcarbamate] and fenitrothion [0,0-dimethyl 0-(3-methyl-4-
nitrophenyl) phosphorothioate]
to elucidate the environmenta
secticides in general w i l l be discussed. 

Materials and Methods 

Two research programs were conducted to examine the fate of amino­
carb and fenitrothion insecticides in aquatic environments. In 
laboratory experiments, the dissipation of these chemicals i n 
simple model ecosystems were studied. In the second experiment, 
the fate and persistence of these two chemicals were studied i n 
forest streams following a semi-operational spray program in New 
Brunswick i n 1982. 

Laboratory Studies on Insecticide Degradation. Degradation i n 
natural waters: Stream water (pH 6.0) and sediment (organic con­
tent 36%) were taken from a small shallow stream (depth oa 20 cm, 
width oa 1.5 m) in the Goulais River watershed, a mixed conifer-
deciduous forest area, oa 50 km northeast of Sault Ste. Marie, 
Ont., Canada. Two degradation studies in duplicate (one for amin­
ocarb and another for fenitrothion) were set up according to 
Sundaram and Szeto (1). Aminocarb and fenitrothion (100 ug/L in 
acetone) were added separately to 1000 mL aliquots of s t e r i l i z e d 
(Ameco S t e r i l i z e r 1 h) and unsterilized stream water in either 
open or closed 1500 mL Erlenmeyer flasks. The latt e r were sealed 
with polyethylene snap caps which were removed once a day for 
about 1 min. to allow a i r exchange. The flasks were incubated at 
15 ± 0.2°C in an environmental chamber. Unfortified water 
samples, treated si m i l a r l y , served as controls. A r t i f i c i a l light 
(400 W multivapor discharge lamps) with a photoperiod of 16 h 
light and 8 h dark was used during incubation to simulate sun­
l i g h t . At designated intervals of time, aliquots of the control, 
s t e r i l i z e d (open and closed flasks) and unsterilized (open and 
closed flasks) water samples were collected, the pH was adjusted 
to oa 7 by Na2C03 (aq.), solvent extracted (3 χ 50 mL pesticide 
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grade CH2CI2) , passed through a Na2S(>4 column, flash-evaporated 
gently to dryness, dissolved in C5H5 and analyzed only for the 
active ingredients (Al) using gas-liquid chromatography (GLC). 
P a r t i a l and f u l l y demethylated aminocarb as well as aminocarb 
phenol, as metabolites in aminocarb flasks, and demethylated (par­
t i a l and complete) fenitrothion, amino-fenitrothion, and n i t r o -
cresol in fenitrothion flasks were i d e n t i f i e d as breakdown prod­
ucts. None of the metabolites were quantified. No GLC responses 
corresponding to the active materials were found in the control 
flasks. 

Dissipation in stream water with sediment: In a concurrent 
study, a series of 120, 100 g aliquots of coarsely s i f t e d stream 
sediment were placed in 500 mL Erlenmeyer flasks containing 200 mL 
of stream water each. One half of the samples, i.e., 60 flasks, 
were autoclaved as before in an Ameco s t e r i l i z e r for 1 h. After 
they were cooled to roo  temperature  a l l sample  includin  th  60 
non-autoclaved samples wer
+ 20 non-autoclaved fo )
aminocarb and the other with fenitrothion in acetone to a level of 
100 ppb (30 yg/ 300 g) and incubated i n an environmental chamber 
as described above. The remaining 40 flasks served as controls 
for both experiments. Samples of both the autoclaved and the non-
autoclaved water and sediment in open and closed flasks as well as 
control samples were analyzed for the active ingredients 1.0 h 
after f o r t i f i c a t i o n (zero time) and thereafter at intervals of 
time up to 75 h.. 

Extraction, clean-up and analysis of water and sediment: At 
the end of incubation, the entire water sample in each flask was 
f i l t e r e d under aspiration through Whatman No. 1 f i l t e r paper in a 
Buchner funnel. The f i l t e r paper was later extracted along with 
the corresponding sediment. Each f i l t r a t e was quantitatively 
transferred into a 500 mL separatory funnel and repeatedly ex­
tracted with CH2CI2 after adjusting to pH 7 as before and analyzed 
by GLC (2^ _3). Aliquots (40 g) of sediment samples from each 
flask were extracted in a Sorvall homogenizer using ethyl acetate 
(2 χ 150 mL) as the solvent. The pooled extracts were concen­
trated to 40 mL (1 mL = 1 g) using a Buchii Rotovapor. The ex­
tracts (1 g equivalents) after passing through Na2S04 were cleaned 
(2̂ , 3) using neutral charcoal (Nuchar SN)-cellulose (Whatman CFll) 
(4:10, w/w, 3 cm length) mini columns (Fisher 13-678-8) topped 
with Na2S04« The columns were eluted with 35 mL of ethyl acetate: 
toluene (1:3) (fenitrothion) or 35 mL of CH30H:EtOAc (1:4) (amino­
carb). The eluates were concentrated under reduced pressure and 
f i n a l l y brought to a known volume under a stream of dry N2 and 
stored at 4°C u n t i l analysis by GLC. A Hewlett-Packard 5710A 
GC/NPD was used for both aminocarb and fenitrothion residue anal­
ysi s . The GC conditions were: 
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Detector temp: 
Injector temp: 
Oven temp: 
R.T. (Min.): 
Column: 

250°C H2 flow rate: 4 mL/min. 
200°C Air flow rate: 70 mL/min. 
180°C He flow rate: 35 mL/min. 
aminocarb 3.5; fenitrothion 5.0 
1.2 m χ 4 mm glass column packed with 
1.5% 0V-17 + 1.95% OV-210 on Chromosorb 
W, H.P., 80/100 mesh 

Natural water (pH 6.0) and sediment (organic content 36%) 
used in this study were f o r t i f i e d with both the insecticides and 
subsequently analyzed by the described methods. No response that 
interfered with the detection of active ingredients was found in 
any of the untreated controls during incubation. The recoveries 
for water were 93 ± 4% at 400 ppb and 97 ± 7% at 20 ppb; for sed­
iment they were 86 ± 6
f o r t i f i c a t i o n levels. Th
insecticides was 0.1 ppb in water and 10 ppb i n sediment (as 
sampled). 

Except demethylated fenitrothion, a l l other metabolites found 
in water i n the e a r l i e r study, were also i d e n t i f i e d in sediments 
for both the insecticides. Amino-fenitrothion, nitrocresol and 
monodemethylated aminocarb (MA) were most frequent compared to 
other metabolites. 

F i e l d Studies i n Forest Streams. Insecticide treatments: The 
fate and persistence of fenitrothion and aminocarb were studied in 
1982 in small headwater trout streams within the Nipi s i g u i t River 
watershed near Popple Depot, New Brunswick. Three study streams 
were treated with different insecticide tank mixes, receiving two 
applications at a 6 to 8 day interval sprayed by Agcat or Agtruck 
a i r c r a f t equipped with Micronair spray emission systems. Each 
stream later received a point source injection by hand-held 
sprayer of the same insecticide tank mix which had been previously 
applied to i t from the a i r . 

Two fenitrothion and one aminocarb tank mixes were studied, 
a l l containing Triton X-100 (p-tert-octylphenoxynonaethoxy-
ethanol), a nonionic surfactant, and water. One fenitrothion tank 
mix also contained cyclosol, a petroleum d i s t i l l a t e . The percent 
(vol.) composition of different ingredients present in the tank 
mixes, the streams sprayed with them and their discharge, and 
dates and rates of application are summarized i n Table I. 

Ae r i a l applications were conducted by Forest Protection Ltd. 
(FPL), the crown corporation responsible for budworm spraying i n 
New Brunswick. Spotter planes were used to ensure that spray 
lines were followed and the streams and sampling sites received 
good coverage. Stream injections from the ground were applied oa 
100 m upstream from the selected sampling sites using a l !Micron 
ULVA Sprayer". According to the manufacturer's specifications, 
this ultra-low volume applicator is capable of producing a narrow 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 
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spectrum of droplet sizes with a VMD (volume-median diameter) of 
70 μπι. Treatment rates were adjusted by d i l u t i n g the tank mixes 
with water so that the residue levels obtained in stream water 
were higher than in normal a e r i a l applications and variations 
between streams with different discharges were reduced. Details 
of the insecticide formulations and applications are summarized i n 
Table I. 

Residue sampling, preparation and analysis: Water, aquatic 
moss, stream insect and f i s h samples were collected from some or 
a l l study streams for residue analysis after each insecticide 
treatment. In light of the dynamic nature of the systems studied 
and the r e l a t i v e l y small treatment areas, sampling was concen­
trated into the i n i t i a l 24 hours after insecticide applications. 

Water samples (oa 1 L) were collected by immersing clean 
mason jars to a depth of 1 cm in midstream. Water samples were 
extracted immediately with dichloromethan  described e a r l i e r
Moss samples (oa 300 g
bed and packed i n polyethylen  bag  gently squeezing
sorbed water. Samples were later cut into small pieces, thor­
oughly mixed i n a Hobart bowl chopper and stored in sealed p l a s t i c 
bags at -20°C u n t i l analyzed. 

Samples ( <1 g) of mayfly nymphs, Ephemerella sp. , were c o l ­
lected after the f i r s t application of aminocarb to Portage Brook 
by picking individual insects from moss on rocks picked from the 
stream. Samples (10-110 g) of resident brook trout, Salvelinus 
fontinalis M i t c h i l l , were sampled from Portage Brook after each 
aminocarb treatment using electrofishing equipment. Stomachs were 
removed from the f i s h and they were placed in pla s t i c bags and 
frozen at -20°C u n t i l analyzed, as were mayfly nymph samples. 

The procedures used for extraction, clean-up and GLC analysis 
of aminocarb and fenitrothion residues in moss, insects and f i s h 
were similar to the ones described e a r l i e r for sediment. Each 
f i s h sample was ground by chopping with a large knife and mixing 
thoroughly, then taking t r i p l i c a t e subsamples for analysis. 
Entire mayfly samples collected were analyzed i n most cases. 
Moisture content of moss and mayfly nymph samples was determined 
by collecting the pre-weighed ethyl acetate extracted material on 
a weighed f i l t e r , drying i t for 16 h at 105°C and reweighing. 
Very large variations in moisture content were observed i n these 
samples. 

Results and Discussion 

Model Ecosystem Studies. Dissipation of aminocarb and f e n i t r o ­
thion i n stream water: Measurements of the concentrations (ppb) 
of f o r t i f i e d aminocarb and fenitrothion i n the stream water as a 
function of time (t [h]), and graphing of the data (Figure 1 and 
2) showed that the concentration of these two insecticides de­
creased exponentially with time and followed the fir s t - o r d e r rate 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 
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Table I. Details of insecticide 

Ingredients (% by volume) i n 
tank mixes applied to streams 

Stream applied to and 
discharge on 5 July 

Matacil 180F1 26.7 Portage Brook 
Triton X-1002 3.0 179 L/sec
Water 

Fenitrothion technical^ 10.9 Ransom Brook 
Triton X-100 10.7 58 L/sec. 
Water 78.4 

Fenitrothion technical 10.9 Sixty-three Mile Brook 
Triton X-100 3.0 23 L/sec. 
Cyclosol 63 4 24.0 
Water 62.1 

Chemagro Ltd., Mississauga, Ont. 

Rohm and Haas Canada Inc., West H i l l , Ont. 

Novathion (tech.) supplied by Cheminova, Lemvig, Denmark. 

Shell Canada Chem. Co. Ltd., Toronto, Ont. 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



18. SUNDARAM ET AL. Insecticides in Aquatic Environments 2 5 9 

treatments of study streams. 

Dates of Ae r i a l Date of 
a e r i a l application ground Injection mix 
treatment rate injection tank mix: water 

17 June AM 70 g Al/ha 7 July 650 mL:0 mL 
25 June AM i n 1.46 L/ha 

17 June AM 210 g Al/ha 7 July 75 mL:575 mL 
24 June PM i n 1.46 L/ha 

22 June PM 210 g Al/ha 7 July 30 mL:620 mL 
28 June PM i n 1.46 L/ha 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 
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Figure 1. Degradation of aminocarb i n f o r t i f i e d natural 
and s t e r i l e stream water i n open and closed flasks. 
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S l o p e k ( h 1 ) 
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Figure 2 . Degradation of fenitrothion in fortified natural 
and sterile stream water in open and closed flasks. 

2 1 . 9 1 
4 4 . 0 5 

2 8 . 0 0 
7 7 . 9 2 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



262 CHEMICAL AND BIOLOGICAL CONTROLS IN FORESTRY 

law. On integration and rearrangement, we obtained the concentra­
tion-time relation expression as: 

x 0 kt 
log 

χ 2.303 

where χ and x Q are the residual (at time t [h]) and i n i t i a l (t = 
0) concentrations of the insecticide and k is the rate constant 
( t ~ l ) . Plots of log χ ys t (h) are linear and the h a l f - l i f e 
( t i ) , the time required for half of the insecticide to dis­
appear, is obtained from 0.693/k. 

The rate constants ( f * ) and h a l f - l i v e s (t^) for both auto­
claved and non-autoclaved aminocarb and fenitrothion samples in 
open as well as closed flasks varied considerably (Figures 1 and 
2). Rate constants wer
flasks and h a l f - l i v e s wer
the loss of chemicals was higher in the open flasks due to v o l
a t i l i z a t i o n compared to the closed ones. Half-lives for non-auto­
claved aminocarb and fenitrothion samples in open and closed 
flasks differed by 38% and 50% respectively, i.e., loss rates were 
higher by those amounts in open flasks compared to the closed ones 
because of v o l a t i l i z a t i o n . Similar trends in h a l f - l i v e s were also 
observed for the autoclaved samples confirming the significance of 
v o l a t i l i z a t i o n and c o d i s t i l l a t i o n i n the dissipation of these two 
insecticides from water. 

The decrease in concentration of fenitrothion from spiked 
stream water samples was faster compared to aminocarb. The con­
centration of the former decreased to 10 ppb in non-autoclaved 
open flasks in 75 h, while aminocarb concentrations f e l l to 21 ppb 
in the same period. A similar increased loss for fenitrothion was 
also found i n closed flasks (32 ppb VS 39 ppb) as well as in auto­
claved (open, 24 ppb VS 44 ppb and closed 57 ppb VS 67 ppb) 
flasks, indicating that at pH 6.0, fenitrothion is more readily 
lost than aminocarb. Increased s t a b i l i t y of aminocarb in acidic 
waters is probably due to i t s nucleophilicity leading to protona­
tion and forming an aryldimethylammonium cation 

( C H 3 ) 2 - N - { Q ^ O - C - N S C H 

Η 3 

which resists degradation. Very l i k e l y the N-methy1carbamoyl part 
of the molecule is also s t a b i l i z e d by the d e r e a l i z a t i o n of elec­
trons on N, carbonyl and ester oxygens. Formation of such 
cationic species and s t a b i l i z a t i o n due to d e r e a l i z a t i o n of elec­
trons is not possible for fenitrothion, consequently the molecule 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
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i s susceptible to hydrolysis. The preponderance of demethylated 
aminocarb (methylamino (MA) and amino (AM) Matacil) metabolites 
found i n the incubated water samples also confirm that the chem­
i c a l retained the intact carbamate ester group for a while. I t 
seems therefore, that i n an open system, both chemicals are l o s t 
from water by v o l a t i l i z a t i o n and c o - d i s t i l l a t i o n and the rate of 
loss for f e n i t r o t h i o n i s oa 37% higher than for aminocarb, a l ­
though the l a t t e r has a higher (oa 12 fold) vapour pressure (1 χ 
1(Γ 2 Pa at 20°C) than the former (8 χ 1(Γ 4 Pa at 20°C), (4, _5). 
Both chemicals persisted longer i n closed, non-autoclaved f l a s k s 
( t ^ for aminocarb 56.64 h and for f e n i t r o t h i o n 44.05 h) further 
supporting the suggestion that v o l a t i l i z a t i o n and c o - d i s t i l l a t i o n 
are p r i m a r i l y responsible for the d i s s i p a t i o n of these chemicals. 

The prolonged persistence of aminocarb and f e n i t r o t h i o n i n 
autoclaved water samples shows that both were amenable to b i o l o g ­
i c a l degradation i n strea  wate  result f th  a c t i v i t i e f 
microorganisms. After
degraded i n non-autoclave  ope , 
while for autoclaved samples, the respective values were only 56% 
and 33%. The h a l f - l i v e s for the autoclaved samples were cor­
respondingly longer (49.45 h VS 35.14 for open and 104.14 h VS 
56.64 for closed f l a s k s ) . The primary step i n the microbial 
degradation of aminocarb seems to be the demethylation of the d i -
methylamino group forming MA and AM followed by hydroxylation of 
the a r y l r i n g and eventual hydrolysis of the ester group y i e l d i n g 
the phenol (AP). S i m i l a r trends of lower rate constants (0.025 VS 
0.032 and 0.009 VS 0.016) and h a l f - l i v e s (28 .00 VS 21.91 and 77.92 
VS 44.05) were also observed for autoclaved VS non-autoclaved fen­
i t r o t h i o n samples. Compared to aminocarb, we speculate that the 
d i s s i p a t i o n of f e n i t r o t h i o n from stream water under cont r o l l e d 
laboratory conditions i s p r i m a r i l y due to v o l a t i l i z a t i o n followed 
by enzymatic hydrolysis of the P-O-aryl bond to y i e l d p-nitro-m-
c r e s o l (FP). The formation of amino-fenitrothion (AF) through 
microbial reduction of the NO2" group i s also apparent. Photo and 
bio-oxidations converting (1) the a r y l -CH3 group to -C00H to form 
carboxyfenitrothion and (2) P=S to P=0 to form isomeric products 
as intermediates are a d d i t i o n a l p o s s i b i l i t i e s , but none were 
i d e n t i f i e d . Other physicochemical processes such as photolysis, 
i o n i c strength, i . e . , s a l t content of stream waters, suspended 
so l i d s (because of t h e i r large surface area) and chemical hydrol­
y s i s could have played minor roles i n the d i s s i p a t i o n process. 
Several research groups (6) have reported that such processes did 
not contribute s i g n i f i c a n t l y to the d i s s i p a t i o n of forestry chem­
i c a l s from aquatic environments. 

Movement and degradation of aminocarb i n water/sediment 
mode1: The concentrations of aminocarb i n water and sediment at 
d i f f e r e n t i n t e r v a l s during incubation are presented graphically i n 
Figure 3. During the experimental period, the concentration of 
aminocarb i n water i n non-autoclaved f l a s k s decreased from 92 
(open) and 95 (closed) ppb to 11 and 21 ppb respectively, while 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
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Figure 3. Movement and degradation of aminocarb i n a 
water/sediment model. 
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increasing in autoclaved sediment from 4 ppb (Oh) to a maximum of 
29 ppb i n 30 h (open flask) and from 2 ppb (Oh) to a maximum of 
36 ppb i n 40 h (closed f l a s k ) . Concentrations in sediment de­
creased after these times to 19 (open) and 25 (closed) ppb after 
75 h. The rate of decrease in water as well as in sediment was 
higher in open flasks compared to closed ones because of the 
escape of the chemical into the atmosphere by v o l a t i l i z a t i o n . 
After 75 h, 30 (11 + 19) ppb or 30% of the f o r t i f i e d aminocarb i n 
the open flask VS 46 (21 + 25) ppb or 46% of i t in the closed 
flask remained. The 70% loss in the open flask is attributable to 
v o l a t i l i z a t i o n and microbial degradation and the 54% loss i n the 
closed flask is purely due to microbial degradation in water and 
sediment. 

Residual concentrations of aminocarb in water as well as in 
sediment were higher i n autoclaved samples because of the absence 
of microbial a c t i v i t y .
from water to sediment
claved samples, but i t s overall persistence was higher and because 
of this, a gradual buildup of the active ingredient i n sediment 
occurred in the closed flask. Most of the aminocarb was l i k e l y 
adsorbed onto particulate matter i n suspension and then gradually 
settled in the sediment. Nearly 97% of the f o r t i f i e d aminocarb 
remained in the autoclaved sample (closed flask) at the end of ex­
periment; out of this 34% was in water and 63% was adsorbed onto 
sediment. In contrast, 51% of the f o r t i f i e d amount of aminocarb 
remained i n the open flask, of which 26% was in water and the rest 
in sediment. Sediments, like water, contained detectable levels 
of demethylated aminocarb moieties as well as the phenol, but 
among them, the monodemethylated derivative (methylamino Matacil) 
was predominant compared to the other two metabolites. 

Movement and degradation of fenitrothion i n the water/sed­
iment model: The concentration of fenitrothion in non-autoclaved 
and autoclaved stream waters i n the presence of sediment are shown 
i n Figure 4. The concentration of fenitrothion decreased rapidly 
i n water and increased rapidly i n sediment, showing that fenitro­
thion has a greater tendency than aminocarb for translocation from 
water to sediment. Within 15 h, 94% (open flask) and 89% (closed 
flask) of the chemical i n the non-autoclaved samples was lost from 
the aqueous phase and the corresponding concentrations i n sediment 
were 43% and 66% respectively. The rapid translocation of this 
compound from water to sediment was probably due to i t s l i p o p h i l i c 
nature (7, 8). Such a phenomenon was not very significant for 
aminocarb because i t was present i n water as a cationic species at 
pH 6.0. At the end of the experimental period (75 h), only 0.2% 
and 0.5% of the chemical remained i n water whereas the sediments 
contained 19% and 31% of the f o r t i f i e d levels respectively. The 
rapid loss in the open flask is primarily attributable to v o l a t i l ­
i z a t i o n coupled with some microbial degradation. In the absence 
of v o l a t i l i z a t i o n (closed flasks), the decrease in concentration 
i n both the phases was lower. The presence of sediment therefore, 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
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Figure k. Movement and degradation of fenitrothion in a 
vater/sediment model. 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



18. SUNDARAM ETAL. Insecticides in Aquatic Environments 267 

reduces the loss of fenitrothion from stream water (open flasks) 
through surface v o l a t i l i z a t i o n and c o - d i s t i l l a t i o n . 

Fenitrothion persisted longer in autoclaved water/sediment 
samples compared to the non-autoclaved ones because of the absence 
of microbial a c t i v i t y . The peak concentrations of 51 ppb (open 
flask) and 81 ppb (closed flask) of fenitrothion i n sediments were 
reached 20 h after f o r t i f i c a t i o n and the decrease was significant 
i n the open flask compared to the closed one because of desorption 
followed by v o l a t i l i z a t i o n . No serious attempt was made to ident­
i f y and quantify a l l the breakdown products in sediment, but a 
casual study confirmed the presence of aminofenitrothion ( i n i t i a l 
stages) and the cresol, both of which were strongly adsorbed to 
the sediment. Sediments in rivers and streams act as sinks for 
chemicals and are important in decontaminating natural waters 
through adsorption. Muc
organic and inorganic material
act as good adsorbents for pesticides provided the following 
equilibrium is shifted far to the right, i.e. 3 kj » > k2: 

k l 
Adsorbate + Adsorbent ^ Adsorbate:Adsorbent 
(Pesticide) (Sediment) k2 

The magnitude of ki depends upon the nature of the chemical under 
investigation. In the present study, i t is evident that fenitro­
thion has a higher degree of adsorption (k^ >> k2) compared to 
aminocarb although i t is claimed that aminocarb is strongly ad­
sorbed to s o i l particles 09). In acidic waters (pH 6.0), amino­
carb exists as a protonated cation 

and under such conditions, the moiety w i l l be less l i p o p h i l i c , 
consequently the adsorptive processes w i l l be less s i g n i f i c a n t . 
The present study demonstrates this difference. 

In conclusion, water/sediment model studies suggest that the 
dissipation pathways for aminocarb and fenitrothion would be prim­
a r i l y via v o l a t i l i z a t i o n and microbial action as schematically 
represented in Figure 5. 

Microbes 
(Aquatic 
Environment) 

Metabolite(s) + Adsorbent 

C H 3 

H 

F i e l d Studies. Fenitrothion was detected in ppb levels in a l l 
pre-spray water samples, although i t is impossible to trace the 
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V o l a t i l i z a t i o n - * -
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Cresol + AF + demethylated 
AF and f e n i t r o t h i o n (?) + 
de r i v a t i v e s of H3PO4 (?) 
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M i c r o b i a l degradation 

Inorganic compds. 
(C0 2, NH4+, H 20 + PO43") 

Figure 5. D i s s i p a t i o n pathways of aminocarb and f e n i t r o ­
thion i n water/sediment model systems. 
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exact source. It may have resulted from ae r i a l d r i f t from opera­
tional sprays in adjacent areas, or have resulted from long-term 
persistence at low levels in the forest ecosystem due to extensive 
use over the past two decades. Previous studies (10-13) have re­
ported such a phenomenon. 

The disappearances of fenitrothion and aminocarb from stream 
waters are documented i n Table II. Following a e r i a l spraying, 
peak levels ranging from 0.10 to 2.26 ppb were found i n 1 h 
samples. Residues decreased rapidly with time, probably primarily 
due to studies with more than 85% of the amount found at 0.5 h 
post-spray lost within 5 h. The h a l f - l i v e s (t±) were below 
1 h. There is no known explanation for the increases in concen­
trations of fenitrothion during the last sampling period (24 h) 
after some aeri a l treatments. The very rapid loss of aminocarb 
from Portage Brook following a e r i a l applications reflects i t s r e l ­
a tively high stream discharg

It is d i f f i c u l t t
the formulations studied had s i g n i f i c a n t l y influenced the persist
ence of the insecticides in stream water, because the system was 
so dynamic such subtle points were d i f f i c u l t to evaluate. Usually 
aminocarb and fenitrothion are hydrophobic i n nature, while Triton 
X-100 i s hydrophilic because of i t s hydroxyl and ethoxy groups. 
It is soluble i n water on agitation. The presence of petroleum 
d i s t i l l a t e in Matacil 180F very l i k e l y made i t more hydrophobic 
compared to fenitrothion. The observed persistence of fe n i t r o ­
thion i n water beyond the 24 h period at concentrations ranging 
from 0.03 to 0.33 ppb may be attributable to the hydrophilic 
nature of the emulsifier. Triton X-100, being water soluble and a 
polar cosolvent, may have caused p a r t i a l mixing of fenitrothion i n 
the water column which in conjunction with the low stream dis­
charge in fenitrothion treated streams resulted in longer persist­
ence of fenitrothion in stream water than for aminocarb. No met­
abolites (aminocarb: MA, AM and AP; fenitrothion: AF and FP) were 
found i n any of the water samples analyzed. 

Moss samples from the three brooks varied greatly i n their 
uptake and degradation or release of the insecticides 
(Table I I I ) . Peak concentrations of aminocarb (98 and 152 ppb) 
along with detectable levels of AM and MA were found in moss 3 h 
after the 1st and 2nd aminocarb applications and persisted at 
measurable amounts (16 and 19 ppb) beyond the 24 h sampling 
period. The bioaccumulation ratios [aminocarb concen. in moss (as 
sampled)/aminocarb concen. in water] for moss in Portage Brook 
after the 1st and 2nd applications were 33 and 211, respectively 
at peak water concentrations. Small amounts (oa 20 ppb) of amino­
carb persisted i n moss over the 8-day period from the 1st applica­
tion to the pre-spray sample i n 2nd application. Persistence of 
aminocarb in aquatic vegetation has not been reported previously 
and future investigations should be made to determine the possible 
ecological ramifications. 
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Table II. Insecticide concentrations 
aerial applications of aminocarb and 

Portage Brook (aminocarb) 

Time 1st application 2nd application 
after 

application 
(h) Moss* nymphs

Pre-spray ND ND ND 20 (72) ND 

1 75 (290)** 20 (34) 25.1 112 (399) 84.6 

3 98 (349) <20 (<35) 6.9 152 (535) 3.7 

6 61 (196) <20 (<35) 2.3 83 (307) 0.6 

12 44 (111) <20 (<35) 1.1 31 (138) ND 

24 16 (56) <20 (<35) ND 19 (71) ND 

*Pre-spray and a l l the post-spray moss and brook trout samples and 
some mayfly nymph samples from Portage Brook contained fenitrothion. 
Values in parentheses are for oven-dry samples (105 °C for ΐβ h; 
AOAC 1955). 
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(ppb) i n stream waters following 
f e n i t r o t h i o n containing TRITON X-100. 

Ransom Brook (fenitrothion) Sixty-three Mile Brook (fenitrothion) 

1st application 2nd application 1st application 2nd application 

Moss Moss Moss 

62 (179) 

140 (560) 

160 (970) 

90 (580) 

100 (450) 

56 (300) 

100 (354) 

143 (442) 

168 (471) 

177 (469) 

160 (452) 

66 (259) 

128 (579) 

60 (390) 

40 (230) 

30 (160) 

20 (140) 

70 (252) 

176 (646) 

152 (609) 

116 (342) 

133 (397) 

71 (260) 

130 (516) 
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The uptake of fenitrothion by aquatic moss was to some extent 
d i r e c t l y relatable to the insecticide concentrations in the stream 
water. The f i r s t application to both streams did not produce com­
paratively high levels of fenitrothion in water, with peak concen­
trations of only 0.10 and 0.17 ppb. The maximum corresponding 
concentrations in moss samples were 60 and 160 ppb (Table III) 
yielding bioaccumulation ratios of 600 and 941. Similar bioaccum­
ulation ratios for fenitrothion i n aquatic plants have been re­
ported elsewhere (12, 14, 15). Higher peak concentrations of fen­
itrothion (1.84 and 0.25 ppb) in stream water following the 2nd 
fenitrothion treatment did not result in higher peak residues in 
moss (70 and 152 ppb) or bioaccumulation ratios (83 and 708). 
Fenitrothion content in a l l moss samples studied from the two 
brooks did not rapidly decrease with time, contrary to the case 
observed e a r l i e r in aminocarb. This may be partly due to the 
longer persistence of fenitrothio
spray residues in moss
in moss from the aminocarb treated stream suggest that f e n i t r o
thion may accumulate and persist in moss for some time. It is 
also possible that the substrates studied were exposed and contam­
inated with fenitrothion d r i f t from operational spray programs in 
surrounding areas. Some moss samples did contain trace levels of 
FP and AF along with the parent material. 

Table III shows the levels of aminocarb present in mayfly 
nymphs sampled from Portage Brook following the 1st application. 
Aminocarb concentrations found in insects were not high and no 
breakdown products of the insecticides were found. The peak con­
centration detected is only 20 ppb (1 h post-application) exposed 
to a maximum of 2.26 ppb aminocarb i n water, representing a con­
centration factor of oa 9. Residues declined to below detection 
limits ( < 20 ppb) rapidly afterwards coinciding with the dis­
appearance of residues i n stream water indicating that the uptake 
and bioconcentration potential by the insects for aminocarb were 
not high. Further work is necessary to confirm this observation 
since Penny (16) reported that the other insecticide, fenitro­
thion, is readily bioaccumulated by aquatic insects yielding a 
concentration factor of about 60. 

Residues of aminocarb found in brook trout sampled at inter­
vals of time from Portage Brook following the two a e r i a l applica­
tions are recorded in Table III. Maximum levels of aminocarb 
(25.1 and 84.6 ppb) in f i s h were observed at the f i r s t sampling 
period (1 h post-treatment) after both applications, indicating a 
rapid uptake of the insecticide. Concentration factors of 11 and 
160 were obtained for 1st and 2nd treatments, respectively, i n d i ­
cating high v a r i a b i l i t y because of the inherent variables involved 
in the stream ecosystems. Residues in the f i s h declined rapidly, 
coinciding with the disappearance of residues in the stream 
water. A few of the samples analysed contained the monodemeth-
ylated aminocarb (MA) as a metabolite; AM and AP were not iden­
t i f i e d . After 12 h, none of the f i s h samples analysed contained 
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detectable (0.5 ppb) levels of aminocarb, which is in agreement 
with the study reported by Holmes and Kingsbury (17). 

In summary, we speculate that in dynamic stream ecosystems 
such as the ones we have studied, applied chemicals reaching 
stream surfaces are rapidly lost by transport, dilution, v o l a t i l ­
ization and c o - d i s t i l l a t i o n . The small fraction that persists i n 
water disappears partly by absorption by aquatic organisms such as 
plants, insects and f i s h , and also by adsorption onto suspended 
particulates, where i t l i k e l y degrades by microbial reduction. In 
the light of this, i f current use patterns are r i g i d l y adhered to 
and where necessary, improved and modified, these chemicals could 
seldom pose any significant long-term harm (biomagnification and 
resultant damage) to the aquatic ecosystem. We must however, con­
tinue to improve our knowledge regarding, and our c r i t e r i a for 
evaluation, the ecotoxicity of these chemicals and their trans­
formation products, especiall
in various environmenta
sent f i e l d study. 
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19 
Fate of Fenitrothion in Shaded and Unshaded Ponds 

GREG P. MALIS1 and DEREK C. G. MUIR 

Department of Fisheries and Oceans, Freshwater Institute, 501 University Crescent, 
Winnipeg, Manitoba, R3T 2N6, Canada 

Fenitrothion (14C-ring-labelled) was applied to two 
outdoor ponds (3.6 m3 water volume) at a rate of 165 
g/ha on two consecutiv
from direct sunligh
first 17 days of the experiment to simulate a forest 
pond. In i t ia l concentrations of the insecticide in 
water were about 70 μg/L. Half-lives (t 1/2's) of 
fenitrothion were 1.0 and 1.6 days under unshaded 
and shaded conditions, respectively, indicating the 
importance of photolysis in the degradation of the 
compound in water. Τ 1/2's of the major degradation 
product, 3-methyl-4-nitrophenol were similar under 
shaded and unshaded conditions. Concentrations of 
fenitrothion in air above the ponds, at 10 cm 
height, averaged 0.020 and 0.098 μg/m3 over the 
shaded and unshaded water, respectively, during the 
first 24 hours after application (Year 1). Levels 
in air represented a flux estimated to be 5.5 μg/m2 

hour in the unshaded pond or less than 1% of the 
insecticide applied. Aquatic macrophytes (Lemna and 
Typha species) and fish accumulated 3 to 6% of added 
( 1 4C)-fenitrothion by two days post-treatment. 
Levels of 14C-fenitrothion in sediment (0-3 cm 
depth) reached a maximum after 5 days and were 
higher in unshaded conditions (27% of added 14C) 
than under shaded conditions (8.5%) during both 
years of the study. Greater than 90% of the 
radioactivity could be accounted for at 2 days 
post-treatment, however, by 21 days overall 
accountibility was reduced to <30%. 

1Current address: Agriculture Canada, Laboratory Services Division, Mass Spectrometry 
Laboratory, Ottawa, Ontario, L1A 0C5, Canada 

0097-6156/84/0238-0277S06.00/0 
© 1984 American Chemical Society 
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The fate of f e n i t r o t h i o n i n the environment has been a subject of 
great i n t e r e s t i n Canada since the l a t e I960 1s because of i t s use 
for control of the Spruce Budworm (Choristoneura fumiferana). 
Laboratory and f i e l d experiments have established that 
f e n i t r o t h i o n p e r s i s t s for only 1 to several days i n natural 
waters and i s degraded p r i m a r i l y by photolysis and microbial 
a c t i v i t y (1-4). Sorption by sediments, aquatic macrophytes and 
microphytes are also important paths of loss of the i n s e c t i c i d e 
from the water column (2-5). 

Although the paths of d i s s i p a t i o n of f e n i t r o t h i o n i n aquatic 
systems are w e l l known, t h e i r r e l a t i v e importance needs to be 
established at the μg/L concentrations observed i n f i e l d 
studies. For example, v o l a t i l i z a t i o n has been suggested as a 
major path of loss from lakes (6) but has not been measured 
d i r e c t l y . The r e l a t i v e contribution of photolysis under shaded 
and unshaded condition

The objective of
fe n i t r o t h i o n under conditions resembling a stagnant forest pond. 
Fenitrothion has frequently been detected at μg/L concentrations 
i n stagnant waters following a e r i a l spray operations (5)(_7) since 
the spray deposit i s not di l u t e d as i t i s i n a flowing system. 
The study was designed to examine the eff e c t of sunlight 
i n t e n s i t y , the importance of v o l a t i l i z a t i o n and the extent of 
p a r t i t i o n i n g of f e n i t r o t h i o n and degradation products into 
sediment, plants and f i s h under f i e l d conditions. 

Materials and Methods 

A n a l y t i c a l standards. Fenitrothion ( 1 1 + C - r i n g - l a b e l l e d , sp. act. 
73.7 μθΐ/mg) was provided by Sumitomo Chemical Co. Ltd.. 
Fenitrothion, fenitrooxon (FO), S-methyl f e n i t r o t h i o n (SMF), and 
amino-fenitrothion (AF) were obtained from R. Greenhalgh 
(Agriculture Canada, Ottawa). The hydrolysis product 
3-methyl-4-nitrophenol (MNP) was obtained from A l d r i c h Chemicals, 
St. Louis. Standards were prepared i n ethyl acetate or methanol. 

Experimental design. Three small ponds (4.08 m χ 2.6 m χ 0.48 m) 
depth were used i n the study. One pond was maintained as a 
control and one was shaded from d i r e c t sunlight with a shelter 
( 5 . 3 m x 4 m x l . 5 m height) of black polyethylene (4 m i l 
thickness) erected 2 days p r i o r to the s t a r t of the experiment. 
The shelter was open at the north end which allowed entry of 
re f l e c t e d l i g h t and s i l t s i n the p l a s t i c allowed c i r c u l a t i o n of 
a i r . Sunlight i n t e n s i t i e s i n the two ponds (400-700 nm) during 
the f i r s t week post-treatment and some chemical c h a r a c t e r i s t i c s 
of the pond water are given i n Table I . The ponds were 
constructed one year p r i o r to the experiment by covering a 10 m i l 
polyethylene p l a s t i c l i n e r with s i l t y clay sediment and clay 
based sod as described previously (8). The ponds were eutrophic 
with abundant macrophytes (duckweed (Lemna minor), c a t t a i l s 
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(Typha sj>.)). A bloom of filamentous green algae (Spirogyra sp.) 
occurred i n the unshaded pond during Year 2. Fathead minnows 
(Pimephales promelas) were added to the ponds one week pr i o r to 
the study each year. 

The shaded and unshaded ponds were each treated on two 
consecutive years (J u l y , 1979 and again i n June, 1980) with 
f e n i t r o t h i o n at a rate of approximately 165 g/ha s i m i l a r to 
commonly used rates of a e r i a l a p p l i c a t i o n (1). The formulation 
consisted of f e n i t r o t h i o n (175 mg Year 1 and 163.4 mg Year 2; 
technical grade), 1 4 C - f e n i t r o t h i o n (100 μΟί Year 1; 90 μ01 Year 
2), 33 mg Aerotex 3470 (Texaco Canada Ltd.) and 34 mg Atlox 
(Atlas Chemical Co.) i n 500 mL water. The formulation was 
s t i r r e d into the upper 10 cm of the water column with a metal 
rod. 
Water (0-30 cm depth), sediment (0-3 cm depth cores), f i s h , 
duckweed, algae, and c a t t a i
sediment) were co l l e c t e
various time i n t e r v a l s up to 77 days post-treatment. A l l samples 
except water were stored at -50°C i n sealed containers u n t i l 
a n alysis. 

Table I. Water chemistry parameters and l i g h t i n t e n s i t y i n 
outdoor ponds following f e n i t r o t h i o n treatment - Year 1. 

Pond Time 
(days) 

pH TSS a Chloro Susp. C 
(mg/L) fog/L) (mg/L) 

Lig h t . 
(μΕ/m^ 
+4 cm 

Intensity 
! s e c ) b 

-15 cm 

Shaded 1 n.s 8 32.0 3.5 45 20 
Unshaded 8.06 10 97.0 8.0 1450 775 
Control 7.52 28 208.0 17.1 — — 

Shaded 14 — — — — 30 14 
Unshaded — — — — 1700 800 

Shaded 35 8.02 8 15.1 1.4 1300 750 
Unshaded 8.80 16 11.2 3.4 1550 800 
Control 7.94 9 37.8 4.89 —— — 

a - TSS = Total suspended s o l i d s ; Chloro = chlorophyll a; Susp. < 
= suspended carbon, 

b - Light i n t e n s i t y measured with a quantum sensor. The shelter 
over the unshaded pond was removed on day 17. 

A n a l y t i c a l methods, a. Water. Depth integrated water samples 
(0.9 L duplicates) were c o l l e c t e d by attaching a screw-cap with 
i n l e t (6mm i . d . glass) and outlet nozzles (6 mm i . d . U-tube) to 
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each sample jar and lowering the container slowly through the 
water column (0-30 cm depth). Dichloromethane (DCM)(10mL) was 
added to the sample immediately af t e r c o l l e c t i o n and the sample 
was stored at 4 C u n t i l analysed. Water samples were a c i d i f i e d 
(pH 2.0) and extracted with DCM (150, 75, 75 mL). Portions of 
the extract were analysed by l i q u i d s c i n t i l l a t i o n counting (LSC) 
and by gas chromatography (GLC). The extracts were also assayed 
by thi n - l a y e r chromatography (TLC) and r a d i o a c t i v i t y was detected 
by autoradiography. 

b. Sediment. A portion of each sediment sample (0.5 g 
t r i p l i c a t e s ) was combusted on a Packard 306 oxi d i z e r (Packard 
Instruments, Chicago) and the llfC02 analysed by LSC. Samples (20 
g wet wt) were refluxed with 150 mL acetonitrile-water (9:1) for 
17 hours. The mixture was f i l t e r e d , the f i l t r a t e evaporated to 
10 mL and transferred to a separatory funnel with water. The 
aqueous phase was extracte
evaporated to small volume
assayed by LSC to determine t o t a l extractable r a d i o a c t i v i t y . 
Portions of the extract were dissolved i n methanol-water (9:1) 
and cleaned up by reverse phase chromatography on C18 Sep-Pak 
(Waters Associates, Mississauga, Ont.) and then analysed by 
HPLC. Unextractable r a d i o a c t i v i t y i n sediment was determined by 
combustion of a small portion of the residuum. Selected samples 
were also re-extracted by re f l u x i n g with IN HC1 (17 hrs) and the 
a c i d i c extract p a r t i t i o n e d with DCM to recover a d d i t i o n a l 
r a d i o a c t i v i t y . Recoveries of ( l l +C)-f enitrothion from 4 
pre-treatment sediment samples spiked at 0.75 ng/g averaged 90.2 
± 18.7% using the 17 hour r e f l u x with ac e t o n i t r i l e - w a t e r . 

c. Aquatic plants and f i s h . Duckweed, c a t t a i l and f i s h 
samples were combusted (0.5 g)(duplicates Year 1, t r i p l i c a t e s 
Year 2) and the l l +C02 assayed by LSC. Whole f i s h (average wt 3 
g) were i n i t i a l l y ground and sub-sampled. Dry weight of plants 
was determined by ai r - d r y i n g to constant weight. Duckweed 
samples (20 g wet wt) were extracted by blending with methanol 
(10 min). The extract was then evaporated to remove most of the 
methanol. The residue was par t i t i o n e d with DCM and cleaned up on 
C18 Sep-Paks as described for sediment. 

d. A i r . Polyurethane foam plugs (50 mm dia.) were prepared 
for use by extraction with hexane:acetone (1:1) for 84 hours 
(9). The foam plugs were placed i n glass tubes located above the 
center of each pond. The tubes were located 10 cm above each 
pond (Year 1) or at 2, 5 and 10 cm heights (Year 2). Air-flows 
were maintained at 10L/min. Foam plugs were changed every 24 
hours (days 1-3) and then every 2-3 days for the next 18 days 
post-treatment. The foams were placed i n wide-mouth glass jars 
and hexane was added immediately. Further extraction was ca r r i e d 
out on a Soxhlet apparatus and the extracts were assayed by LSC 
and GLC. 

e. GLC, TLC and HPLC conditions: GLC was carried out with 
either a Tracor 560 or Perkin Elmer 900, both equipped with 
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nitrogen-phosphorus detectors. Columns (2 mm i . d . χ 1.8 m) 
containing 3% OV-17 on Chromosorb W-HP (80/100 mesh) were 
operated at 200°C for analysis of f e n i t r o t h i o n and AF. MNP was 
chromatographed on a column of 1% SP-1240 DA on Supelcoport 
100/120 mesh at 190°C. 

HPLC separations were carried out with a reverse-phase 
column ^Bondapak C-18) using methanol-water (45:55) at 1.8 
mL/min for 13.5 min followed by methanol-water (60:40) for 20 
min. A Waters 6000A pump, Model 440 UV absorption detector and 
a f r a c t i o n c o l l e c t o r (LKB Multirac) were used. Fractions e l u t i n g 
from the column were co l l e c t e d and assayed by LSC. Retention 
times of f e n i t r o t h i o n , AF, and MNP under these conditions were 
27.0, 11.0, and 7.5 minutes, respectively. 

TLC separations were performed on s i l i c a - g e l plates using 
two solvent systems: I. Toluene:ethyl formate:formic acid 
(5:7:1)(10) and I I . CCl^:DCM:methano
was carried out by exposin
NS-2T) for up to one month. Radioactive spots were scraped and 
extracted with methanol to e s t a b l i s h the quantity of each 
degradation product. Rf's ( f e n i t r o t h i o n = 1.0) of AF, MNP, F0 
and SMF were 0.22, 0.76, 0.53 and 0.73 on System I and 0.83, 
0.66, 0.77 and 0.60 on System I I . 

Results and Discussion 

Water. Fenitrothion disappeared r a p i d l y from unshaded ponds 
decreasing to <0.01 μg/L from an i n i t i a l l e v e l of 70 μg/L wit h i n 
10 to 13 days each year ( F i g . 1). In shaded water f e n i t r o t h i o n 
l e v e l s decreased more slowly reaching 0.01 to 0.02 μg/L by about 
17 days each year ( F i g . 2). H a l f - l i v e s of f e n i t r o t h i o n 
calculated from f i r s t - o r d e r decay curves (In concentration vs 
time (days)) were s i g n i f i c a n t l y greater i n shaded treatments each 
year (Table 2). The h a l f - l i v e s observed were wi t h i n the range 
found elsewhere i n f i e l d studies i n ponds and small lakes (1). 

The cover over the shaded pond was removed at 17 days 
post-treatment i n the f i r s t year of the study due to damage from 
a r a i n storm. Removal coincided with an unexplained increase i n 
fe n i t r o t h i o n concentrations ( F i g . 2). This increase was not 
observed i n Year 2 when the shade was removed at the same time 
(Fig. 2). I t i s possible that disturbance of the water and sides 
of the ponds may have released sediment and plant-associated 
f e n i t r o t h i o n back int o the water column, however, le v e l s of 
degradation products did not increase proportionally. 

MNP was the major degradation product i d e n t i f i e d i n water 
extracts i n the unshaded ponds representing 47% of extractable 
C at 21 days post-treatment. MNP was also a major residue 

under shaded conditions during the f i r s t 13 days each year but 
declined to less than 20% of extractable 1 4C by 21 days ( F i g . 
2). Amino-fenitrothion was also detected along with four other 
products which could not be i d e n t i f i e d . Two of the unknowns were 
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DAYS AFTER APPLICATION 

Figure 1. Disappearance of fenitrothion and degradation 
products i n unshaded pond water following addition of the 
insecticide each year. 

1 g , . f ι • ? 
0 4 8 12 16 20 24 28 32 0 4 8 12 16 20 24 28 

DAYS AFTER APPLICATION 

Figure 2. Disappearance of fenitrothion and degradation 
products i n shaded pond water following addition of the 
insecticide each year. 
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major products having RfS of 0.44 and 0.40 (relative to 
fenitrothion) in System I. In System II one major unidentified 
spot (Rf = 0.37) was observed along with radioactivity at the 
ori g i n . The r e l a t i v e l y low concentrations of the unknowns (<10 
μg/L) prevented further i d e n t i f i c a t i o n . They did not have the 
Rf of fenitrooxon or S-methyl fenitrothion, however, their TLC 
mobility in System I was similar to carboxyfenitrothion and 
desmethyl fenitrothion (H)). Both compounds have been previously 
i d e n t i f i e d in natural waters C4). The radioactivity which was 
immobile i n System II may have consisted of desmethyl 
fenitrothion which is immobile in non-acidic TLC solvent systems 
(10) as well as other polar products such as 
desmethylaminofenitrothion. The concentrations of a l l of the 
unidentified products were summed and plotted in Fig. 1 and 2 as 
"other products". These products represented about 75% of the 
extractable radioactivit
the covered pond and abou

AF and "other products  disappeared more rapidly in unshaded 
than shaded water each year (Table II) while MNP showed no 

Table II. Half-lives (t 1/2) of fenitrothion and degradation 
products in pond water - Year 1 and 2. 

Time interval (days) t 1/2 (days) ±CL 
Compound Condition Year 1 Year 2 Year 1 Year 2 

Fenitro­ S 0-17 0-18 1.56±0.12 1.70±0.14 
thion U 0-10 0-17 0.79±0.05* 1.22±0.08*© 

MNP S 3-28 3-28 2.93±0.75 3.51±0.54© 
U 3-28 1.5-21 2.94±0.24 3.69±0.32© 

AF S 3-28 3-28 3.80±0.25 6.54±0.91© 
υ 3-17 1.5-28 3.62±2.68 4 .42±0.49* 

Other s 3-28 3-35 4.97±0.59 5.42±0.38© 
products υ 3-28 2-35 4 .13±0.32* 4.98±0.66*© 

Total 1 4 C s 0-28 0-35 4.44±0.48 4.03±0.15© 
υ 0-28 0-35 2.97±0.26* 3.64±0.37*© 

*indicates significant differences between f i r s t order rate 
constants (0.05 l e v e l of significance) in shaded and unshaded 
ponds using the t-test. 

©indicates significant differences (P = 0.05) between rate 
constants observed each year within treatments (shaded or 
unshaded) using the t-test. 
"other products" refers to a l l unidentified spots on TLC plates. 
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s i g n i f i c a n t differences although i t decreased more rapi d l y i n the 
f i r s t year of the study. Maximum concentrations of MNP and 
"other products" were observed at 2-3 days post-treatment each 
year and were higher i n unshaded water. However, degradation of 
MNP and "other products" was slower i n shaded ponds so that by 17 
days higher l e v e l s of these products were present i n shaded 
water. 

Much of the r a d i o a c t i v i t y i n the water samples (Table I I I ) 
was unextractable with DCM (at pH 2) wit h i n 48 hours a f t e r 
treatment (23%, shaded; 41%, unshaded). Unextractable 
r a d i o a c t i v i t y increased to 71.5% (shaded) and 94% (unshaded) by 
21 days. The i d e n t i t y of th i s unextractable material was not 
investigated since l e v e l s were <10 μg/L. Weinberger et a l (4) 
have reported s i m i l a r high proportions of unextractable ll*C 
(about 70% at 20 days) i n lake water following f e n i t r o t h i o n 
treatments and i d e n t i f i e
f r a c t i o n . Desmethylfenitrothio
are also possible components of the aqueous phase since l i k e 
other phosphate diesters they are not e f f i c i e n t l y extracted into 
organic solvents at acid pH (11). 

The longer h a l f - l i v e s of f e n i t r o t h i o n and degradation 
products under shaded conditions indicates the importance of 
photolysis i n the disappearance of the i n s e c t i c i d e from shallow 
water bodies (I). However, the differences i n h a l f - l i v e s were 
less than 2-fold compared to about 30-fold greater l i g h t 
i n t e n s i t y ( i n the v i s i b l e range) under unshaded conditions (2 cm 
depth, Table I ) . 

Sediment. ( l l*C)-fenitrothion reached maximum concentrations i n 
sediment w i t h i n 5 days post-treatment. After 77 days l e v e l s had 
declined to about 30% and 60% of the maximum i n shaded and 
unshaded ponds, respectively, during the f i r s t year. The decline 
i n r a d i o a c t i v i t y i n sediment was much more rapid during Year 2; 
aft e r 35 days l e v e l s were s i m i l a r to those observed i n 
pre-treatment samples (Table I I I ) . Levels of r a d i o a c t i v i t y were 
consistently higher i n sediment of unshaded pools. The greater 
productivity under unshaded conditions which was evident from 
larger duckweed biomass, higher suspended s o l i d s , c h l o rophyll and 
suspended carbon (Table I ) , may have resulted i n the deposition 
of more ( C)- f e n i t r o t h i o n on the bottom of the unshaded pond i n 
f a l l i n g d e t r i t u s during the f i r s t 17 days. Higher l e v e l s of 
r a d i o a c t i v i t y were observed at 350 days post-treatment 
(Pre-treatment Year 2, Table I I I ) ( i n both ponds) than at 77 days 
due to deposition of duckweed and other plants from the previous 
summer. Sedimentation has been demonstrated to be an important 
mode of loss of hydrophobic compounds from the water column i n 
aquatic systems (12). However i n the present study the exact 
quantity of deposition was not measured. 

AF was the major degradation product i n sediment 
representing 64% and 62% of extractable r a d i o a c t i v i t y i n shaded 
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Table I I I . T o t a l r a d i o a c t i v i t y 3 expressed as f e n i t r o t h i o n e q u i v a l e n t s 
^ g / k g ) i n v a r i o u s compartments of each pond during a two year study. 

Time/year Pond T o t a l f e n i t r o t h i o n c o n c e n t r a t i o n s ^ g / k g ) k 

water sediment duckweed c a t t a i l s f i s h a l g ae a i r c 

Year 1 
P r e - t r e a t S <0.01 <0.5 <100 <10 <10 - <0.001 

U <0.01 <0.5 <100 <10 <10 - <0.001 
1 hour S 

υ 
70.3 
72.0 

~ 

12 hours s 
υ 

54.3 
44.4 : 

24 hours s 46.7 34.0 17471 578 3320 - 0.098 
υ 40.5 131.6 12343 355 4919 - 0.020 

2 days s 35.9 
υ 24.7 

5 days s 16.5 66.2 17800 454 1517 0.010 
υ 7.36 128.6 23486 498 690 - 0.009 

10 days s 6.01 40.0 η.s. 1783 491 - 0.002 
υ 2.28 98.8 17200 2188 340 - 0.001 

21 days s 2.62 39.4 13829 773 176 - <0.001 
υ 0.36 82.0 8657 804 363 - <0.001 

35 days s 1.72 33.0 2971 208 178 - -
υ 0.16 83.4 5000 1104 264 - -

77 days s 0.01 19.6 2429 96 224 - -
υ <0.01 80.0 1900 77 263 - -Year 2 

P r e - t r e a t s <0.01 81.8 <100 213 <10 <10 <0.001 
υ <0.01 146.4 <100 213 <10 <10 <0.001 

1 hour s 
υ 

58.4 
60.3 

— — 

12 hours s 48.1 - - - 1827 
υ 41.0 - - - 3053 

24 hours s 37.0 192.4 14243 2334 1198 - 0.048 
υ 36.5 321.8 5757 1417 931 - 0.049 

2 days s 32.3 96.2 11600 3367 1536 - 0.028 
υ 30.4 271.2 9229 320 1176 - 0.014 

5 days s 22.7 131.4 17129 511 796 - 0.004 
υ 19.1 347.2 13143 658 569 - 0.009 

10 days s 15.6 166.6 21529 2122 692 - 0.001 
υ 9.40 263.6 12686 833 336 - <0.001 

21 days s 3.68 113.0 6600 692 366 - 0.001 
υ 0.36 255.4 7114 272 432 8236 0.001 

35 days s 0.10 85.4 1900 1202 148 - -
υ 0.08 141.6 2657 77 482 4427 -

77 days s <0.01 87.4 686 24 229 - -
υ <0.01 143.2 n.s. 85 240 - -

a - Determined by combustion of sediment, duckweed, c a t t a i l , f i s h and algae 
sub-samples and by d i r e c t assay of water samples u s i n g LSC. Average of 
d u p l i c a t e s (water or t r i p l i c a t e analyses ( a l l others except a i r ) . 

b - A l l r e s u l t s are expressed on a dry weight b a s i s except f i s h ( f r e s h wt 
whole f i s h ) . Water content: Sediment (50%), duckweed (93%), C a t t a i l s 
(75-90%). 

c - A i r r e s u l t s as μg/m averages at 10 cm he i g h t over time i n t e r v a l . 
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and unshaded ponds, respectively, a f t e r 5 days (Table IV). A f t e r 
21 days u n i d e n t i f i e d polar products ( e l u t i n g i n the solvent front 
on HPLC analysis) represented a large portion of the extractable 
r a d i o a c t i v i t y . More r a d i o a c t i v i t y was unextractable from 
sediment i n unshaded ponds e s p e c i a l l y i n the 10-50 day 
post-treatment period. Fenitrothion yielded about 22% 
unextractable residue when incubated with s i l t loam s o i l s under 
submerged conditions for 30-60 days (10) and a s i m i l a r portion of 
the r a d i o a c t i v i t y was unextractable i n the shaded pond sediment. 

Table IV. Concentration of f e n i t r o t h i o n and major degradation 
products i n sediment extracts - Year 2 determined by HPLC 
anal y s i s . 

Time E x t r a c t a b l e
(days) (%) Fenitro AF MNPpolar pdts^. 

Shaded 

Pre- 47.7 (86.8) - - - -
1 65.4 (74.0) 8.0 82.0 7.4 28.0 
2 76.9 7.6 49.6 3.8 13.0 
3 61.1 (75.0) - - - -
5 70.1 4.2 59.0 6.4 22.2 
10 54.7 (65.7) 4.2 28.4 4.8 54.0 
13 64.2 9.0 26.8 4.2 40.2 
21 58.4 (69.0) <0.5 32.0 4.4 29.6 
50 56.8 (72.7) <0.5 36.8 <0.5 13.4 

Unshaded 

Pre- 23.2 (41.0) - - -
1 68.9 (74.0) 32.4 100.8 28.0 60.0 
3 59.6 (76.3) - - - -
5 54.8 9.4 118.2 17.0 37.2 
10 47.0 (54.3) <0.5 49.2 8.0 67.0 
13 37.6 13.2 38.6 14.6 63.0 
21 23.5 (29.4) 1.6 25.2 <0.5 33.4 
50 30.1 (38.2) — 

a - extractable with a single 17 hour acetonitrile-water r e f l u x . 
Results i n parentheses indicate % extractable from the 
sediment residuum a f t e r a d d i t i o n a l extraction with IN HC1. 

b - other polar products which eluted (as radioactive peaks) i n 
the solvent front under the conditions used i n HPLC an a l y s i s . 
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The greater proportion of unextractable residues i n the unshaded 
system may r e f l e c t formation of degradation products i n the water 
column which are subsequently i r r e v e r s i b l y bound to sediments or 
sedimented d e t r i t u s . Phosphate d i e s t e r s , i n p a r t i c u l a r , are 
d i f f i c u l t to extract from sediments as w e l l as water (13) and may 
account much of t h i s unextractable residue. 

The predominance of AF i n sediments may account for i t s 
appearance i n the water column at low l e v e l s during the f i r s t 21 
days post-treatment. AF i s more polar than f e n i t r o t h i o n and 
would be expected to p a r t i t i o n more rea d i l y back into the water 
column. AF has frequently been reported as a major degradation 
product of f e n i t r o t h i o n i n stagnant pools (2)(5) and i n flooded 
s o i l s (10). 

Aquatic plants and f i s h . Duckweed r a p i d l y accumulated 
( C ) - f e n i t r o t h i o n fro
concentrations were observe
both years (Table I I I ) . The l e v e l s observed at 5 days 
represented concentration factors (BCFs) of 754 and 688 i n shaded 
and unshaded exposures, respectively (Year 2), based on t o t a l 
r a d i o a c t i v i t y i n water and plants. Concentrations i n duckweed 
decreased to <10% of the maximum by 35 days each year. Levels of 
r a d i o a c t i v i t y i n the plants were not s i g n i f i c a n t l y d i f f e r e n t i n 
shaded and unshaded conditions. This d i f f e r s from r e s u l t s of 
Weinberger et a l (4) who observed 3-fold greater concentrations 
of ( **C)-fenitrothion i n Elodea densa i n f i e l d microcosms under 
lig h t e d compared to darkened conditions. Duckweed did not grow 
we l l under shaded conditions and by 17 days the density of the 
plant was about 10% of that i n the unshaded pond. 

Ra d i o a c t i v i t y was poorly extracted from duckweed suggesting 
transformation to polar products which were conjugated, 
i r r e v e r s i b l y bound to plant tissue or incorporated into natural 
components. Fenitrothion, AF and MNP were i d e n t i f i e d i n duckweed 
extracts (Table V). The proportion of each compound was s i m i l a r 
to that observed i n water at the same sampling time suggesting 
that the MNP and AF may have been accumulated from water rather 
than formed i n the plant. BCFs calculated with actual water and 
plant concentrations of f e n i t r o t h i o n were 108 and 140 i n shaded 
and unshaded ponds, respectively, at 3 days post-treatment (Table 
5). These BCFs are s i m i l a r to r e s u l t s obtained i n laboratory 
studies with f e n i t r o t h i o n (14) where equilibrium BCFs of 280 were 
observed during 5 day exposures, and are higher than BCFs 
observed i n f i e l d monitoring following a e r i a l spraying (_5). 

C a t t a i l s contained 10 to 20 f o l d lower l e v e l s of 
( l l t C ) - f e n i t r o t h i o n than duckweed throughout the study. This 
difference probably r e f l e c t s the greater surface area to volume 
r a t i o of the duckweeds. No differences between shaded and 
unshaded plants could be discerned. The large v a r i a b i l i t y i n the 
r e s u l t s compared to duckweed may be a t t r i b u t a b l e to the 
d i f f i c u l t y i n obtaining representative samples from the large 
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plants. R a d i o a c t i v i t y was detected i n c a t t a i l s i n pre-treatment 
samples (350 days post-treatment Year 1)(Table I I I ) although 
le v e l s of r a d i o a c t i v i t y i n water and duckweed were below 
detection l i m i t s . The plants appeared to be accumulating 
r a d i o a c t i v i t y from sediments, the major sink for r a d i o a c t i v i t y at 
350 days, and translocating i t to the emergent portion of the 
plant. The low extraction e f f i c i e n c y of the r a d i o a c t i v i t y i n 
sediment at 350 days and the rapid degradation of f e n i t r o t h i o n 
(Table IV) suggests that c a t t a i l s were accumulating polar 
degradation products from sediment. 

Table V. Concentrations of f e n i t r o t h i o n or degradation products 
i n duckweed extracts - Year 2. 

 f e n i t r o t h i o
Time Extractable equivalents

(days) (%) Fenitro phenol AF polar p d t s b BCF C 

Shaded 

3 45.2 1086 871 129 3285 108 
7 20.3 571 1300 43 2472 204 
13 25.8 243 2486 671 714 810 

Unshaded 

3 40.9 629 1986 57 2699 140 
7 35.7 186 1143 129 3071 310 
13 17.8 243 1029 14 1214 24300 

a - determined by assay of radioactive spots on TLC plates 
(System I) and confirmed by HPLC. 

b - polar products refers to u n i d e n t i f i e d radioactive spots on 
TLC plates having short Rf values on System I and 
r a d i o a c t i v i t y not p a r t i t i o n e d into dichloromethane. 

c - BCF calculated with actual concentrations of f e n i t r o t h i o n i n 
water ( F i g . 1 and 2) and duckweed. 

Recovery of r a d i o a c t i v i t y from c a t t a i l tissue by blending 
with methanol averaged only 23.7% i n samples from 3, 7 and 14 
days post-treatment i n d i c a t i n g extensive breakdown of 
f e n i t r o t h i o n by the plant. The i d e n t i t y of the r a d i o a c t i v i t y was 
not determined. 

Filamentous green algae absorbed r e l a t i v e l y high levels of 
r a d i o a c t i v i t y from water with a concentration factor of 846 
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(based on t o t a l C i n water) at 10 days post-treatment. The 
a l g a l bloom occurred only i n the unshaded pond i n Year 2 between 
10 and 35 days post-treatment. A l g a l blooms are commonly 
observed following i n s e c t i c i d e addition to ponds due to reduction 
i n grazing crustacean zooplankton by the i n s e c t i c i d e (15). 
Similar concentration factors for f e n i t r o t h i o n i n two species of 
autotrophic algae were observed by Weinberger et a l (4). 

Maximum concentrations of ( C) - f e n i t r o t h i o n i n fathead 
minnows were observed at the i n i t i a l sampling time each year 
(Table I I I ) . Levels i n f i s h were s i m i l a r i n unshaded and shaded 
ponds r e f l e c t i n g the fact that during the f i r s t 24 hours 
post-treatment i n t a c t f e n i t r o t h i o n was the major form of 
r a d i o a c t i v i t y i n water i n both ponds. Fenitrothion i s l i k e l y to 
be more rapi d l y accumulated from water than i t s more polar 
degradation products. Concentration factors of 42 and 54 
(calculated with actua
were observed i n minnow
These BCFs were about 3-fold lower than equilibrium BCFs 
calculated from laboratory studies with rainbow trout but are 
wit h i n the range predicted for f e n i t r o t h i o n based on i t s 
octanol-water p a r t i t i o n c o e f f i c i e n t or water s o l u b i l i t y (14). 
Ra d i o a c t i v i t y i n f i s h decreased to less than 50% of the i n i t i a l 
concentrations by 10 days post-treatment but low le v e l s persisted 
i n f i s h during the remaining sampling period. The persistence of 
r a d i o a c t i v i t y may be due to ingestion of contaminated d e t r i t u s by 
the minnows as w e l l as to u t i l i z a t i o n of some of the 1 h 

C-ring-label by the f i s h i n natural products. 
A i r . Concentrations of f e n i t r o t h i o n i n a i r sampled 10 cm above 
treated ponds were highest i n the f i r s t 24 hours post-treatment 
(Table I I I ) . GLC analysis of the extracts from polyurethane foam 
traps indicated that only f e n i t r o t h i o n was present. The l e v e l s 
of f e n i t r o t h i o n were generally higher above shaded ponds. This 
was expected because the polyethylene shelter reduced wind 
movement over the water surface which would d i l u t e the observed 
concentrations. Recently Mallet and Volpe (_7) reported the 
detection of ng/L l e v e l s of AF as w e l l as f e n i t r o t h i o n i n a i r 
samples c o l l e c t e d near treated areas i n New Brunswick (Canada) 
however, the source of AF was not clear from t h e i r study. 

During Year 2 a concentration gradient was observed i n 
samples taken 2, 5 and 10 cm above the water surface (Table VI).^ 
The concentration gradient ^g/m ) was converted to a f l u x ^g/m 
hr) by use of the aerodynamic equation (16) which incorporated 
wind speed and temperature gradient data obtained at a nearby 
monitoring s i t e . Only d a i l y averages of wind speed and 
temperature could be used since a i r samplers were changed on a 24 
hour basis during the f i r s t 3 days post-treatment. Therefore the 
calculations can only roughly approximate the actual 
v o l a t i l i z a t i o n of the compound from the unshaded pond. Actual 
wind speeds over the shaded pond were not measured so i n order to 
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estimate a f l u x the wind gradient was assumed to be 10% of that 
i n unsheltered conditions. 

Flux of f e n i t r o t h i o n from the pond surface was also 
estimated by use of the Fick's Law r e l a t i o n s h i p : 

Flux = ( K o i ) ( C i ) 

where K Q I i s the o v e r a l l v o l a t i l i z a t i o n rate constant (m/hr) 
calculated using the procedure of Smith et a l . (17) and Ci i s the 
concentration gradient between the water and a i r (approximately 
equal to the water concentration) over the time i n t e r v a l . To 
obtain K0^ values mass transfer c o e f f i c i e n t s for oxygen from 
water of 1.8 cm/hr and the gas mass transfer coefficent of water 
of 2100 cm/hr were used. These values are t y p i c a l of ponds and 
lakes 100 to 1000-fold larger i n surface area than those i n the 
present study so they ma
rates. The value of KQI
suggests a h a l f - l i f e of f e n i t r o t h i o n of 66 days for a 0.5 m depth 
(3^). Similar h a l f - l i v e s have been observed i n laboratory 
studies (2). The f l u x of f e n i t r o t h i o n predicted from the Fick's 
Law r e l a t i o n s h i p was 2 to 3-fold greater than that calculated by 
use of the aerodynamic equation (Table VI). Although the 
concentrations of f e n i t r o t h i o n were high enough to be r e a d i l y 
detected up to 10 cm above the water i n windy conditions the loss 
of f e n i t r o t h i o n i s small since mg/m3 quantities were present i n 
the water column. A higher predicted than calculated f l u x i s 
consistent with observations that f u l v i c acids i n water reduce 
the v o l a t i l i z a t i o n rate of f e n i t r o t h i o n (2). 

Mass balance. Greater than 90% of the r a d i o a c t i v i t y added to the 
ponds could be accounted for during the f i r s t 2 days 
post-treatment i n Year 2^Table VII) by multiplying the 
concentrations of t o t a l C observed by the weight of each 
compartment. The weights of the water and sediment (0-3 cm 
depth) compartments were thought to be within 10% since the 
dimensions of the ponds were known. Weights of aquatic plants 
were estimated by multiplying t h e i r area by plant density and are 
therefore subject to considerable error. Water was the major 
compartment for ( C)-fenitrothion for the 1 to 5 day period but 
by 21 days most of the remaining r a d i o a c t i v i t y was i n sediments 
ex p e c i a l l y i n the unshaded pond. Aquatic plants, f i s h and a i r 
were minor compartments of r a d i o a c t i v i t y throughout the study. 
The a c c o u n t i b i l i t y of ( l l + C ) - f e n i t r o t h i o n was considerably reduced 
by 21 days. In Year 1 estimates of t o t a l f e n i t r o t h i o n i n water 
were obtained by use of extractable r a d i o a c t i v i t y which was low 
by Day 5 r e s u l t i n g i n low estimates of the t o t a l f e n i t r o t h i o n i n 
water. Another source of error could be greater deposition of 
f e n i t r o t h i o n on sediments on the sides of the ponds which i s not 
taken into account by sampling the pond bottom. This has been 
observed with pyrethroid i n s e c t i c i d e s i n s i m i l a r outdoor ponds 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



19. MAL1S AND MUIR Fate of Fenitrothion in Ponds 291 

Table VI. Calculated^ and predicted** f l u x of f e n i t r o t h i o n 
from treated ponds. 

Time Temp.c Wind 0 Concentration Flux ^g/m hr) 
i n t e r v a l T2-T1 U2-U1 C2-C1 (μg/m3) 
(days) (deg K) (m/sec) S u S U predicted 

0 - 1 0.75 0.4

1 - 2 1.75 0.60 0.084 0.060 0.079 3.80 5.6 

2 - 3 0.25 0.10 0.020 0.004 0.011 0.03 3.0 

5 - 7 1.75 0.10 0.004 0.0017 <0.001 0.005 0.5 

a - calculated by use of the aerodynamic method (16). 
b - predicted by use of the equation: Flux = K 0 1 ( C i ) ( 1 7 ) , K 0 i = 

v o l a t i l i z a t i o n rate i n a 0.5 m depth system, Ci = average 
concentration of f e n i t r o t h i o n i n water over the time 
i n t e r v a l . K 0 1 = [1/Kw + RT/HKg] - 1 for 1 m depth. H » 
Henry's constant (atm m3/mol) and Kw and Kg are l i q u i d and 
gas phase mass transfer c o e f f i c i e n t s for f e n i t r o t h i o n i n 
ponds calculated from kw and kg values for oxygen and water 
respectively as described by Smith et a l . (17). 

c - temperature gradients (T2 at 10 cm and Tl at 2 cm) are 
average values for the time i n t e r v a l . Wind speed gradients 
were estimated for a graph of In height vs average speed 
(m/sec)(U2 = 10 cm, Ul = 2 cm) for the unshaded pond. Wind 
speeds i n the shaded pond were estimated to be 10% of those 
i n the unshaded treatment. 
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and appears to be due to i n i t i a l s t r a t i f i c a t i o n of the 
formulation i n the warm upper 10 cm of water layer which i s 
observed i n the ponds during the day (19). Movement of water 
soluble products below the 3 cm sampling depth may also have 
occurred. Breakdown of degradation products i n the water column 
vi a microbial a c t i v i t y to y i e l d 1 1 +C0 2 or other v o l a t i l e carbon 
fragments i s another possible pathway of lo s s . 

V o l a t i l i z a t i o n of AF or MNP i s u n l i k e l y however since they 
have smaller K Q ^ values than f e n i t r o t h i o n . 

Conclusions 

The effect of shading an outdoor pond for the f i r s t 17 days a f t e r 
addition of f e n i t r o t h i o n was to increase the h a l f - l i f e of the 
i n s e c t i c i d e by about 50%. Despite a 30-fold reduction i n l i g h t 
i n t e n s i t y , however, th
was rapid dropping fro
Shaded conditions decreased the quantities of other products and 
MNP (but not AF) that were formed however no major products 
unique to shaded or unshaded conditions were i d e n t i f i e d . 

A large portion of r a d i o a c t i v i t y i n water, sediment and 
plants was unextractable with conventional techniques e s p e c i a l l y 
i n samples taken a f t e r 10 days post-treatment. Fenitrothion and 
MNP were not major components i n these compartments i n shaded or 
unshaded conditions a f t e r t h i s time. I t appears that most of the 
r a d i o a c t i v i t y was i n the form of products d i f f i c u l t to p a r t i t i o n 
from water to organic solvents such as those with amphoteric 
c h a r a c t e r i s t i c s (aminocresols) or phosphoric acid esters. Other 
f i e l d studies with ( 1 4 C ) - f e n i t r o t h i o n have observed a s i m i l a r 
proportion of unextractable material (4_). Further studies on the 
fate of f e n i t r o t h i o n may need to overcome a n a l y t i c a l d i f f i c u l t i e s 
posed by these products. The b i o l o g i c a l s i g n i f i c a n c e of t h i s 
highly polar material needs to be assessed. Results at 350 days 
post-treatment were i n t e r e s t i n g from the viewpoint of long-term 
persistence of the l i + C - r i n g l a b e l . Most of the r a d i o a c t i v i t y i n 
the ponds was present i n sediment ( l i k e l y from sedimentation of 
plant material from the previous year) and 77% was unextractable 
with methanol i n d i c a t i n g that i t was not i n the form of 
f e n i t r o t h i o n . C a t t a i l s appeared to be accumulating t h i s 
r a d i o a c t i v i t y from sediment and translocating i t to the growing 
portion of the plant. 

Predicted and calculated f l u x of f e n i t r o t h i o n from water 
were s i m i l a r although values were arrived at independently. Both 
r e s u l t s suggest that v o l a t i l i z a t i o n from water i s slow compared 
to other paths of degradation of the i n s e c t i c i d e which confirms 
predictions of the two-film theory of v o l a t i l i z a t i o n (17)(18). 
Losses of f e n i t r o t h i o n from surface films have been shown to be 
very rapid (2) but a surface f i l m was not formed i n the present 
work because the i n s e c t i c i d e was mixed into the upper 10 cm of 
the water column. 
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The r a d i o a c t i v i t y added to the ponds was only accounted for 
successfully during the f i r s t 5 days post-treatment despite 
knowledge of the size of the major compartments and the use of 
dire c t assays such as combustion to 14002· Loss of r a d i o a c t i v i t y 
due to penetration to lower depths i n sediment and degradation of 
the r i n g l a b e l to v o l a t i l e carbon fragments and 14C02 i n the 
water column may have occurred but are u n l i k e l y to t o t a l a l l of 
the 70 to 80% unaccounted f o r . The ultimate fate of the 
radi o l a b e l l e d material i n aquatic systems under f i e l d conditions 
i s i n need of further study. 
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Bioaccumulation of Some Forestry Pesticides 

in Fish and Aquatic Plants 

W. L. LOCKHART, D. A. METNER, B. N. BILLECK, G. P. RAWN, and D. C. G. MUIR 

Department of Fisheries and Oceans, Freshwater Institute, 501 University Crescent, 
Winnipeg, Manitoba, R3T 2N6, Canada 

Bioaccumulation of some pesticides (fenitrothion, 
aminocarb, permethrin
application in forestr
in laboratory experiments using larval rainbow trout 
and common duckweed. Bioaccumulation of an aromatic 
hydrocarbon, fluorene, has also been examined since 
some commercial formulations employ hydrocarbon 
solvents. Laboratory exposures of fish or plants 
were carried out by placing the organisms in dilute 
aqueous solutions of 14C labelled pesticide or 
hydrocarbon, and by measuring transfer of 
radioactivity from water to fish or plants. After 
transfer of fish or plants to untreated water, loss 
of radioactivity was measured similarly. These 
measures allowed calculation of uptake and 
depuration rate constants which were used to predict 
residue accumulations under various exposure 
conditions. Predicted residue accumulations agreed 
substantially with other predictive equations in the 
literature and with reported field observations. 

Bioaccumulation of pesticides i n aquatic organisms following 
a e r i a l applications i n forest spraying, a g r i c u l t u r a l spraying, 
and public health spraying remains a topic of public concern i n 
Canada. People frequently ask whether f i s h may become 
contaminated a f t e r spraying operations, and i f so, what time 
period must elapse before pre-spray conditions are 
reestablished. S i g n i f i c a n t progress has been made i n e f f o r t s to 
predict the tendency for residues to accumulate i n f i s h since 
p u b l i c a t i o n of the proposal that exchange e q u i l i b r i a control 
degrees of bioconcentration of organochlorine compounds (_1)· 
Several authors have developed regression equations r e l a t i n g 
equilibrium bioconcentration factors for non-polar organic 
compounds to physical properties l i k e water s o l u b i l i t y or 
octanol/water p a r t i t i o n c o e f f i c i e n t (2-6). Some authors have 
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resolved bioconcentration into i t s component balance of uptake 
and depuration rates (7-12) and i t seems l i k e l y that future 
e f f o r t w i l l improve d e f i n i t i o n of these rate constants (13). 

R e l a t i v e l y l i t t l e attention has been given to aquatic 
organisms other than f i s h , and predictive equations for f i s h do 
not necessarily hold for other organisms. For example, Kenaga 
and Goring (5) compared bioconcentration by Daphnia with 
bioconcentration by several species of f i s h and found that 
although values were not the same there was at least a 
s t a t i s t i c a l l y s i g n i f i c a n t r e l a t i o n s h i p between them. This was 
described by the equation: 

log Daphnia BCF = 0.987 + 0.679 (log f i s h BCF). 

There i s v i r t u a l l y no l i t e r a t u r e describing bioconcentration 
of organic compounds by
facts that these plants
shallow inland waters, and are e s s e n t i a l habitat components f o r 
both aquatic and t e r r e s t r i a l animals. Lockhart et a l . (14) 
provided a regression equation describing uptake curves for a 
variet y of organic compounds by duckweed (Lemna minor) cultures 
i n laboratory exposures. Predictions from the regression 
equation agreed quite w e l l with f i e l d observations on 
bioconcentration of permethrin i n outdoor ponds (15). 

The intent of t h i s study was to derive rate constants 
describing uptake and depuration of some forest pesticides using 
f i s h (rainbow tro u t , Salmo gairdneri) and an aquatic raacrophyte 
(duckweed, Lemna minor) i n laboratory t e s t s . Since some 
formulations of forest pesticides also contain solvents of 
petroleum d i s t i l l a t e s , experiments were also c a r r i e d out with a 
hydrocarbon, fluorene, which i s a component of f u e l o i l (16). 
Rate constants were derived and used to calculate expected 
bioconcentration factors for comparison with other estimates and 
with f i e l d observations. 

Materials and methods 

B i o l o g i c a l materials. Rainbow trout were obtained as "eyed" eggs 
from a disease-free hatchery, Spring Valley Trout Farm, 
Petersburg, Ontario. Eggs and larvae hatching from them were 
kept at 10°C i n flowing dechlorinated City of Winnipeg tap 
water. When f i s h were taken from rearing to experimental rooms, 
temperature and water q u a l i t y remained unchanged. Larval f i s h 
were fed commercially prepared trout s t a r t e r food (Martin Feed 
M i l l s ) at recommended rates at a l l times except during exposures 
to chemicals. 

Clones of duckweed plants were grown axe n i c a l l y i n Stewart's 
growth medium (17) with asparagine at 132.1 mg/L as nitrogen 
source. Cultures were maintained i n 250-mL Erlenmeyer fla s k s 
with 100 mL of medium per f l a s k i n controlled environment rooms 
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at 25°C. Light was supplied by General E l e c t r i c Gro & Sho l i g h t s 
at about 60 uE/m2/sec with a photoperiod of 16 hr l i g h t and 8 hr 
dark. 

Chemical materials. Ring-labelled 1 1 +C f e n i t r o t h i o n was supplied 
by the Sumitomo Chemical Co., Osaka, Japan (20.23 uCi/uM). 
Aminocarb was obtained from Mobay Chemical Co., Kansas C i t y , Mo., 
USA, as r i n g - l a b e l l e d lhQ material (11.7 uCi/uM). C i s - and 
trans- permethrin were synthesized as methylene-^C compounds 
(59.7 uCi/uM), or as cyclopropyl- C compounds (50 uCi/uM) by ICI 
Ltd., Je a l o t t s H i l l , UK. Fluorene was purchased as 9-li+C 
material from C a l i f o r n i a Bionuclear Corp. (2.61 uCi/uM). 

After exposures to radioactive compounds i n water, f i s h and 
plants were burned i n a Packard 306 oxidizer and C-carbon 
dioxide was measured with a Beckmen LS-7500 l i q u i d s c i n t i l l a t i o n 
counter using PCS (Amersham):xylen
with C toluene (Amersham

Exposures of f i s h . F i f t y rainbow trout larvae (ca 250 mg) were 
added to 4 l i t e r s of dechlorinated Winnipeg water i n glass 
aquaria at 10°C. Fish were allowed to acclimate for one day and 
then radioactive compounds were added to the water using acetone 
as a c a r r i e r . Concentrations i n water at the s t a r t of exposures 
were: f e n i t r o t h i o n , 4.68 μg/L; aminocarb, 6.08 μg/L; 
cis-permethrin, 0.58 μg/L (cyclopropyl l a b e l ) ; trans-permethrin, 
0.87 μg/L (cyclopropyl l a b e l ) ; fluorene, 19.1 μg/L. At time 
i n t e r v a l s generally of 1, 3, 6, and 24 hours a f t e r addition of a 
compound, f i v e f i s h were removed per aquarium; duplicate 1-mL 
water samples were also taken when f i s h were sampled. Fish were 
rinsed with water, weighed, and then burned for determination of 
r a d i o a c t i v i t y . At the end of the 24-hr uptake phase the 
remaining f i s h were transferred to clean flowing water and 
sampling was continued. 

Exposures of plants. Duckweed fronds were exposed to the 
l a b e l l e d compounds i n 125-mL Erlenmeyer f l a s k s . Stewart's medium 
was prepared and 50 mL were added to each f l a s k ; then the fl a s k s 
were autoclaved. After cooling the ^C compound was added to 
each f l a s k along with 30 fronds from stock cultures. Average 
s t a r t i n g concentrations i n media were: f e n i t r o t h i o n , 3.89 μg/L; 
aminocarb, 6.26 μg/L; cis-permethrin, 2.29 μg/L (methylene 
l a b e l ) ; trans-permethrin, 2.95 μg/L (methylene l a b e l ) ; fluorene, 
23.6 μg/L. After exposure for 2, 4, 24, 48, 96, and 120 hours, 
fl a s k s were removed and fronds were counted, blotted dry, weighed 
and burned for r a d i o a c t i v i t y measurement. Water samples were 
taken at the s t a r t of each exposure and at the same time as 
plants were c o l l e c t e d . At the end of the uptake phase (120 
hours) the remaining f l a s k s were drained and fresh medium 
containing no l a b e l l e d material was added. P e r i o d i c a l l y during 
t h i s depuration phase plants were co l l e c t e d for determination of 
r a d i o a c t i v i t y as described above. 
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Results and discussion 

Uptake and depuration curves for rainbow trout have been 
plotted i n F i g . 1, and data were used to calculate rate constants 
shown i n Table I. A l l uptake curves showed the t y p i c a l curvature 
tending toward an upper l i m i t on the quantity of material 
accumulated. In p r i n c i p l e the curves should r e f l e c t 
establishment of a steady state condition during which the uptake 
rate i s equal to the depuration rate so that there i s no net 
change i n the quantity of material i n the f i s h . In these s t a t i c 
experiments another contributing reason for the tendency to reach 
an upper l i m i t may be the loss of material from the exposure 
water. For example, during the 24-hr exposure periods 
concentrations i n water declined by the following amounts: 
f e n i t r o t h i o n , 17%; aminocarb, 1%; trans-permethrin « 66%; 
cis-permethrin. 40%; fluoren
(10) was used to calculat
f a l l i n g water concentrations t y p i c a l of s t a t i c exposures. The 
drop i n each exposure concentrations was described with a l i n e a r 
regression equation: 

where Cw i s the concentration of compound i n exposure water, Τ i s 
exposure time, and A and Β are regression constants. Values for 
A and Β were used, together with the depuration rate constants, 
K2, to calculate the uptake rate constant. F a l l i n g exposure 
concentrations of t h i s type are t y p i c a l l y reported from studies 
monitoring pesticides i n water a f t e r forest spraying. 

The depuration curves generally show deviations from the 
stra i g h t l i n e logarithmic plots expected on the basis of f i r s t 
order depuration, dependent only on the content of material i n 
the f i s h at any in s t a n t . For c a l c u l a t i o n 
of depuration rate constants, a minimum of the f i r s t three points 
were included i n a l i n e a r regression equation, and subsequent 
points were included only i f i n c l u s i o n resulted i n an increase i n 
the c o e f f i c i e n t of determination R . The slope of t h i s l i n e a r 
equation was taken as the depuration rate constant, K2, and was 
used together with the constants A and Β describing the loss of 
material from water during the uptake phase to calcu l a t e the 
uptake rate constant K l from Z i t k o 1 s expression: 

Ln Cw = Ln A - BT 

K l = c f 
max 

K2 
A max 

where Cfmax i s the maximum concentration of compound observed 
i n the organism and Tmax i s the time at which Cfmax was 
observed. 
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Figure l a . Uptake and depuration curves for fenitrothion 
and aminocarb in laboratory studies with larval rainbow-
trout . 
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Figure le. Uptake and depuration cuves for fluorene in lab­
oratory studies with larval rainbow trout. 

Table I. Bioconcentration factors (BCF) for rainbow trout i n 
laboratory exposures to several pesticides and a hydrocarbon. 
The calculated biconcentration factors were taken as the r a t i o 
(K1/K2) of uptake rate constants (Kl) to depuration rate 
constants (K2). The measured bioconcentration factors were taken 
as the r a t i o of measured r a d i o a c t i v i t y i n f i s h to that i n 
exposure water a f t e r 24 hours exposure. 

Compound Uptake rate Depuration rate 
Constant Constant 

( h r " 1 ) ( h r " 1 ) 

Calculated Measured 
BCF BCF 

(K1/K2) 

(Kl) (K2) 

f e n i t r o t h i o n 5.575 0.0382 146 116 

aminocarb 0.221 0.0299 7 7 

t-permethrin 1.156 0.0082 141 84 

c-permethrin 2.027 0.0155 131 113 

fluorene 13.094 0.0310 422 512 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
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The r a t i o of K1/K2 provides an estimate of the steady state 
bioconcentration for each compound, and these have been tabulated 
for rainbow trout i n Table I along with measured values taken 
simply as the r a t i o of r a d i o a c t i v i t y per gram of f i s h to that i n 
water at the 24-hour sampling time. Generally these two values 
agree w e l l and i t i s clear that the k i n e t i c approach gives a good 
description of bioconcentration i n these experiments, even though 
true steady state conditions may not have been established. For 
comparison of these r e s u l t s with other predictions of steady 
state bioconcentration, r e s u l t s using several published equations 
are presented i n Table I I , and our r e s u l t s generally f a l l w i t h i n 
the range of expected values based on those equations. For both 
isomers of permethrin, however, the bioconcentration calculated 
from the rate constants i s lower than that expected by the 
e a r l i e r c a l c u l a t i o n s . 

By comparison wit
(18) indicate r e l a t i v e l
permethrin by fathead minnows. The range of bioconcentration 
factors was reported to be from 24 to 151, which overlaps with 
our predicted bioconcentration factors for permethrins (Table 
I ) . Rawn et a l . (18) also reported bioconcentration factors f o r 
methylene- C permethrin, and these were notably higher with a 
range from 174 to 1433. 

Residues of f e n i t r o t h i o n i n fathead minnows were reported by 
Malis and Muir (19) following treatment of small ponds. 
Bioconcentration factors were 42 and 54 at 24 hours post 
treatment, as compared with predicted steady state 
bioconcentration factors of 146 (Table I ) . Following actual 
forest spraying Lockhart et a l . (20) reported 13.7 μg 
f e n i t r o t h i o n per gram i n f i s h taken from a stagnant pond i n the 
spray zone. The peak water concentration observed was 75.5 μg/L, 
and so the bioconcentration factor was at least 180. S i m i l a r l y , 
Lockhart et a l . (21) found maximum f i s h residues of 4.28 μg/g 
from the same area sprayed two years l a t e r , and i n t h i s case the 
peak water concentration was 22.8 μg/L, with a calculated 
bioconcentration factor of 190. 

Residue accumulations of aminocarb i n f i s h are expected to 
be r e l a t i v e l y low (Tables I and I I ) based on experimental 
c a l c u l a t i o n s . This generally appears to be the case with f i e l d 
observations also (22), although r e l a t i v e l y few such observations 
allow c a l c u l a t i o n of a bioconcentration f a c t o r . Coady (23) found 
that only 2 of 26 f i s h captured 2 days a f t e r spraying contained 
measurable aminocarb at 0.2 and 0.4 μg/g. Water samples from the 
stream ranged from 24 μg/L down to <1 μg/L. I f an "average" 
exposure of 10 μg/L were assumed, then the two most extreme f i s h 
would have bioconcentration factors of 20 and 40. Holmes and 
Kingsbury (24) reported bioconcentration factors smaller than 1 
for f i s h caged i n a stream receiving experimental sprays with 
several aminocarb formulations. An experimental study by Lamb 
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Table I I . Some calculated steady state bioconcentration factors 
for f i s h . 

Equation used Fenitrothion Aminocarb Permethrin Fluorene 

A 
Β 293 
C 46 
D 114 
Ε 149 
F 12 

Mean 117 

24 3620 731 
2 2490 259 
9 1530 421 
7 5570 714 
1 428 58 

9 2420 405 

A Log BCF - 0.542 log Kow + 0.124. Neely et a l . (2) 
Β log BCF = 3.41 - 0.508 log S o l u b i l i t y . Chiou et a l . (3) 
C Log BCF - 0.935 log Kow - 1.495. Kenaga and Goring (5) 
D Log BCF = 2.791 - 0.564 log S o l u b i l i t y . Kenaga and Goring 

Ε Log BCF - 0.850 log Kow - 0.70. Veith et a l . (4) 
F Log BCF - 0.830 log Kow - 1.71. Ellgehausen et a l . (6) 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
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and Roney (25) was reported by the National Research Council of 
Canada (22) i n which channel c a t f i s h were exposed to 
ra d i o a c t i v e l y l a b e l l e d aminocarb, and a bioconcentration factor 
of about 6 was observed. This study also included the depuration 
phase and a b i o l o g i c a l h a l f - l i f e of about one week was indicated, 
based on r a d i o a c t i v i t y content. 

Accumulations of fluorene i n f i s h were found to be higher 
than any of the pesticides (Table I ) . We are not aware of any 
f i e l d study which may have reported the bioconcentration of t h i s 
p a r t i c u l a r hydrocarbon, and the results presented here may serve 
to emphasize the argument that formulation materials are often as 
desirable research subjects as are the active components. 

Bioconcentration of organic compounds by aquatic plants has 
received r e l a t i v e l y l i t t l e research attention. Curves showing 
uptake and loss of r a d i o a c t i v i t y by duckweed plants exposed to 
la b e l l e d compounds i n axeni
constants and calculate
shown i n Table I I I . By comparison with f i s h data shown i n Table 
I, the plants concentrated f e n i t r o t h i o n and fluorene rather 
poorly, and aminocarb s u r p r i s i n g l y w e l l . Lockhart et a l . (14) 
presented a regression equation based on data from uptake curves: 

Log plant cone (pg/g) = 0.061 (log Kow) 2 

+ 0.178 (log water cone, pg/mL) 
- 0.256 (water type, lab=l, river=2) 
+ 0.00074 (exposure time, hr) χ (log Kow) 
+ 1.982. 

Ca l c u l a t i o n of expected bioconcentration factors for t h i s 
equation using compounds and concentrations reported here y i e l d s 
values shown i n Table IV. I t i s apparent that the k i n e t i c and 
regression methods agree w e l l except for aminocarb, i n which case 
the slow rate of loss of r a d i o a c t i v i t y ( F i g . 2) has resulted i n a 
very small depuration rate constant, K2, with the consequent high 
value for the equilibrium bioconcentration factor. Inspection of 
the aminocarb depuration curve ( F i g . 2) reveals somewhat e r r a t i c 
points; the c o r r e l a t i o n c o e f f i c i e n t was greatest when a l l seven 
points were used, but i t was only -0.738, the smallest among the 
f i v e compounds. Ellgehausen et a l . (6) included a green alga i n 
th e i r t e s t s , and they derived the equation below: 

Log BCF = 0.70 log Kow - 0.26 

Predicted bioconcentration factors using t h i s equation are also 
shown i n Table IV, and these are generally higher than 
predictions derived with duckweed plants. 

Comparisons among laboratory and f i e l d observations are 
understandably less r e a d i l y available for aquatic plants than for 
f i s h , but some f i e l d work has been done with duckweed. The data 
from pond studies by Rawn et a l . (15) with permethrin allow some 
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Figure 2 a . Uptake and depuration curves for fenitrothion 
and aminocarb in laboratory studies with axenic clutures 
of duckweed. 
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Figure 2c. Uptake and depuration curves for fluorene in 
laboratory studies with axenic cultures of duckweed. 

Table I I I . Bioconcentration factors ν BCF) for Lemna plants i n 
laboratory exposures to several pesticides and a hydrocarbon. 
The calculated bioconcentration factors were taken as the r a t i o 
(K1/K2) of uptake rate constants (Kl) to depuration rate 
constants (K2). The measured bioconcentration factors were taken 
as the r a t i o of measured r a d i o a c t i v i t y i n plants to that i n 
exposure water a f t e r 120 hours exposure. 

Compound Uptake rate 
Constant 
( h r " 1 ) 

Depuration rate 
Constant 

( h r " 1 ) 

Calculated 
BCF 

(K1/K2) 

Measured 
BCF 

(Kl) (K2) 

f e n i t r o t h i o n 0.550 0.0229 24 20 

aminocarb 0.0775 0.0012 65 56 

t-permethrin 0.4700 0.0017 276 202 

c-permethrin 0.4814 0.0015 321 151 

fluorene 3.292 0.0372 88 105 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
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Table IV. Comparison of three estimates of bioconcentration 
factors for aquatic plants i n laboratory t e s t s . Values f o r 
duckweed were calculated from the rate constants shown i n Table 
I I I , and from the regression equation of Lockhart et a l . (14), 
using a value of 120 hours for exposure time. Values for green 
algae were calculated from the equation of Ellgehausen et a l . 
(6). 

Bioconcentration factor 
Compound Duckweed Duckweed Green algae 

and rat
Log Kow constant

Fenitrothion 24 40 128 
3.38 

Aminocarb 65 7 11 
1.85 

t-permethrin 276 315 2520 
5.23 

c-permethrin 321 311 2520 
5.23 

fluorene 88 119 464 
4.18 

Equations of Lockhart et a l . (14) and Ellgehausen et a l . (6) are 
given i n the text. 
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comparison. For example, a surface water concentration of 15.5 
μg/L as reported 2 hours a f t e r pond treatment, but th i s declined 
to only 1.4 μg/L a f t e r 24 hours, at which time duckweed were 
found to contain 30 μ§>^ on a dry weight basis. I f an average 
exposure concentration of 8.5 μg/L were assumed, than the 
observed biconcentration factor would be about 3500. Our 
predicted values for steady state conditions ranged from 276 to 
321 on a wet weight basis. < Plants i n our cultures are only 6.3% 
dry matter, and so our predictd bioconcentration factors can be 
increased by as much as 15.9 times (100/6.3) on the assumption 
that a l l the r a d i o a c t i v i t y i s associated with the dry matter. 
This would y i e l d predicted values from about 4400 to 5100, i n 
r e l a t i v e l y good agreement with the pond observation. 

Moody et a l . (26) reported concentrations of f e n i t r o t h i o n i n 
duckweed from a high of 4.19 μg/g at 10 hr following forest 
spraying, f a l l i n g to 0.03
water samples from the
same period. Bioconcentration factors calculated from plant and 
water concentrations at the same time range from about 10 to 
about 90, as compared with a predicted value of about 20 for 
steady state conditions. Moody et a l . (26) used a cent r i f u g a t i o n 
step to fractionate homogenized duckweed plants, and they 
reported that about 85% of f e n i t r o t h i o n was associated with the 
insoluble residue. Under actual forest spraying conditions we 
might expect the surface layer of water and any neuston organisms 
to be exposed to p a r t i c u l a r l y high concentrations for a short 
period before any spray deposit had mixed. Duckweed might be 
expected to concentrate material from the water, and also by 
dir e c t physical contact with f a l l i n g droplets. For example, a 
spray 2of 280 g/ha (4 oz/acre) might deposit as much as 2.8 
μg/cm . A layer of one gram of duckweed only 1 plant i n 
thickness would cover several cm . Moody et a l . (26) observed a 
very high surface layer concentration of 701 μg/L of f e n i t r o t h i o n 
1 hour a f t e r spraying, but duckweed plants c o l l e c t e d at that time 
contained only 1.7 μg/g, a bioconcentration factor of less than 
3. Evidently the short-term high exposure did not re s u l t i n a 
correspondingly high bioconcentration by the plants. 

Malis and Muir (19) treated an experimental pond with C 
f e n i t r o t h i o n and observed that f e n i t r o t h i o n levels i n duckweed 
changed r e l a t i v e l y l i t t l e from 1 to 10 days a f t e r treatment. The 
averages of r a d i o a c t i v i t y (as fenitrothion) i n the plants over 
that i n t e r v a l were 17480 and 18229 μg/kg i n shaded and s u n l i t 
ponds respectively, on a dry weight basis. During the period 
a f t e r treatment water content of r a d i o a c t i v i t y declined 
continuously, but "average" values taken as the means of i n i t i a l 
and 10-day samples were 43 and 37 μg/L for the same ponds. 
Calculated bioconcentration factors were therefore 406 and 492 
f o l d for the shaded and s u n l i t ponds. The rate constant r a t i o 
(Table I I I ) indicates a steady state prediction of 24 on a wet 
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weight basis, and t h i s can be converted to dry weight using a 
factor of (100/6.3) to give a dry weight prediction of 381. 

With aminocarb, f i e l d data for duckweed do not seem to be 
a v a i l a b l e . An unanticipated feature of the laboratory exposures 
was the low value for K2 (Table I I I ) . Recent l i t e r a t u r e has 
shown a s i g n i f i c a n t negative c o r r e l a t i o n between Kow and K2 (13) 
and we might have expected aminocarb with the smallest Kow to 
have had the largest K2. B i o l o g i c a l half l i v e s are calculated 
from K2 values as (Ln2/K2), and these are shown i n Table V. 
H a l f - l i v e s for aminocarb i n a number of environmental 
compartments were tabulated by the National Research Council (22) 
and the longest was 11 days. Our value of 600 hr (25 days) may 
w e l l represent li+C l a b e l retained by the plants i n forms other 
than aminocarb. The National Research Council report also ci^ed 
work by Prasad i n which duckweed were observed to accumulate C 
aminocarb and to form several metaboli  product  with d i f f e r e n t 
retention times on t h i

Similar to the case with f i s h , we are not aware of f i e l d 
studies with fluorene i n plants. Figure 2 shows the very rapid 
depuration of l a b e l from duckweed i n cult u r e , r e s u l t i n g i n the 
high K2 (Table I I I ) and the short h a l f - l i f e (Table V). In view 
of the v o l a t i l i t y of fluorene, and i t s short h a l f - l i f e i t would 
not be expected to p e r s i s t long i n plants af t e r a spray with a 
solvent containing fluorene. McLeese et a l . (27) examined the 
uptake and depuration of "585 o i l " by mussels and found a s i m i l a r 
r e s u l t . The steady state bioconcentration factor was 160 but the 
h a l f - l i f e was only 0.3 days. 

For the types of comparisons reported here i t has generally 
been convenient to use steady state assumptions, but these 
c l e a r l y do not apply to conditions a f t e r forest spraying. 
Monitoring studies t y p i c a l l y report rapid penetration of 
pesticides to forest streams followed by rapid d i s s i p a t i o n of 
residues by a number of processes. Most published 
bioconcentration equations do not contain a time term and so they 
cannot r e a d i l y be applied to short i n t e r v a l s when only a small 
f r a c t i o n of the time to reach equilibrium would apply. The rate 
constants and other descriptive equations offer the p o s s i b i l i t y 
of predicting bioconcentration under non-equilibrium conditions. 

In p r i n c i p l e the concentration i n an animal or plant (Cf) 
can be described at any time i f the organism i s considered a 
single compartment and i f one knows the rate constants ( K l , K2) 
and the exposure concentration i n the water (Cw) using the 
expression below (4). 

C r = (K1/K2)C (l-éf K 2 T) r w 

The concentration i n the water i s assumed to be constant over the 
time i n t e r v a l T, but several options are available to avoid that 
l i m i t a t i o n . 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



20. LOCKHART ET AL. Bioaccumulation in Fish and Aquatic Plants 313 

Table V. B i o l o g i c a l half l i v e s (hours) of compounds i n rainbow 
trout and duckweed plants under laboratory conditions. Estimates 
are based on content of r a d i o a c t i v i t y and should be considered 
maximum values. 

Compound half l i f e h a l f l i f e 
i n trout (hr) i n plants (hr) 

f e n i t r o t h i o n 18 30 

aminocarb 23 600 

t-permethrin 85 400 

c-permethrin 45 460 

fluorene 22 19 
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In spite of the l i m i t a t i o n s on values produced by simple 
laboratory experiments reported here (use of r a d i o a c t i v i t y to 
indicate a compound, single exposure concentrations, steady state 
assumptions, lack of allowance for growth d i l u t i o n , f i r s t order 
depuration k i n e t i c s ) , the rate constants derived have given a 
su r p r i s i n g l y good estimate both of some published f i e l d 
biconcentration measurements and of other predictions based on 
larger amounts of data. 
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Monitoring Human Exposure 
During Pesticide Application in the Forest 
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The extent to which exposure to pesticides may be hazardous 
to applicators depends upo
the compounds. The phenox
40 years, and no injury to workers properly using these her­
bicides has been c l ear ly established. 

In spite of their record of producing no detectable harm to 
humans, the phenoxy herbicides 2,4-dichlorophenoxy acetic acid 
(2,4-D) and 2,4,5-trichlorophenoxy acetic acid (2,4,5-T) have 
acquired a less than desirable reputation. This reputation has 
been the result of their association with low levels of impuri­
t i e s . They have commonly been used as a mixture, which contains 
trace amounts of highly toxic 2,3,7,8-tetrachlorodibenzo-p-dioxin, 
a minor product in the manufacturing of 2 ,4 ,5-T. In early pro­
duction of 2,4,5-T a low level of dioxin was retained. Today's 
manufacturing process produces 2,4,5-T with no more than 0.1 ppm 
of the 2,3,7,8 tetrachlorodibenzo-p-dioxin. This association 
with toxic dioxin and confusion of the public and the media 
regarding these issues have led to public d i s trust in the safety 
of using phenoxys and to the need to establ ish c l ear ly the extent 
of human exposure to these compounds as well as the result ing 
effects of this exposure. 

The phenoxys have become a major tool in s i l v i c u l t u r e . They 
have allowed the forest industries to eliminate more economically 
the competing vegetation which impedes the rapid growth and har­
vest of conifer forests . 

Unti l recently l i t t l e data had been gathered on human expo­
sure to these compounds. To evaluate their safety, the exposure 
received and dose absorbed must be considered in re lat ion to 
the ir t o x i c i t y . Since res tr i c t ions were placed on the use of 
2,4,5-T by the EPA in 1978, several exposure studies have been 
conducted with 2,4,5-T and also with 2,4-D and other compounds 
used in forest operations. Recent interest in evaluating human 

0097-6156/84/0238-0319S06.00/0 
© 1984 American Chemical Society 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



320 CHEMICAL AND BIOLOGICAL CONTROLS IN FORESTRY 

e x p o s u r e t o p e s t i c i d e s i n f o r e s t r y h a s p a r a l l e l e d t h e s e i n t e r e s t s 
i n a g r o n o m i c and h o r t i c u l t u r a l c r o p p r o d u c t i o n . H owever, 
n u m e r o u s s t u d i e s i n t h e s e o t h e r a r e a s p r e c e d e d m o s t o f t h e f o r e s t 
w o r k . S i n c e t h e 1 9 7 0 ' s s e v e r a l s t u d i e s h a v e s p e c i f i c a l l y d e a l t 
w i t h f o r e s t a p p l i c a t i o n s o f p h e n o x y s and o t h e r p e s t i c i d e s . S i n c e 
d i f f e r e n t p e s t i c i d e s a s w e l l a s d i f f e r e n t e x p e r i m e n t a l d e s i g n s 
and m e t h o d s h a v e b e e n u s e d i n t h e e v a l u a t i o n s , i t i s n o t a l w a y s 
s i m p l e t o make a c c u r a t e c o m p a r i s o n s among s t u d i e s . H owever, some 
c o m p a r i s o n s c a n be made and e a c h s t u d y has c o n t r i b u t e d t o t h e 
s t u d i e s o f t o d a y . T h e r e v i e w o f s t u d i e s on 2,4,5-T by L e n g e t 
a l . ( 1 9 8 0 ) s u g g e s t s t h e k i n d s o f d i f f e r e n c e s a s w e l l a s t h e com­
p a r i s o n s t h a t c a n be made among e x p o s u r e s t u d i e s . 

T a r r a n t and A l l a r d ( 1 9 7 2 ) t e s t e d f o r e s t r y w o r k e r s i n t h e 
e a r l y 1 9 7 0 ' s t o d e t e r m i n e d o s e a b s o r b e d f r o m t h e a p p l i c a t i o n o f 
c a c o d y l i c a c i d b y a n a l y z i n
u r i n e h a s come t o be r e g a r d e
d o s a g e f o r t h e p h e n o x y s . E x p o s u r e s t u d i e s on 2,4-D and 2,4,5-T 
i n r e c e n t y e a r s h a v e i n c l u d e d t h o s e by S a u e r h o f f e t a l . ( 1 9 7 7 ) . 
K o l m o d i n - H e d m a n e t a l . ( 1 9 7 9 ) i n Sweden c o m p a r e d p l a s m a and u r i n e 
l e v e l s f o r 2,4-D and 2,4,5-T i n a f o u r - m a n f o r e s t r y s t u d y . T h e y 
s p e c u l a t e d t h a t u p t a k e was b o t h by i n h a l a t i o n and d e r m a l e x p o s u r e 
and t h a t e l i m i n a t i o n t h r o u g h u r i n e was r a p i d . T h e y c o n c l u d e d 
t h a t t h e h i g h e s t l e v e l s o f p h e n o x y a c i d s w e r e f o u n d i n t h e u r i n e . 
D r a p e r and S t r e e t ( 1 9 8 2 ) m o n i t o r e d two g r o u p s p e r f o r m i n g g r o u n d 
a p p l i c a t i o n s o f a 1:1 m i x t u r e o f t h e d i m e t h y l ami ne s a l t o f 2,4-D 
and d i c a m b a . One g r o u p s p r a y e d o n c e f o r 5.5 h o u r s ; t h e o t h e r 
c o n t i n u e d d a i l y s p r a y i n g . F i r s t v o i d u r i n e s a m p l e s w e r e u s e d 
e a c h m o r n i n g o f t h e e x p e r i m e n t . E t h a n o l hand r i n s e s r e m o v e d c o n ­
s i d e r a b l e 2,4-D and d i c a m b a f r o m t h e h a n d s . T h e e f f e c t o f 
r i n s i n g i n t h i s way on t h e amount a b s o r b e d and l a t e r e x c r e t e d i s 
n o t known. R e m o v i n g t h e h e r b i c i d e s h o u l d mean t h a t t h e i n t e r n a l 
d o s e w o u l d be r e d u c e d s i n c e d e r m a l e x p o s u r e t o t h e h a n d s w o u l d be 
r e d u c e d . H o w e ver, t h e p o s s i b i l i t y e x i s t s t h a t t h e h e r b i c i d e 
d i s s o l v e d i n t h e s o l v e n t may more r e a d i l y p e n e t r a t e t h e s k i n , 
i n c r e a s i n g t h e i n t e r n a l d o s e . Maximum u r i n a r y e x c r e t i o n o c c u r r e d 
a f t e r 48 h o u r s . H i g h e r c o n c e n t r a t i o n s o f 2,4-D w e r e e x c r e t e d 
t h a n d i c a m b a o r i t s i s o m e r . T h e y a l s o c o n c l u d e d t h a t r e s p i r a t o r y 
e x p o s u r e was m i n o r c o m p a r e d t o d e r m a l e x p o s u r e . 

O u r e v a l u a t i o n s u s i n g 2,4,5-T and 2,4-D h a v e b e e n c o n d u c t e d 
o v e r t h e p a s t 5 y e a r s i n f o r e s t s i n A r k a n s a s , O r e g o n and 
W a s h i n g t o n . O b j e c t i v e s w e r e t o m e a s u r e e x t e r n a l e x p o s u r e and 
i n t e r n a l d o s e a g e a s d e t e r m i n e d by t h e t o t a l amount o f t h e h e r ­
b i c i d e e x c r e t e d i n t h e u r i n e and a l s o t o d e v e l o p t h e b e s t 
p o s s i b l e t e c h n i q u e s f o r a s s e s s i n g e x p o s u r e and d o s e a b s o r b e d . 
E x p o s u r e l e v e l s w e r e r e l a t e d t o j o b r e s p o n s i b i l i t i e s and t o p r o ­
t e c t i v e t e c h n i q u e s d e s i g n e d t o l i m i t e x p o s u r e . 

The data collected from exposure studies can be used with 
toxicological data to assess the safety of applying the pesti­
cides in forest operations. 
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Experimental Procedures 
F i e l d c r e w s t h a t n o r m a l l y a p p l y p e s t i c i d e s w e r e m o n i t o r e d 

d u r i n g t h e i r r o u t i n e w o r k i n g d a y w i t h as l i t t l e i n t e r r u p t i o n as 
p o s s i b l e t o t h e i r c u s t o m a r y work p r o c e d u r e s o r h a b i t s . When 
human e r r o r o r m e c h a n i c a l i r r e g u l a r i t i e s o c c u r r e d , t h e s t u d y was 
c o n t i n u e d , and t h e i r r e g u l a r i t y was i n c o r p o r a t e d i n t o t h e a n a l y ­
s i s o f d a t a . I n t h i s way we c o u l d m o n i t o r e x p o s u r e t h a t w o u l d 
i n c l u d e u n e x p e c t e d d i f f i c u l t i e s and s p o n t a n e o u s o r h a b i t u a l human 
r e a c t i o n s u n d e r a c t u a l " r e a l - l i f e " c o n d i t i o n s . 

M e a s u r e m e n t s w e r e made o f t h e c o n c e n t r a t i o n o f p e s t i c i d e i n 
t h e b r e a t h i n g z o n e o f t h e w o r k e r s , on p a t c h e s a t t a c h e d t o t h e 
w o r k e r s * c l o t h i n g , and i n t h e u r i n e o f c r e w members. I n t h e 
2,4-D t e s t s , c o m p a r i s o n s w e r e made b e t w e e n a m o u n t s f o u n d u n d e r 
n o r m a l s p r a y o p e r a t i o n
l i m i t i n g e x p o s u r e w e r e u s e
t h e u s e o f p r o t e c t i v e c l o t h i n g c o n s i s t i n g o f h a t , b o o t s , g l o v e s , 
and T y v e k c o v e r a l l s . 

T h e d e r m a l e x p o s u r e p a t c h e s w e r e made o f 9 - p l y g a u z e (2,4,5-T 
s t u d y ) o r d e n i m (2,4-D s t u d y ) and w e r e a t t a c h e d w i t h s a f e t y p i n s 
t o w o r k e r s ' c l o t h i n g by r e s e a r c h team members w e a r i n g c l e a n g l o ­
v e s . F o l l o w i n g t h e s p r a y a c t i v i t i e s , t h e p a t c h e s w e r e p l a c e d i n 
i n d i v i d u a l s p e c i m e n b o t t l e s and t r a n s p o r t e d t o t h e l a b o r a t o r y f o r 
a n a l y s i s . I n t h e 2,4,5-T s t u d y , a l l s i x p a t c h e s f r o m e a c h i n d i ­
v i d u a l w e r e p o o l e d b e f o r e a n a l y s e s w e r e made; i n t h e 2,4-D s t u ­
d i e s t h e p a t c h e s w e r e k e p t s e p a r a t e and a n a l y z e d i n d i v i d u a l l y . 
U s i n g a p h o t o g r a p h o f t h e w o r k e r i n h i s s p r a y a t t i r e and t h e 
a m o u n t s o f p e s t i c i d e f o u n d on t h e p a t c h e s , we e s t i m a t e d t o t a l 
d e r m a l e x p o s u r e f o r e a c h w o r k e r ( Durham and W o l f e , 1 9 6 2 ) . 

P e s t i c i d e v a p o r s and a i r b o r n e p a r t i c l e s i n a w o r k e r ' s 
b r e a t h i n g z o n e w e r e p u l l e d t h r o u g h a t r a p p i n g medium by a 
b a t t e r y - p o w e r e d a i r pump a t t a c h e d t o h i s b e l t . C a s s e t t e s c o n ­
t a i n i n g t h e t r a p p i n g medium w e r e r e m o v e d a t t h e c o n c l u s i o n o f t h e 
t e s t and t r a n s p o r t e d t o t h e l a b o r a t o r y w h e r e t h e y w e r e a n a l y z e d . 
C o l l e c t i o n o f t h e t o t a l u r i n e v o i d e d b e g a n 1 (2,4,5-T) o r 2 
(2,4-D) d a y s p r i o r t o e a c h s p r a y o p e r a t i o n and c o n t i n u e d f o r a t 
l e a s t 4 d a y s a f t e r w a r d . S a m p l e s w e r e c o l l e c t e d i n 1 2 - h o u r i n t e r ­
v a l s . T h e s e s p e c i m e n s w e r e k e p t i n a c o o l l o c a t i o n and 
t r a n s p o r t e d t o a c e n t r a l s t o r a g e f a c i l i t y a t 2 - d a y i n t e r v a l s . T o 
e n s u r e i n t e g r i t y t h r o u g h o u t t h e a n a l y t i c a l d e t e r m i n a t i o n , b l i n d -
f o r t i f i e d s p e c i m e n s c o n t a i n i n g known l e v e l s o f t h e p e s t i c i d e w e r e 
i n t e r m i n g l e d w i t h t h e a c t u a l f i e l d s p e c i m e n s . 

2,4,5-T Study 
T w e n t y - o n e c r e w members p a r t i c i p a t e d i n a 2,4,5-T f o r e s t r y 

s t u d y w h i c h was r e p e a t e d a f t e r an i n t e r v a l o f one o r two w e e k s . 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
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E x p o s u r e was m e a s u r e d f o r f o u r c r e w s i n A r k a n s a s u s i n g t h r e e 
m e t h o d s o f p e s t i c i d e a p p l i c a t i o n : b a c k p a c k , t r a c t o r - d r a w n m i s t 
b l o w e r , and h e l i c o p t e r ( t w o c r e w s ) . C o m p a r i s o n s o f e x p o s u r e 
l e v e l s w e r e made b e t w e e n c r e w s and w i t h i n c r e w s i n r e l a t i o n t o 
wo r k d u t i e s . 

T h e b a c k p a c k t e a m was co m p o s e d o f s e v e n c r e w members, 
i n c l u d i n g a m i x e r - s u p e r v i s o r and s i x a p p l i c a t o r s . T h e t r a c t o r -
m o u n t e d m i s t b l o w e r o p e r a t i o n i n c l u d e d a s u p e r v i s o r , two t r a c t o r 
d r i v e r s , and a m i x e r . E a c h o f t h e h e l i c o p t e r c r e w s had a p i l o t , 
a m i x e r , a s u p e r v i s o r , and two f l a g m e n . A l l w o r k e r s , e x c e p t two 
b a c k p a c k a p p l i c a t o r s , w e r e men. P r i o r t o t h i s s p r a y p r o g r a m , 
e a c h w o r k e r f i l l e d o u t a f o r m w h i c h p r o v i d e d p e r s o n a l i n f o r m a t i o n 
r e g a r d i n g t h e w o r k e r f s v i t a l s t a t i s t i c s and h i s t o r y o f a ny p r e ­
v i o u s i n v o l v e m e n t s w i t h 2,4,5-T u s e . W o r k e r s i n d i c a t e d t h a t t h e y 
h a d n o t w o r k e d w i t h t h
s t u d y . T h e t y p i c a l a t t i r
i n c l u d e d l o n g t r o u s e r s , s h i r t ( l o n g o r s h o r t s l e e v e s ) , and c l o t h 
s n e a k e r s , l e a t h e r s h o e s , o r f i e l d b o o t s . M o s t c r e w members d i d 
n o t w e a r g l o v e s o r o t h e r p r o t e c t i v e c l o t h i n g , b u t a l l w o r e h a t s 
e x c e p t f o u r members o f t h e b a c k p a c k c r e w . 

T h e a i r pump worn by e a c h w o r k e r i n t h e 2,4,5-T s t u d y c o n ­
t a i n e d an A m b e r l i t e XAD-II r e s i n . A i r f r o m t h e b r e a t h i n g z o n e 
was d r a w n a c r o s s t h e r e s i n a t an a p p r o x i m a t e r a t e o f 0.1 t o 0.15 
l i t r e s / m i n . T h e r e s i n was r e t r i e v e d a f t e r e a c h o p e r a t i o n and 
a n a l y z e d f o r 2,4,5-T. 

P a t c h e s t o c o l l e c t m e a s u r e m e n t s o f d e r m a l e x p o s u r e w e r e 
a t t a c h e d t o c l o t h i n g on t h e c h e s t , b a c k , t h i g h s and f o r e a r m s o f 
e a c h i n d i v i d u a l . T o c a l c u l a t e t o t a l d e r m a l e x p o s u r e , t h e c o n ­
c e n t r a t i o n o f 2,4,5-T d e t e c t e d on t h e p a t c h a r e a was m u l t i p l i e d 
by t h e t o t a l s k i n a r e a e x p o s e d ( L a v y , 1 9 7 8 ) . 
2,4-D Study 

T h e 2,4-D s t u d y was s i m i l a r t o t h e 2,4,5-T s t u d y w h i c h 
i n c l u d e d a n a l y s e s o f a i r , p a t c h e s and t o t a l u r i n e . I n t h i s s t u d y 
t h r e e h e l i c o p t e r c r e w s w e r e m o n i t o r e d d u r i n g t h e i r r o u t i n e f o r e s t 
s p r a y o p e r a t i o n s i n W a s h i n g t o n and O r e g o n . An a d d i t i o n a l o b j e c ­
t i v e i n t h i s s t u d y was t o c o m p a r e e x p o s u r e f r o m t h e r o u t i n e 
o p e r a t i o n ( Τ χ ) w i t h t h a t r e c e i v e d when w o r k e r s w o r e p r o t e c t i v e 
c l o t h i n g and f o l l o w e d a d d e d p r e c a u t i o n s d e s i g n e d t o l i m i t e x p o ­
s u r e (T2). T h e T i and T2 o p e r a t i o n s w e r e c o n d u c t e d w i t h t h e same 
i n d i v i d u a l s i n e a c h c r e w w i t h a 1-week i n t e r v a l b e t w e e n s p r a y 
o p e r a t i o n s . E a c h c r e w i n c l u d e d a p i l o t , a b a t c h m a n , a m e c h a n i c , 
a s u p e r v i s o r , and two o b s e r v e r s . T h e o b s e r v e r s w e r e l o c a t e d f r o m 
67 t o 168 m away f r o m t h e s p r a y o p e r a t o r . T h e i r r o l e was t o 
r e p r e s e n t p e r s o n s who m i g h t be i n t h e a r e a , b u t who w e r e n o t 
d i r e c t l y a s s o c i a t e d w i t h t h e s p r a y o p e r a t i o n . P r o t e c t i v e 
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c l o t h i n g worn i n t h e Τ 2 o p e r a t i o n i n c l u d e d T y v e k c o v e r a l l s , c l e a n 
h a t s , r u b b e r g l o v e s , r u b b e r b o o t s , and g o g g l e s . 

T h e c o l l e c t i o n and h a n d l i n g t e c h n i q u e s f o r m o n i t o r i n g 2,4-D 
e x p o s u r e l e v e l s i n t h e b r e a t h i n g z o n e , on p a t c h e s t o m e a s u r e d e r ­
mal e x p o s u r e , and i n u r i n e w e r e s i m i l a r t o t h e p r o c e d u r e s c a r r i e d 
o u t i n t h e 2,4,5-T t e s t s . One d i f f e r e n c e was i n t h e t y p e and 
l o c a t i o n o f p a t c h e s u s e d . Denim s t r i p s w e r e a t t a c h e d t o w o r k e r s ' 
c l o t h i n g n e a r b a r e s k i n a r e a s . A 2.5 b y 40-cm s t r i p was a t t a c h e d 
t o t h e w o r k e r s ' c o l l a r , a 2.5 b y 48-cm s t r i p t o t h e h a t b a n d , and 
two 2.5 b y 15-cm s t r i p s a r o u n d t h e w r i s t s t o t h e c u f f . 

R e s u l t s and D i s c u s s i o n 
Determining Acceptable Parameters f o r F i e l d Measurement 

P a t c h e s a t t a c h e d t
o b t a i n p r e d i c t i o n s o f t h e amount o f d e r m a l p e s t i c i d e e x p o s u r e a 
f i e l d w o r k e r u s i n g p e s t i c i d e s w o u l d r e c e i v e . T h e e a s e o f p a t c h 
c o n s t r u c t i o n , s i m p l i c i t y o f a t t a c h i n g t o c l o t h i n g , and t h e f a c t 
t h a t c o n c e i v a b l y an e x p o s u r e s t u d y c o u l d be c o m p l e t e d d u r i n g o n e 
a p p l i c a t i o n d a y make t h e u s e o f p a t c h e s h i g h l y a t t r a c t i v e . By 
a n a l y z i n g t h e amount o f s p r a y m a t e r i a l d e p o s i t e d on t h e p a t c h e s 
a n d e v a l u a t i n g t h e a r e a o f b a r e s k i n e x p o s e d f o r e a c h w o r k e r v i a 
p h o t o g r a p h s , one c a n t h e o r e t i c a l l y o b t a i n a good e s t i m a t e o f t h e 
a mount o f p e s t i c i d e c o n t a c t i n g t h e e x p o s e d d e r m a l a r e a o f t h e 
w o r k e r . 

P h a r m a c o k i n e t i c s t u d i e s w i t h 2,4-D i n r a t s ( S a u e r h o f f e t a l . , 
1977) h a v e shown t h a t o r a l l y i n g e s t e d o r i n t r a v e n o u s l y a d m i n ­
i s t e r e d 2,4-D i s e x c r e t e d p r i m a r i l y i n t h e u r i n e b y a f i r s t 
o r d e r p r o c e s s w i t h a h a l f - l i f e o f a p p r o x i m a t e l y 2 h o u r s . T h u s , 
t h e r a p i d and e f f i c i e n t u r i n a r y e x c r e t i o n o f 2,4-D a p p e a r s t o be 
e s s e n t i a l l y i n d e p e n d e n t o f t h e r o u t e o f a d m i n i s t r a t i o n . F u r t h e r 
s t u d i e s ( W o l f e e t a l . , 1972) h a v e shown t h a t t h e p r o p y l e n e g l y c o l 
b u t y l e t h e r e s t e r s o f 2,4-D a p p l i e d t o t h e s k i n o f r a t s a r e 
a b s o r b e d t h r o u g h t h e s k i n a t a f i r s t o r d e r r a t e w i t h a h a l f - l i f e 
o f a b o u t 20 h o u r s , and a r e t h e n r a p i d l y e x c r e t e d a s 2,4-D a c i d i n 
t h e u r i n e . I n human v o l u n t e e r s ( G e h r i n g e t a l . , 1973) g i v e n an 
o r a l d o s e o f 5 mg 2,4-D p e r kg b o d y w e i g h t , v i r t u a l l y t h e e n t i r e 
d o s e ( g r e a t e r t h a n 95%) was e x c r e t e d i n t h e u r i n e a s 2,4-D and 
2,4-D c o n j u g a t e s by a f i r s t o r d e r p r o c e s s w i t h an a v e r a g e h a l f -
l i f e o f a p p r o x i m a t e l y 11 h o u r s . 

S i n c e a n a l y s i s o f u r i n e i s an a c c e p t a b l e means o f a s s e s s i n g 
t h e a b s o r b e d d o s e , i t a p p e a r s t o be a r e l a t i v e l y s i m p l e m a t t e r o f 
c o l l e c t i n g a u r i n e s a m p l e a t a p r e - s p e c i f i e d t i m e and a n a l y z i n g 
i t f o r t h e p e s t i c i d e . From o u r s t u d i e s ( L a v y , 1978) when c o n ­
s e c u t i v e 1 2 - h o u r s a m p l e s w e r e c o l l e c t e d , d i u r n a l f l u c t u a t i o n s i n 
p e s t i c i d e e x c r e t i o n w e r e common among t h e d i f f e r e n t crewmembers. 
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When a s p e c i m e n i s c o l l e c t e d a t one s p e c i f i c t i m e o f d a y , one 
p e r s o n may be e x c r e t i n g a t h i s maximum c o n c e n t r a t i o n and a n o t h e r 
p e r s o n a t h i s minimum c o n c e n t r a t i o n . F o r e x a m p l e , one d a y a p e r ­
s o n e x c r e t e d 6300 ml o f u r i n e w h i l e o n e o f h i s c o l l e a g u e s 
e m p l o y e d i n a s i m i l a r d u t y e x c r e t e d 606 m l . A s s u m i n g b o t h had 
a b s o r b e d t h e same amount o f p e s t i c i d e , we w o u l d e x p e c t s i m i l a r 
a m o u n t s t o be e x c r e t e d . I f o n l y a p a r t i a l u r i n e s a m p l e was 
c o l l e c t e d and a n a l y z e d , a t e n f o l d e r r o r w o u l d be made due t o 
d i l u t i o n . C o n s e q u e n t l y , a l l o f t h e u r i n e e x c r e t e d d a i l y m u s t be 
c o l l e c t e d and t h e v o l u m e r e c o r d e d b e f o r e an a l i q u o t i s t a k e n f o r 
a n a l y s i s . 

O f p r i m a r y c o n c e r n i n e x p o s u r e s t u d i e s i s t h e amount o f com­
p o u n d a c t u a l l y e n t e r i n g t h e b o d y v i a i n g e s t i o n , i n h a l a t i o n , o r 
d e r m a l a b s o r p t i o n . I n o r d e r t o e v a l u a t e t h e e f f e c t i v e n e s s o f 
p a t c h e s i n p r e d i c t i n g t h
a t t a c h e d p a t c h e s t o t h
t i o n t o c o l l e c t i n g t o t a l u r i n e s a m p l e s . A s an e x a m p l e o f t h e 
f l u c t u a t i o n i n 2,4,5-T e x p o s u r e f r o m o n e p a t c h t o a n o t h e r , T a b l e 
1 p r o v i d e s i n f o r m a t i o n d e r i v e d f r o m i n d i v i d u a l p a t c h a n a l y s e s 
f r o m f o u r m i s t b l o w e r crewmembers. 

T a b l e I . M i c r o g r a m s 2,4,5-T d e t e c t e d on 100 c m 2 g a u z e p a t c h e s o f 
i n d i v i d u a l m i s t b l o w e r c rewmembers. 

T o t a l 
L e f t R i g h t L e f t R i g h t on 

C h e s t B a c k arm arm t h i g h t h i g h p a t c h e s 

D r i v e r I 
D r i v e r 
I I 

31 
58 

102 
111 

44 

156 

- ( y g ) -
57 
66 

17 

58 

101 
77 

352 
526 

M i x e r 
S u p e r ­
v i s o r 

74 
27 

8 
38 

2 
52 

449 
47 

108 
64 

876 
130 

1517 

358 

A l t h o u g h EPA e s t i m a t e s t h a t 1 0 % o f t h e p e s t i c i d e c o n t a c t i n g 
d e r m a l s u r f a c e s w i l l be a b s o r b e d , t h i s v a l u e w i l l p r o b a b l y v a r y 
d e p e n d i n g on compound, c a r r i e r t y p e , f o r m u l a t i o n , t h e amount o f 
m o i s t u r e on t h e s k i n , w h i c h a r e a o f t h e b o d y i s c o n t a c t e d , and 
s e v e r a l o t h e r f a c t o r s . I n a d d i t i o n t o a n a l y z i n g f o r t h e amount 
o f 2,4,5-T on t h e p a t c h e s , t h e s i z e o f t h e crewmember and t h e 
amount o f b a r e s k i n e x p o s e d m u s t a l s o b e known and a p p r o p r i a t e 
c a l c u l a t i o n s made. R e s u l t s o b t a i n e d f r o m c o r r e l a t i n g e x p o s u r e 
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i n f o r m a t i o n ( p a t c h v s . u r i n e ) f o r 57 f o r e s t w o r k e r s i n d i c a t e t h a t 
t h e v a l u e s w e r e n o t h i g h l y c o r r e l a t e d ( L a v y , 1978; L a v y , 1 9 8 0 ) . 

T a b l e I I l i s t s t h e p o t e n t i a l e x p o s u r e v i a i n h a l a t i o n and d e r ­
mal a b s o r p t i o n and t h e amount o f 2,4,5-T e x c r e t e d f o r f o u r o f t h e 
more h i g h l y e x p o s e d 2,4,5-T crewmembers. 

T a b l e I I . L e v e l s o f 2,4,5-T d e t e c t e d i n a i r , p a t c h , and u r i n e 
s a m p l e s f o r f o u r o f t h e more h i g h l y e x p o s e d f o r e s t r y crewmembers. 

P o t e n t i a l e x p o s u r e A c t u a l 
E x - A i r S k i n e x c r e t i o n 

D u t y p o s u r e ( r e s i n ) ( p a t c h ) ( u r i n e ) 

B a c k p a c k 1 0.00058 0.711 0.069 
s p r a y e r 

2 0.00089 0.807 0.074 
M i s t b l o w e r 1 0.00019 0.179 0.042 
d r i v e r 

2 0.00040 2.987 0.032 
H e l i c o p t e r 1 nd nd 0.031 
p i l o t 

2 nd nd 0.039 
H e l i c o p t e r 1 nd 0.085 0.071 
m i x e r 

2 nd nd 0.138 

Exposure and Work Duty 
No s i g n i f i c a n t d i f f e r e n c e i n e x p o s u r e l e v e l o c c u r r e d b e t w e e n 

work c r e w s . D a t a i n d i c a t e t h a t b a c k p a c k and m i s t b l o w e r c r e w s 
r e c e i v e d more e x p o s u r e ; h o w e v e r , t h i s e x p o s u r e was n o t s i g n i f i ­
c a n t l y d i f f e r e n t f r o m t h a t o f t h e a e r i a l c r e w ( T a b l e I I I ) · E a c h 
s p r a y o p e r a t i o n had one m i x e r whose e x p o s u r e l e v e l was r e l a t i v e l y 
h i g h . I f he had n o t b e e n i n c l u d e d i n t h e c a l c u l a t i o n s t h e r e 
w o u l d h a v e b e e n s t a t i s t i c a l d i f f e r e n c e s i n t h e means. 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
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T a b l e I I I . Mean e x p o s u r e s o f 2 , 4,5-T r e c e i v e d a s d e t e r m i n e d b y 
u r i n e a n a l y s i s : c l a s s i f i e d by s p r a y o p e r a t i o n and d u t y o f 
crewmember. ( M o d i f i e d f r o m L a v y e t a l . , 1980.) 

S p r a y 
o p e r a t i o n M e a n a D u t y Mean 

( y g / k g ) ( y g / k g ) 

B a c k p a c k (7) b 55 a M i x e r (4) 62 a 

M i s t b l o w e r (4) 44 a B a c k p a c k 
s p r a y e r 

( 6 ) 47 a 

A e r i a l ( 1 0 ) 22 a M i s t b l o w e r 
d r i v e r 

( 2 ) 35 ab 

S u p e r v i s o r (4) 11 b 

H e l i c o p t e r f l a g ­
man 

(4) 1 b 

a M e a n s w i t h i n a g r o u p f o l l o w e d b y t h e same l e t t e r a r e n o t d i f ­
f e r e n t a t t h e 0.05 s i g n i f i c a n c e l e v e l a s d e t e r m i n e d b y D u n c a n ' s 
m u l t i p l e r a n g e t e s t . 
^Number o f w o r k e r s i n t h e g r o u p . 

D i f f e r e n c e s d i d , h o w e v e r , o c c u r i n r e l a t i o n t o work d u t i e s w i t h i n 
c r e w s ( T a b l e I I I ) . T o t a l s p e r e x p o s u r e r a n g e d f r o m a h i g h o f 
0.096 mg/kg ( m i x e r ) t o a low o f 0.001 mg/kg ( f l a g m e n ) . W i t h o n e 
e x c e p t i o n t h e m i x e r i n e a c h o f t h e f o u r c r e w s showed h i g h e r e x p o ­
s u r e l e v e l s t h a n a n y o f h i s f e l l o w c r e w members. T h e s e t h r e e 
m i x e r s a l s o had h i g h e r 2 , 4,5-T e x c r e t i o n v a l u e s on d a y 0 t h a n 
o t h e r s i n t h e i r c r e w p r o b a b l y b e c a u s e t h e y m i x e d t h e 2 , 4,5-T t h e 
d a y b e f o r e t h e a c t u a l s p r a y o c c u r r e d . Optimum p r e e x p o s u r e d a t a 
w o u l d h a v e r e q u i r e d t h e m i x e r s t o b e g i n u r i n e c o l l e c t i o n a t l e a s t 
1 d a y e a r l i e r . T h e f a c t t h a t t h e one e x c e p t i o n a l m i x e r e n d o r s e d 
c a u t i o u s work h a b i t s and w o r e g l o v e s may a c c o u n t f o r t h e com­
p a r a t i v e l y low l e v e l o f 2 , 4,5-T m e a s u r e d i n h i s u r i n e . 

C a t e g o r i z e d b y work d u t i e s , m i x e r s ( t h o s e h a n d l i n g 
c o n c e n t r a t e ) r e c e i v e d t h e h i g h e s t i n t e r n a l d o s e o f 2 , 4,5-T, 
f o l l o w e d i n o r d e r by b a c k p a c k s p r a y e r s , m i s t b l o w e r d r i v e r s , 
h e l i c o p t e r p i l o t s , s u p e r v i s o r s , and f l a g m e n f o r t h e h e l i c o p t e r 
o p e r a t i o n . One h e l i c o p t e r p i l o t e x c r e t e d c o n s i d e r a b l y l e s s 
2 , 4,5-T i n h i s u r i n e t h a n d i d t h e o t h e r p i l o t . T h i s d i f f e r e n c e 
a p p e a r e d t o be r e l a t e d t o t h e f a c t t h a t t h e s e c o n d p i l o t r o u ­
t i n e l y c h e c k e d and u n p l u g g e d n o z z l e s a t e a c h f i l l - u p t i m e . I n 
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a d d i t i o n , he h e l p e d c h a n g e t h e s p r a y boom on t h e h e l i c o p t e r 
b e f o r e and a f t e r e a c h s p r a y p e r i o d . 
2,4-D Study 

A l t h o u g h none o f t h e 2,4,5-T crewmembers r e c e i v e d d o s e s 
a p p r o a c h i n g h e a l t h e n d a n g e r i n g l e v e l s , some o f t h e crewmembers 
r e c e i v e d c o n s i d e r a b l y more e x p o s u r e t h a n o t h e r s . T h e s t u d y u s i n g 
2,4-D was d e s i g n e d t o g i v e us a d d i t i o n a l d a t a on e x p o s u r e u n d e r 
r o u t i n e o p e r a t i o n s and t o s e e i f t h e u s e o f p r o t e c t i v e 
c l o t h i n g and s p e c i a l p r e c a u t i o n s (T2) c o u l d be e m p l o y e d t o 
d e c r e a s e e x p o s u r e . 

E v e n i n t h e Τ χ s t u d y , l e v e l s w e r e s o low t h a t t h e r e was 
h a r d l y a p o s s i b i l i t y o f n o t i n g s i g n i f i c a n t l y r e d u c e d e x p o s u r e i n 
t h e T2 t e s t w h e r e p r o t e c t i v
t h e low l e v e l s o f e x p o s u r e
ween e x p o s u r e and w o r k e r s d u t i e s as had b e e n e v i d e n t i n t h e 
2 ,4,5-T s t u d y . 

L e s s t h a n 3 0 % o f t h e 524 u r i n e s a m p l e s a n a l y z e d c o n t a i n e d 
l e v e l s o f 2,4-D a b o v e t h e 0.04-ppm d e t e c t i o n l i m i t . T a b l e IV 
r e v e a l s t h a t m o s t o f t h e p o s i t i v e s a m p l e s w e r e f r o m t h e c r e w mem­
b e r s m o s t c l o s e l y i n v o l v e d w i t h t h e a c t u a l s p r a y i n g ( b a t c h m a n -
l o a d e r s , p i l o t s , and m e c h a n i c s ) . E x c e p t f o r o n e p i l o t who had 
a s s i s t e d i n c l e a n i n g s p r a y n o z z l e s , b a t c h m a n - l o a d e r s and m e c h a ­
n i c s showed t h e h i g h e s t l e v e l s o f 2,4-D i n t h e u r i n e , w h i l e 
o b s e r v e r s r e c e i v e d t h e l o w e s t l e v e l s . U r i n e s a m p l e s f r o m o b s e r ­
v e r s s t a n d i n g n e a r t h e h e l i p o r t r a r e l y c o n t a i n e d a n y 2,4-D and 
t h e n i n o n l y n e g l i g i b l e a m o u n t s a p p r o a c h i n g t h e l i m i t o f d e t e c ­
t i o n . T h e o n l y s u p e r v i s o r e x c r e t i n g 2,4-D was p r o b a b l y e x p o s e d 
when t h e a u t o m a t i c t r a n s f e r s y s t e m f o r m o v i n g t h e c o n c e n t r a t e 
f r o m t h e b a r r e l s t o t h e m i x t r u c k f a i l e d and he h e l p e d m a n u a l l y 
t r a n s f e r t h e c h e m i c a l w i t h b u c k e t s d u r i n g t h e 1\ a p p l i c a t i o n . 
S i m i l a r e x p o s u r e d i d n o t o c c u r d u r i n g T2, and no 2,4-D was 
d e t e c t e d i n h i s u r i n e i n T2 ( T a b l e I V ) . 

N a s h e t a l . ( 1 9 8 2 ) s t u d y i n g t h e e x p o s u r e o f g r o u n d a p p l i c a ­
t o r s t o 2,4-D f o u n d maximum mean o n e - d a y 2,4-D u r i n a r y e x c r e t i o n 
o f 0.002, 0.003, and 0.004 mg/kg b o d y w e i g h t , r e s p e c t i v e l y , f o r 
a p p l i c a t o r s , m i x e r / l o a d e r s , and m i x e r / l o a d e r / a p p l i c a t o r s f r o m a 
o n e - t i m e e x p o s u r e . When a e r i a l a p p l i c a t i o n was u s e d t h e y f o u n d 
f r o m 0.006 mg/kg b o d y w e i g h t f o r p i l o t s t o 0.02 mg/kg b o d y w e i g h t 
f o r m i x e r / l o a d e r s . T h e N a s h s t u d y was c o n d u c t e d w i t h a p p l i c a t o r s 
o f 2,4-D i n w h e a t f i e l d s . T h e y f o u n d l e v e l s s i m i l a r t o t h o s e 
e x p o s u r e l e v e l s f o u n d i n f o r e s t o p e r a t i o n s i n A r k a n s a s , 
W a s h i n g t o n , and O r e g o n ( L a v y e t a l . 1980, L a v y e t a l . 1 9 8 2 ) . 
Newton and N o r r i s ( 1 9 8 1 ) p u r s u e d a d d i t i o n a l s t u d i e s on d o s e 
a b s o r b e d by a p p l y i n g known q u a n t i t i e s o f 2,4,5-T t o human s k i n . 
T h e y f o u n d 2,4,5-T e x c r e t i o n r a t e s w h i c h w e r e s i m i l a r t o t h o s e we 
f o u n d i n t h e f i e l d s t u d i e s . 
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T a b l e I V . C o m p a r i s o n s o f t o t a l d o s e 2,4-D r e c e i v e d by w o r k e r s 
d u r i n g n o r m a l o p e r a t i o n s ( Τ χ ) and " p r o t e c t i v e c l o t h i n g " o p e r a ­
t i o n s (T2). ( M o d i f i e d f r o m L a v y e t a l . , 1982.) 

D o s e m g / k g d + SD 
W o r k e r d u t y T l T 2 

P i l o t s ( 3 ) b 0.0198 + 0.310 0.00854 + 0.01316 
M e c h a n i c s ( 3 ) 0.00545 + 0.00712 0.00301 + 0.00269 
B a t c h m e n ( 3 ) 0.0196 + 0.0018 0.0140 + 0.0117 
S u p e r v i s o r s ( 3 ) 0.00231 + 0.00400 0.000013 + 0.00022 
O b s e r v e r s ( 6 ) 
T o t a l d o s e 0.00802 0.00429 

a V a l u e s i n c l u d e 2,4-D e x c r e t e d on t h e s p r a y d a y p l u s 5 d a y s 
f o l l o w i n g . 
^Number i n p a r e n t h e s i s r e p r e s e n t s t h e number o f w o r k e r s i n t h e 
g r o u p . 

T h i s s t u d y f o u n d t h a t some c r e w members i n v o l v e d i n t h e 
a e r i a l a p p l i c a t i o n o f 2,4-D f o r f o r e s t r y p u r p o s e s a b s o r b e d low 
l e v e l s o f 2,4-D, b u t t h e d o s e s as i n d i c a t e d b y u r i n e a n a l y s e s 
w e r e s e v e r a l o r d e r s o f m a g n i t u d e b e l o w t h e 24 mg/kg n o -
o b s e r v a b l e - e f f e c t - l e v e l d e t e r m i n e d i n t o x i c o l o g y s t u d i e s . T h e s e 
r e s u l t s a r e i n a g r e e m e n t w i t h t h o s e o f Nash e t a l . ( 1 9 8 2 ) . T h e 
d o s e s w e r e c o m p a r a b l e t o t h o s e f o u n d i n an e a r l i e r t e s t i n v o l v i n g 
a e r i a l a p p l i c a t i o n o f 2,4,5-T b u t w e r e s u b s t a n t i a l l y l o w e r t h a n 
t h o s e f o u n d f o r g r o u n d a p p l i c a t i o n o f t h a t h e r b i c i d e ( L a v y e t 
a l . , 1 9 8 0 ) . 

T h e a b s o r b e d d o s e m e a s u r e d i n t h i s s t u d y , a s shown by t h e 
u r i n e a n a l y s e s , w e r e t o o low and t h e r e p l i c a t i o n s t o o l i m i t e d t o 
a l l o w a c c u r a t e s t a t i s t i c a l c o m p a r i s o n s f o r e a c h w o r k e r d u t y . 
H o w e v e r , t h e t o t a l d o s e a b s o r b e d by w o r k e r s i n Τ χ was n e a r l y 
d o u b l e t h a t o f w o r k e r s w e a r i n g t h e p r o t e c t i v e c l o t h i n g i n T2. 

I f o ne a s s u m e s a n o - o b s e r v a b l e - e f f e c t - l e v e l o f 24 mg/kg o f 
b o d y w e i g h t , a s d e t e r m i n e d f r o m t o x i c o l o g y t e s t s w i t h l a b o r a t o r y 
a n i m a l s , t h e n s a f e t y f a c t o r s f o r t h e c a t e g o r i e s o f w o r k e r s 
i n v o l v e d i n t h i s t e s t a r e s u b s t a n t i a l ( H a l l , 1 9 8 0 ) . T h e y r a n g e d 
f r o m 1212 f o r t h e p i l o t s and b a t c h m e n i n Τ χ t o 266,667 f o r t h e 
o b s e r v e r s i n T2. 

T h e l i t e r a t u r e c o n t a i n s r e p o r t s o f many e x p o s u r e s t u d i e s . T o 
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c o n d u c t a g o o d e x p o s u r e s t u d y r e q u i r e s c o n s i d e r a b l e f o r e t h o u g h t , 
an i n - d e p t h l i t e r a t u r e s e a r c h , d e t a i l e d p r o t o c o l d e v e l o p m e n t , and 
e x t e n s i v e p l a n n i n g . E v e n t h e n l o o p h o l e s may e x i s t . F i n d i n g s 
f r o m o u r s t u d i e s r e v e a l s h o r t c o m i n g i n t h e f o l l o w i n g a r e a s : 

1. I n a d e q u a t e p r e - e x p o s u r e i n f o r m a t i o n . A l t h o u g h w o r k e r s 
f i l l o u t q u e s t i o n a i r e s i n d i c a t i n g t h a t t h e y h a v e n o t u s e d p h e n o x y 
h e r b i c i d e s d u r i n g t h e p r e v i o u s two w e e k s , s o m e t i m e s t h e s e w o r k e r s 
come i n t o t h e s t u d y w i t h p o s i t i v e b a c k g r o u n d l e v e l s o f p h e n o x y i n 
t h e i r u r i n e . 

2. L a c k o f e n s u r i n g t h a t t h e r e i s no p o s t - a p p l i c a t i o n e x p o ­
s u r e . E x c r e t i o n c u r v e s f o r s e v e r a l w o r k e r s i n o u r s t u d i e s i n d i ­
c a t e t h a t o c c a s i o n a l l y some a v e n u e o f r e - e x p o s u r e o c c u r s a f t e r 
t h e a c t u a l s p r a y d a y . 

T h e s o u r c e o f t h e e x p o s u r
s p r a y d a t e a p p e a r s t o be r e l a t e d t o some c o n t a c t w i t h t h e p h e -
n o x y s o f w h i c h t h e crewmember was n o t a w a r e . P o s s i b l e a v e n u e s o f 
r e - e x p o s u r e i n c l u d e w e a r i n g p h e n o x y c o n t a m i n a t e d c l o t h i n g on d a y s 
o t h e r t h a n t h e p l a n n e d s p r a y d a y , i . e . , g l o v e s , b o o t s , p a n t s , 
s h i r t s , o r c h a p s . W o r k e r s may a l s o h a v e r e c e i v e d some e x p o s u r e 
f r o m t h e i r p h e n o x y a p p l i c a t i o n e q u i p m e n t . T h i s may o c c u r i f a 
w o r k e r h a s a s p r a y o p e r a t i o n s c h e d u l e d and w a n t s t o c l e a n o r 
c h e c k h i s e q u i p m e n t i n a d v a n c e . A n o t h e r p o t e n t i a l s o u r c e o f 
e x p o s u r e i s t h e v e h i c l e s i n w h i c h t h e w o r k e r s r i d e . O f t e n 
w o r k e r s , p e s t i c i d e c o n c e n t r a t e , empty c o n t a i n e r s , and e q u i p m e n t 
a r e h a u l e d i n t h e same p i c k - u p t r u c k o r v a n . 

Due t o o u r a w a r e n e s s t h a t e x t r a n e o u s e x p o s u r e c a n o c c u r , we 
h a v e t a k e n m e a s u r e s t o l i m i t t h e s e t y p e s o f p r e - e x p o s u r e i n o u r 
m o s t r e c e n t s t u d i e s . T h e d a t a we h a v e c o l l e c t e d s u p p l y a d e q u a t e 
e v i d e n c e t h a t e x t r a n e o u s means o f e x p o s u r e a r e common. I f i t 
o c c u r s i n t h e s e p h e n o x y s t u d i e s , i t i s l i k e l y t h a t i t o c c u r s f o r 
w o r k e r s a p p l y i n g more t o x i c p e s t i c i d e s . 

I n c l u d i n g t h i s e x t r a n e o u s e x p o s u r e , t h e d e g r e e o f s a f e t y t h a t 
we c a l c u l a t e d f o r f o r e s t w o r k e r s u s i n g p h e n o x y h e r b i c i d e s was 
s u c h t h a t e v e n t h e m o s t h i g h l y e x p o s e d crewmembers r e c e i v e d 
e x p o s u r e w h i c h was s e v e r a l o r d e r s o f m a g n i t u d e b e l o w t h e n o -
o b s e r v a b l e - e f f e c t - l e v e l . D e c r e a s e s i n t h e l e v e l o f e x p o s u r e w i t h 
t h e u s e o f p r o t e c t i v e m e a s u r e s , h o w e v e r , may be o f r e a l c o n ­
s e q u e n c e t o w o r k e r s a p p l y i n g more t o x i c m a t e r i a l s . 

We s u g g e s t t h a t e x p o s u r e t o a n y p e s t i c i d e may b e d e c r e a s e d 
w i t h t h e f o l l o w i n g p r e c a u t i o n s : 

1. Wear c l e a n c l o t h i n g 
2. Wash o r s h o w e r s o o n a f t e r a p p l i c a t i o n 
3. L a u n d e r c l o t h e s p r o p e r l y 
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4. Do n o t u s e t o b a c c o w h i l e w o r k i n g 
5. Wear g l o v e s i m p e r v i o u s t o c h e m i c a l s 
6. C o v e r b a r e s k i n a r e a s 
7. Know f a c t o r s c o n t r i b u t i n g t o e x p o s u r e 
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Pesticide Drift: Toxicological 
and Social Consequences 

JAMES M. WITT 

Department of Agricultural Chemistry, Oregon State University, Corvallis, OR 97331 

The drift of pesticides in the forestry 
environment has the potential for greater 
environmental impac
environment and results in a greater social 
concern for their impact on human health. The 
factors affecting drift transfer of pesticide, 
especially herbicides, will be examined, the 
probable deposit and exposure level identified, 
and the risk of probability of injury to human 
health calculated. 

The role of an Extension Specialist i n chemistry i s somewhat 
different than that of a research chemist. A research chemist 
produces data; an Extension chemist u t i l i z e s this data, 
interpreting i t , applying i t to s p e c i f i c problems, and 
presenting the conclusion to the public. The research data you 
have presented here and elsewhere, to ultimately be of value, 
must contribute to making s o c i a l decisions, such as, to use a 
pesticide or disdain i t s use. When such decisions are made i n 
the s o c i a l , p o l i t i c a l , or even j u r i s p r u d i c a l arena, the research 
data must be s i m p l i f i e d — o f t e n to the point that i t w i l l not be 
easily recognizable even by i t s originators. It must, however, 
continue to be correct and never be simplified to the point 
where i t w i l l support misleading conclusions. 

As research chemists, you may be interested i n how your 
data are sometimes used and how they are presented to the 
concerned public. Conclusions or simplified research data may 
be presented by public agencies—such as state or federal 
departments of agriculture, forestry, public health, or 
occasionally the EPA or a Department of Environmental Quality, 
and by citizens or public interest groups (especially by those 
groups which are opposed to the use of pesticides i n general), 
and also by university research, teaching, or extension faculty. 

I represent the extension faculty i n Oregon. I frequently 
must discuss the r i s k to human health from pesticide spray 
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drift. This information is most often presented in situations 
where confrontation, and even antagonism, exists; where one 
group is pitted against another regarding the issue of whether a 
particular pesticide should be used in a pest control program, 
or whether such a program should even proceed at a l l . In this 
atmosphere i t is often difficult for the persons involved to 
direct their attention to a thorough examination of the research 
available and make a careful assessment of the risk. 

I shall present a perception of the public concerns and a 
l i t t l e of how I evaluate and how I present the risks. I will 
present information on pesticide use, public concerns as they 
are expressed in the news, allegations of harm, toxicity of a 
forest pesticide—2.,4-D, human exposure to drift of this 
pesticide, and the margins of safety which exist when this 
exposure occurs. 

It is interesting t
pesticide use with the
use levels. Table I shows pesticide use in Oregon. These data 
are the result of a pesticide use survey, or census, carried out 
in Oregon for 1981 and shows the ten pesticides used in largest 
amounts in Oregon. Some surprises are revealed by this survey. 

Table I. Oregon Pesticide Use Estimates, 1981 

ftaniç Pesticide, Epunds,, 
A. THE TOP TEN 

1 Creosote 15,000,000 
2 Dichloropropane/dichloropene (D-D, Telone) 2,938,000 
3 Pentachlorophenol (Penta) 1,590,000 
4 2,4-D 1,169,050 
5 Spray o i l 1,065,700 
6 Chromâted copper arsenate 1,000,000 
7 Diuron (Karmex) 520,000 
8 Metam-sodium (Vapam) 440,000 
9 Dinoseb (Dow General) 423,000 

10 EPTC (Eptam) 395,000 

B. AGRICULTURAL AND EORESTRY USE 

1 Dichloropropane/dichloropropene (D-D, Telone) 2,938,000 
2 2,4-D 1,169,050 
3 Diuron (Karmex) 520,300 
4 Metam-sodium (Vapam) 440,000 
5 Dinoseb (Dow General) 423,400 
6 EPTC (Eptam) 395,500 
7 Sulfur 360,500 
8 Captan 320,000 
9 Bromoxynil (Brominal, Buctril) 308,400 

10 Carbaryl (Sevin) 305,000 
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The most commonly used pesticide i s not one we normally 
c a l l to mind when we consider pesticide use to control insects, 
weeds and plant diseases i n agriculture and forestry. It i s 
creosote, a wood preservative. Its use exceeds that of a l l 
other pesticides combined, being used i n an amount of 
approximately 15 m i l l i o n pounds per year. Other wood 
preservatives i n the top ten are pentachlorophenol and chromâted 
copper arsenate, the third and sixth most used pesticides, 
respectively. The second most commonly used pesticide i s a s o i l 
fumigant, DD or telone, used at about 3 m i l l i o n pounds per year. 

Fi n a l l y , i n fourth place we fin d 2,4-D, which i s used at a 
l i t t l e over 1 m i l l i o n pounds per year. This i s the f i r s t 
pesticide which we might normally think of when considering the 
most common pesticides. This i s followed i n 7th-10th positions 
by four other herbicides, Diuron, Vapam, Dinoseb, and Eptam. 

Table II shows pesticide
the amounts used i n 1980
being used at i n an amount of 215,000 pounds per year. In 1980 
the second most commonly used pesticide by the USFS was the 
inse c t i c i d e malathion at i n an amount of 102,000 pounds. There 
are only three insecticides on this l i s t of the nine most 
commonly used pesticides i n the USFS. The in s e c t i c i d e use rate 
w i l l vary considerably from year to year as i t s use i s dependent 
on insect outbreaks, whereas herbicides are used at a more 
constant rate because the appearance of weeds and brush, as they 
affect forest management, do not occur as periodic outbreaks. 

Table II. Oregon Pesticide Use Estimate 

Pesticide Pounds, 

A. PESTICIDE USE BY THE USFS, 1980 

Malathion 
Picloram 
Atrazine 
Carbaryl 
Azinophos Methyl 
Glyphosate 
Dalapon 
Fosamine 

2,4-D 215,000 
102,000 
40,000 
30,000 
30,000 
18,000 
10,000 
9,000 
8,000 

Continued on next page 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



3 3 4 CHEMICAL AND BIOLOGICAL CONTROLS IN FORESTRY 

Table I I . Continued 

Pesticide .Ponndfi, 

B. USE ON OREGON FORESTLAND, 1981 
(25,000,000 acres) 

2,4-D 130,000 
Glyphosate (Roundup) 37,000 
Atrazine (Aatrex) 22,000 
Fosamine ammonium (Krenite) 21,000 
Hexazinone (Velpar) 20,000 
Picloram (Tordon) 16,000 
2,4-DP 16,000 
Dicamba (Banvel) 6,400 

Pesticide use i n
p a r a l l e l that i n the USFS, with one exception. They w i l l not 
use malathion, carbaryl, or azinophos-methyl, the insecticides 
shown i n Table II, because nearly a l l insect outbreaks are 
managed by either a federal or other public agency rather than 
by private forestry. Although 2,4-D i s the p r i n c i p a l pesticide 
used i n forest management, Table III shows that i t s use i n 
Oregon for 1979 i n forestry i s only about 10 percent of the 
t o t a l use i n the State. The p r i n c i p a l use i s i n wheat and other 
grains, which u t i l i z e d nearly 3/4 of a m i l l i o n pounds, while 
forestry used 147,000 pounds. 

Table III. 2,4-D Use i n Oregon, 1979 

Crop 1979 
Cereal grains 731,000 
Range and pasture 185,000 
Forestry 147,000 
Grass Seed 97,000 
Home and garden 70,000 
Rights-of-way 43,000 
Miscellaneous 13,000 

TOTAL 1,287,000 

If we combine the use on grass grown for seed with home and 
garden use, both of which are p r i n c i p a l l y i n the Willamette 
Valley, we find that the t o t a l used i n the Valley, 167 thousand 
pounds, exceeds the amount used i n forestry by a small margin. 
Nevertheless, we fi n d the p r i n c i p a l public concern about 2,4-D 
use does not focus on i t s Willamette Valley use, the region of 
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highest population density i n Oregon, nor i t s use i n wheat and 
cereal grains, which i s the pr i n c i p a l use of 2,4-D, but i s used 
i n eastern Oregon where there are far fewer people, but with few 
exceptions focuses almost solely on i t s use i n forestry. 

Public concern over 2,4-D use i s reflected by a constant 
parade of newspaper a r t i c l e s and headlines, such as "200 Fleeing 
Herbicide Spraying", and expressions of concern i n these 
a r t i c l e s , such as "I am nursing a five-month-old baby this time 
and I am even more scared. There i s no way they can t e l l me i t 
i s not dangerous to babies," or, "The l a s t time the Forest 
Service sprayed here, they didn't t e l l us, and our children 
immediately contracted extreme nausea." The newspaper stories 
are not confined to quotations from concerned c i t i z e n s , but 
sometimes involve agency o f f i c i a l s , such as the following 
quotation from the recent head of the EPA Office of Toxic 
Substances, Steve Jellenik
dead bodies, a l o t of dea
wonder that a very large segment of the public are very 
concerned and very f e a r f u l of 2,4-D use when a l l they know i s 
what they have read i n the newspapers. This i s a good example 
of the kind of information they most frequently receive. 

We frequently f i n d that newswriters add to the confusion 
concerning the possible effects of pesticides. For example, i n 
newspaper discussions of the EPA "Alsea I I " study, a r t i c l e s 
frequently leaped from a discussion of 2,4,5-T, which was the 
pesticide at issue, to a l l "phenoxy herbicides" and from there 
to simply "herbicides". 

The news headlines show varying stories of 2,4-D 
controversy outcomes, such as "BLM Ordered to Halt Herbicide 
Spraying E f f o r t " , "Environmentalists F a i l i n Attempt to Stop 
Spraying of 2,4-D", and "Ozark Forest Spraying Stopped". 
Sometimes the stories carry humorous headlines, such as "Spray 
Protestors Didn ft Run Naked i n Woods, Leader Says". Sometimes 
stories are of a more grave nature, "No Cause for C i v i l 
Disobedience." The result of many persons concerns have ranged 
from c i v i l disobedience to violence, much of i t with grave 
overtones. These vary from s i t t i n g or standing i n spray areas 
to prevent the spraying from proceeding, attempting to 
physically block the spraying, threatening personnel involved, 
armed confrontations, burning and destruction of spray 
helicopters, and f i r i n g shots at low-flying spray a i r c r a f t . 

The technical basis for this high, even agitated, l e v e l of 
concern over herbicide use, can be well expressed by a news 
story quotation of an attorney representing p l a i n t i f f s i n a suit 
against BLM herbicide use i n the forests, "There are good 
studies on the other side of that question that suggest there i s 
no safe exposure le v e l to any of the herbicides. And, i f you 
take those studies and combine them with the 20-mile spray 
d r i f t s and the mutagenic and carcinogenic properties of the 
chemicals, ..." It i s this perception and these fears which 
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provide the basis for public concerns reflected i n the news 
stories quoted above. 

There are many episodes or allegations of harm from 
pesticide use. The roster i s a lit a n y of place names: Alsea, 
Ashford, Broken Bow, Lincoln City, Orleans, Rose Lodge, 
Roseburg, Swan Valley. The l i s t could go on and on. Although 
much of this concern has been expressed i n Northern C a l i f o r n i a , 
Oregon and Washington, i t ranges from the P a c i f i c states through 
Montana, Arkansas, and a l l the way to Newfoundland. A l l over 
the United States and Canada there are many c i t i z e n groups who 
fear herbicide use and actively oppose their use through the 
courts, and hearings of governmental bodies from school boards 
to county commissioners, on county and statewide b a l l o t s , and, 
as indicated, through confrontation and violence. 

The allegations of harm are not so very different than 
those effects we know ca
allegations of acute effect
breath, substernal pain, gastrointestinal distress, nausea, 
bloody diarrhea, skin rash, parathesis of the extremities, and 
hys t e r i c a l anxiety or tachycardia. Parathesis of the 
extremities i s generally exhibited as a numbness or tin g l i n g i n 
the fingers and has been observed i n cases of extreme or 
high-level exposures to 2,4-D. Hysterical anxiety i s not a 
comment, but a medical condition which i s associated with 
tachycardia. 

The allegations of chronic effects include spontaneous 
abortion, b i r t h defects, cancer, mutation, and peripheral 
neuropathy. Peripheral neuropathy i s a chronic condition which 
i s a sequela of the acute effect of parathesis of the 
extremities. Some allegations are categorized as "bizarre" and 
these are burning and b l i s t e r s i n the mouth, f i r s t and second 
degree skin burns, and coughing of blood. These effects are 
categorized as bizarre on the basis that when the patient 
presents himself or herself to a physician's o f f i c e complaining 
of these effects, they cannot be detected by the examining 
physician even though these should be objective, easily 
i d e n t i f i a b l e c l i n i c a l effects. For example, the person w i l l 
i n s i s t they have b l i s t e r s i n their mouth, yet none are present. 
They may i n s i s t they had them yesterday, and they must be gone 
now. If this were so, there would be evidence of recent mouth 
b l i s t e r s . And so on for the other effects. 

Many of the concerns are not expressed as allegations of 
harm to health, but as philosophical positions. Some of these 
are that there i s not a "no-effect l e v e l " or such a thing as a 
safe exposure l e v e l . There i s a strong philosophical position 
which states that a person wishes to experience "zero r i s k " . 
This w i l l take the form of "I don't care i f you just proved that 
this herbicide w i l l not harm us, we don't want to be exposed to 
any. We want zero r i s k . " 
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This also takes the form of objection to "chemical 
trespass". It i s , of course, not an unreasonable position to 
hold that people and things should be prevented from trespassing 
upon your private property. But when one deals with the concept 
of chemicals being carried by the a i r over your property, 
whether they be herbicides, automobile exhaust, or chemicals 
emitted by trees i n the forest, the concept of zero chemical 
trespass i s d i f f i c u l t to encompass. It might be more useful to 
determine how much chemical i s trespassing, whether there i s 
enough chemical present to cause any b i o l o g i c a l or biochemical 
effect, and whether these effects are adverse, rather than 
holding the concept of zero trespass and zero r i s k . These 
philosophies often culminate i n a distrust of i n s t i t u t i o n s , 
whether these be chemical companies, un i v e r s i t i e s , or regulatory 
agencies, such as the EPA. 

The outcome of thes
pesticides are no longe
a single agency—the EPA. They are being regulated at a l l 
p o l i t i c a l levels by a great many i n s t i t u t i o n s — f r o m court 
appeals to county government, from park boards to school boards, 
from state agencies to congressional committees. These bodies 
or i n s t i t u t i o n s often usurp the role of EPA i n regulation and 
evaluation of the toxicology of a pesticide and determination of 
the ri s k associated with a particular use pattern. At each of 
these p o l i t i c a l j u r i s d i c t i o n levels, i t i s expected by the 
public that the p o l i t i c a l body, be i t a judge i n the courtroom 
or a park board, have the expertise, the chemical knowledge, and 
the toxicological knowledge to make or assess a pesticide hazard 
evaluation which w i l l result i n imposing r e s t r i c t i o n s intended 
to result i n public safety. 

I believe that much of this concern has i t s genesis i n the 
fact that many persons i n the public have d i f f i c u l t y i n 
distinguishing between and properly u t i l i z i n g the concepts of 
to x i c i t y , hazard, and safety. 

Toxicity i s the inherent a b i l i t y of a chemical to cause 
injury. It i s a property of th.e molecule and does not change. 
Hazard, on the other hand, involves t o x i c i t y but also involves 
exposure. And exposure involves many factors, some of them 
d i f f i c u l t to quantify. However, i t can be said that hazard i s 
the probability that a chemical w i l l cause injury. The 
di s t i n c t i o n between t o x i c i t y and hazard i s often omitted i n 
public discussions of r i s k from the use of herbicides i n the 
forest. 

Many people w i l l correctly i d e n t i f y the t o x i c i t y or toxic 
effects which can be e l i c i t e d from a particular chemical, and 
leap to the conclusion that there i s a hazard without any 
intervening attempt to id e n t i f y the exposure levels, and thus 
the likelihood that enumerated effects w i l l i n fact occur. 
Toxic effects are often hung out l i k e a laundry l i s t , e l i c i t i n g 
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concern on the part of the public with no attempt to relate 
toxic effect to dose or exposure levels. 

Safety i s a d i f f i c u l t concept to deal with and absolute 
safety i s probably impossible to prove. We define safety as the 
p r a c t i c a l certainty that a chemical w i l l not cause injury. We 
cannot absolutely demonstrate that safety exists, because i n a 
sense i t i s a negative entity. You can demonstrate through many 
laboratory experiments that t o x i c i t y exists. But, you cannot 
demonstrate that one further experiment w i l l not reveal an 
unexpected toxic effect, and therefore you cannot demonstrate 
that safety i s absolute. 

Undergirding this confusion i s that the f i r s t and simplest 
law of toxicology, that there i s such a thing as a dose-response 
relationship, seems to be a most d i f f i c u l t concept to present to 
the public. That an increasing exposure or increasing dose w i l l 
result i n increasing severit
conversely decreasing th
frequency and severity of effects and that there i s a dose l e v e l 
below which no effects w i l l occur has been demonstrated so often 
that i t i s routinely taken by granted by a l l of us working i n 
the f i e l d . 

However, many of the public are not comfortable with this 
as a concept and do not use i t i n their evaluation of pesticide 
r i s k . Part of the d i f f i c u l t y i n their acceptance of the 
dose-response relationship and threshold concepts i n toxicology 
has to do with the fact that there i s , of course, a debate i n 
toxicology as to whether there i s a threshold for chemical 
injury i n the s e l f - r e p l i c a t i n g diseases such as cancer and 
mutagenesis. This has been rapidly extended i n the minds of 
many people to include a l l chemical injury and not just 
r e s t r i c t e d to s e l f - r e p l i c a t i n g disease. That we can assume 
there i s no threshold with regard to chemical carcinogenesis, 
and s t i l l calculate a safe dose l e v e l , i s not a concept easily 
accepted by many of the public. The knowledge that 
carcinogenesis follows a dose-response relationship, with or 
without a threshold, and that the result of this i s that lower 
and lower doses result i n fewer tumors per individual, a lower 
frequency amongst individuals, and, perhaps most importantly, a 
longer time to tumor, i s not well understood. This results i n 
the p o s s i b i l i t y of determining a dose l e v e l of a carcinogen 
which w i l l not result i n the onset of a tumor within the 
l i f e t i m e of an exposed individual. 

A b r i e f summary of the t o x i c i t y of the forest herbicide 
2,4-D can be presented as follows. Table IV shows the acute 
LD-50 values of most of the phenoxy herbicices. These range 
from 300 mg/kg for 2,4,5-T and 375 mg/kg for 2,4-D up to 6400 
mg/kg for Bifenox. It i s useful to set the acute oral t o x i c i t y 
for 2,4-D i n the context of other phenoxy herbicides and i n 
r e l a t i o n to other pesticides so the public can gain a perception 
of where 2,4-D f i t s on a scale of r e l a t i v e values with regard to 
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the onset of acute t o x i c i t y symptoms and to show that a l l 
phenoxies are not i d e n t i c a l i n their acute t o x i c i t y but cover a 
wide range of t o x i c i t i e s . 

Table IV. Acute Oral LD,-n Values (mg/kg) 

PHENOXY HERBICIDES 

Herbicide Value Herbicide Valu^ 
2,4,5-T 300 MCPA 700 
2,4-D 375 MCPB 680 
2,4,5-TP 375 MCPP 930 
2,4-DB 500 Bifenox 6,400 

The acute t o x i c i t y values for 2,4-D are expanded to cover a 
number of species i n Table V and show that the 375 mg/kg we 
commonly use i s the acute oral t o x i c i t y f o r the mouse. The 
chemical i s not that toxic to nearly a l l other species, from the 
rat, to the rabbit, to the guinea pig. The one exception to 
this i s 2,4-D t o x i c i t y to the dog, which i s greater than to the 
mouse, having a t o x i c i t y of 100 mg/kg. It i s considered that 
this i s because dogs, as a species, do not excrete a r y l acids as 
do the rodents—the mouse, rat, and r a b b i t — nor do they excrete 
these acids as readily as does man. Sometimes we fi n d that 
pesticide users are resistant to accepting the knowledge that a 
herbicide such as 2,4-D i s a toxic chemical and that i t can k i l l 
animal organisms as well as plants. It should be obvious that 
any chemical which has an LD-50 (for any laboratory test 
animal), i s capable of causing death to animals. 

Table V. Median Lethal Doses of 2,4-D 

Mouse 375 mg/kg 
Rat 666 mg/kg 
Rabbit 800 mg/kg 
Guinea Pig 1,000 mg/kg 
Dog 100 mg/kg 
Monkey ca. 400 mg/kg 
Chicken ca. 900 mg/kg 

Table VI shows that the t o x i c i t y of 2,4-D i s not r e s t r i c t e d 
to mammals which are commonly used as test organisms i n the 
laboratory, but i s also capable of being l e t h a l to birds, f i s h , 
aquatic insects, and aquatic crustaceans. This point must 
sometimes be made quite strongly to this chemical 1s users so 
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that they w i l l want to use safeguards i n i t s application to 
prevent injury to these organisms. 

Table VI. 2,4-D Toxicity to Environmental Organisms 

Species 
Mammals 
Birds 
Fish 
Aquatic Insects 
Crustacean 

Toxicity, 
375 - 1,000 mg/kg 
540 - 2,000 mg/kg 

1 - 435 ppm—48 hr 
2 - ppm—96 hr 

60 - ppm—48 hr 

It i s interesting to consider the symptoms which are known 
to occur i n humans and hav
overexposure, p a r t i c u l a r l
2,4-D, and have been demonstrated with laboratory animals. 
These symptoms are i r r i t a t i o n at the point of contact: the 
skin, respiratory tract and the gastrointestinal tract. 2,4-D 
can also cause nausea, vomiting, muscle twitching and pain, 
muscle s t i f f n e s s (myotonia), fatigue, and nerve damage. It i s 
important to r e a l i z e these symptoms occur usually at only high 
doses; that i s , high i n r e l a t i o n to the LD-50 values. The onset 
of symptoms i s usually at or over 100 mg/kg for 2,4-D, or 
approximately 1/3 of the LD-50 value. This i s a rather high 
exposure value. 

However, most public concern does not center around death 
or other acute intoxication symptoms, but rather those chronic 
in j u r i e s which we term as i r r e v e r s i b l e . These are 
carcinogenesis (cancer), teratogenesis (birth defects), or 
mutagenesis (genetic defects). There have been three good 
studies involving the a b i l i t y of 2,4-D to cause cancer. The 
conclusion by the authors of these three studies i s that there 
i s no evidence that 2,4-D causes cancer. However, the study 
design was such that they were not adequate to prove that 2,4-D 
could not cause cancer, and as a result, further cancer studies 
were required by the EPA which should provide a d e f i n i t i v e 
answer. 

Since the discovery by Dr. Bruce Ames of the Ames test for 
mutagenesis of chemicals, there has been a p r o l i f e r a t i o n of a 
great many types of laboratory tests to discover whether a 
chemical i s mutagenic. Examination of 2,4-D mutagenicity tests, 
reveal that of 18 tests, 15 were negative and 3 were positive. 
This places 2,4-D i n the category of being a weak mutagen and i t 
has an i n s u f f i c i e n t number of positive responses to trigger 
action against i t on the basis of i t s being a mutagenic 
chemical. 
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There i s i n the public mind a misperception as to the 
implication of a chemical being determined to be a mutagenic 
chemical. This term raises fear of a production of monsters 
arising from mutation or the production of a new genetic or 
biochemical disease such as Tay-Sachs disease or S i c k l e - c e l l 
anemia. To reach such a conclusion i s a long leap from a 
positive mutagenic assay. The pr i n c i p l e piece of information 
gained from a mutagenic assay i s the probability that the 
chemical w i l l be a carcinogen and should be thoroughly tested 
for carcinogenicity. But, our knowledge of this f i e l d i s 
i n s u f f i c i e n t to reach firm conclusions about the p o s s i b i l i t y or 
probability of an increasing rate of mutations. 

An important and recurrent concern on the part of the 
public i s that of b i r t h defects and miscarriages and whether 
they can be caused by herbicides such as 2,4-D. 2,4-D most 
certainly can cause b i r t
laboratory animals. I
of teratogenic effects w i l l occur at a dose l e v e l of about 75 
mg/kg, repeated daily, i n rats from the 6th to the 15th day of 
pregnancy. The corresponding human dose time would be the 15th 
through the 60th day of pregnancy. At a dose l e v e l of 20 mg/kg, 
there i s no teratogenic effect, and this i s considered to be the 
no-observable- effect l e v e l , NOEL, for 2,4-D. This i s the most 
sensitive NOEL. We use this NOEL i n a l l of our r i s k 
calculations and believe that i t pertains to b i r t h defects, 
spontaneous abortions, and miscarriages, even though i t only 
applies to only a small portion of the population: those persons 
who are pregnant and i n their 15th to 60th day of pregnancy. 
There i s no argument i n the f i e l d of toxicology as to whether 
there i s a threshold for the onset of teratogenesis. 

The p r i n c i p l e public concern with regard to r i s k from 
herbicide application i n the forest i s not the overt, or 
occupational, exposure to pesticide applicators or to persons 
who might be i n the spray zone. It i s the possible injury from 
pesticide d r i f t at a distance of a few hundred yards or a 
quarter of a mile, up to 5 to 20 miles. A l l ae r i a l l y - a p p l i e d 
pesticides w i l l d r i f t for some distance, whether they be applied 
by fixed-wing craft or helicopter. 

It i s sometimes d i f f i c u l t for pesticide applicators to 
re a l i z e that chemical spray w i l l d r i f t farther than i t appears 
to be d r i f t i n g from observation of the spray. One might observe 
a spray d r i f t i n g for a few tens or hundreds of feet at most, but 
chemical analysis can reveal that some small amount of the 
spray, unobserved by the eye, can continue to d r i f t for long 
distances. This distance has often been measured to be up to a 
mile, and i n many cases, several miles. The question i s not how 
far the chemical d r i f t s , but how much d r i f t s and what i s the 
effect of the amount that d r i f t s a given distance. 

There are many variables affecting deposit from d r i f t of 
pesticide spray and these variables w i l l seldom be quantified or 
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known i n advance at a given spray s i t e . This makes i t d i f f i c u l t 
to predict exactly the amount of exposure to expect from a 
proposed treatment. One can, at the minimum, show a range of 
deposit or exposure levels arrived at i n different 
circumstances. Table VII presents three types of results: 
d r i f t levels from a single experiment i n Oregon under high wind 
conditions, an average of a number of experiments with coarse 
sprays under ty p i c a l a g r i c u l t u r a l spray conditions, and the 
average of a few (four) t r i a l s under forest conditions on steep 
slopes with a f i v e (insecticide) spray application. 

Table VII. D r i f t Deposit 

Distance 
Downwind 

Condition 
Single T r i a
Flat Land 
Medium Spray 
High Wind 
Small Target 

Coarse Spray 
Small Target 

-2-

Fine Spray 
Large Target 

% ng/ft % 
1/4 mi. 0.01 1 0.001 100 2 200 
1/2 mi. 0 0 0.0005 20 0.5 50 
1 mi. 0.0 0 0.0001 10 0.15 15 

The f i r s t column of d r i f t data i s from the medium spray 
(300-400JLZ) experiment conducted mainly under wind conditions of 
10 to 15 mph, or high wind conditions i n Dallas, Oregon by 
Phipps, Montgomery and Witt. (1). The d r i f t i n the f i r s t 50 
feet downwind i s 250 millipounds per acre, or 25% of amount 
deposited on target. The l e v e l of deposit drops off rapidly and 
i s about 10% of that value at 165 feet (20 millipounds). As 
shown i n Table VII, the deposit at 1/4 mi. i s 0.1 
millipounds/acre or 1 /ig/square foot and decreases to zero, or 
less than 1 /ig/square foot at 1/2 mile and beyond. This 
experiment shows less d r i f t for the longer distances than 
expected, and i s probably because of the high wind. Although a 
high wind ve l o c i t y w i l l cause more d r i f t , i t may result i n less 
deposit from d r i f t (beyond the f i r s t 200 feet or so) because the 
short tra n s i t time over a given point results i n less time of 
exposure to the d r i f t cloud. 

For the purpose of attempting to predict the amount of 
d r i f t one might expect i n general from a spray operation, i t i s 
more useful to composite the data from a number of d r i f t 
experiments into a generalized curve and extrapolate from that 
to the operation being considered. Table VII shows such data 
developed by Dr. Norman Akesson from the University of 
Ca l i f o r n i a , Davis. (2,3,4). This data i s for a coarse spray 
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with a diameter of 900 microns used on a g r i c u l t u r a l , or l e v e l , 
crop lands. 

The expected levels of d r i f t deposit are from 10 ng/square 
foot at 1/4 mile to 1 ng/square foot at 1 mile. In u t i l i z i n g 
averaged data i t must be understood that variations i n drop 
size, application methods, meteorological conditions, or terrain 
can increase or decrease the d r i f t deposition by 10 fol d or one 
can imagine, i n oder to be u l t r a conservative, even as much as 
1,000 fo l d . 

Another factor that w i l l increase the d r i f t i s the target 
size or number of spray swaths. If the spray block i s more than 
about 200 yards wide, then the expected deposit amount could 
increase by a factor of 2- to 10-fold. There i s a need for a 
great deal more d r i f t data and for i t to be summarized into 
generalized d r i f t curves with some limitations placed on them as 
to the upper and lower
under a variety of condition
various spray situations. There i s not a great deal of d r i f t 
data s p e c i f i c to forest spraying. 

One set of good spray experiments was also conducted by Dr. 
Norm Akesson and reported i n 1979 and 1982. (5,6). Table VII 
shows the deposit levels for the mean d r i f t values i n a set of 
experiments i n forest land conducted by him with a f i n e spray of 
75-150 microns median diameter on steep terrain which had a 
slope of 700 to 1000 feet per mile. These data result from 
spraying very large tracts, up to three miles i n diameter, and 
apply to ins e c t i c i d e sprays, rather than herbicide sprays. 

It i s important for the public to recognize that there i s 
no fixed distance or buffer zone for a safe distance to provide 
protection from spray d r i f t . This w i l l be a function of the 
pesticide being used, i t s t o x i c i t y and environmental behavior 
such as bioaccumulation, the nature and s e n s i t i v i t y of the 
downwind s i t e s , and the nature of the application method, 
meteorological conditions, and so on. 

The interpretation of the effects of such d r i f t , 
p a r t i c u l a r l y i t s potential for adverse effects on human health, 
i s dependent on some of the parameters of environmental behavior 
shown on Table VIII. The dose i s given at 2 lbs/acre and 
translated into a deposit l e v e l of 20 mg/square foot, which i s 
more useful i n the interpretation of exposure data. The figures 
given for the deposit amount from spray d r i f t at 100 yards and 
1/2 mile are the figures for d r i f t from a coarse spray on f l a t 
land for small target areas and are average d r i f t amounts. The 
figure of 20 mg/kg i s the NOEL for 2,4-D. 
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Table VIII. Environmental Behavior 

Dose _ 20 mg/square foot 
Deposit - 10-100 ppm 
T-l/2 - plants, l i t t e r , s o i l 2 weeks-2 months 

water 1 week 
mammals 1 day 

D r i f t - t o t a l 0.25 - 4.0% 
100 yards (avg.) 1 /ig/square foot 
1/2 mile (avg.) 20 ng/square foot 

NOEL — 20 mg/kg/day 

The exposure for a person standing d i r e c t l y under a spray 
plane with 50% of their skin area exposed i s shown i n Table IX. 
This results i n a r i s k
100. Or, more exactly
the margin of safety assumes a da i l y exposure for a given period 
of time during the pregnancy. This calculation does not include 
exposure from inhalation of d r i f t p a r t i c l e s because, as shown by 
Akesson, this i s a negligible amount i n d r i f t exposures. 
Exposure from inhalation i n occupational exposure by a sprayman 
handling a spray nozzle may be as high as 1-3% of his dermal 
exposure, but generally i s well below that from inhalation from 
d r i f t exposures. 

Table IX. 2,4-D Risk of Birt h Defects or SAB 

Direct Deposit - under a spray plane 
2 

Assumptions - 2 lb/acre (20 mg/ft ) 
female, enceinte, 15-60th day 
50% of skin exposed (10 f t ) 
weight, 110 lb (50 kg) 

2 2 
Calculations - 20 mg/ft χ 10 f t * 50 kg = 4 mg/kg 

Dermal penetration = 5%; 
0.05 χ 4 mg/kg =0.2 mg/kg 

NOEL for 2,4-D = 20 mg/kg 

NOEL 20 mg/kg 
Margin of Safety = — = 0 . 2 m g / k g - 100/day 
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Exposure from deposit d i r e c t l y under a spray plane would 
have to be considered an unusual exposure s i t u a t i o n . A more 
common s i t u a t i o n would be that r e s u l t i n g from d r i f t . Table X 
shows a summary of a s i m i l a r r i s k c a l c u l a t i o n r e s u l t i n g from the 
subject being 1/2 mile downwind. That r e s u l t s i n a margin of 
safety of 100,000,000. Again, one should caution the reader 
that you can make d i f f e r e n t assumptions about the deposit of 
d r i f t than those made herein and a r r i v e at deposits from d r i f t 
being 20 to 1000 times greater, which would r e s u l t i n a margin 
of safety of only 100,000. 

Tabl

Deposit - 2 lb/acre = 20 mg/ft VDM =2900 u 
Distance - 1/2 mile Downwind = 20 ng/ft 
Subject - female, pregnant, 15-60th day, 

50 kg, 10 f t dermal surface 
Dose - 10 χ 200 χ 0.05 χ 1/50 = 0.2 ng/ft 

NOEL 20 mg/kg/day 
Margin of Safety = Dose 0.2 mg/kg 

An area of concern with regard to 2,4-D which i s commonly 
encountered, i s the d r i f t of 2,4-D i n t o surface water to be used 
for drinking water. Table XI shows a c a l c u l a t i o n of r i s k 
i n v o l v i n g drinking water which has begn subject to d i r e c t spray 
from a i r c r a f t at the rate of 20 mg/ft and, given the 
assumptions shown, r e s u l t s i n a margin of safety of about 700. 
The same water exposed to d r i f t with a 200 foot buffer zone 
would have a margin of safety of 7,000,000. I t should be 
pointed out that these are maximum concentrations that would 
e x i s t i n a plug of water that would pass by a given water-intake 
point w i t h i n 10 minutes. The p o s s i b i l i t y of using that water, 
contaminated at those l e v e l s over a period of time s u f f i c i e n t to 
r e p l i c a t e the chronic exposure experiments on which the NOEL i s 
based would be very s l i g h t to non-existent. 
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Table XI. 2,4-D Risk — Water 

Direct Spray - Overflight, 1/2 mile of stream 

Stream - 1 foot deep, velocity 3 mph 
Deposit - 20 mg/ft = 700 ppb =0.7 ppm 
Consume - 2 qt/day, 50 kg = 0.028 mg/kg 
™ · η ο χ: _ NOEL 230 mg/kg/day Π Λ . Mar g ln of Safety = D o s e , 0 > 0 2 I mg/kĝ  = 7 1 4 

DWS =0.1 ppm = 100 ppb, MOS = 5,000 
Drift 200 1 downwind 

2DG, JB and Vise. Ag. 
Deposit 2 jug/ft =0.07 ppb 
Margin of Safety = 7,140,000 

We have shown in three scenarios that the margin of safety 
for 2,4-D exposure could range from 100 to 10,000,000, and yet 
we have not related the magnitude of these values to other 
common margins of safety which people might encounter in their 
daily l i f e . 

Table XII shows some margins of safety calculated by Dr. 
Sheldon Wagner of Oregon State University, for a set of common 
prescription medicines. These include caffeine when prescribed 
at the dose level for which i t is prescribed as a medicine, 
antibiotics, tranquilizers, vitamins, and other drugs. Notice 
that the margins of safety range from 1/2 through 100, 200, and 
up to 1000. 

Table XII. Comparative Margin of Safety 

Teratogenic MOS by 
Chemical Dose Clinical Dose Dose 

Caffeine 75 mg/kg 2.5 mg/kg 30 
Chlorotetracycline 10 mg/kg 20 mg/kg 0.5 
Diazepam 200 mg/kg 0.8 mg/kg 250 
Phenytoin 75 mg/kg 6 mg/kg 12.5 
Vitamin A 35,000 I.U. 8,000 I.U. 1,000* 
Prednisolone 2.5 mg/kg 0.2 mg/kg 125 
Reserpine 1.5 mg/kg 0.02 mg/kg 75 
Tetracycline 40 mg/kg 20 mg/kg 2 
Salicylate 300 mg/kg 50 mg/kg 6 

^Adjusted to I.U./kg 
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When one compares the r i s k of caffeine as taken i n one cup of 
coffee to that from the forest herbicide, 2,4-D, one finds that 
the margin of safety for teratogenesis or b i r t h defects ranges 
from 5 to 16 (Table XIII). 

Table XIII. Comparative Risk — Coffee 

Caffeine i s a teratogen 
MDL = 75 mg/kg (2,4-D = 75 mg/kg) 
NOEL = 25 mg/kg (2,4-D = 20 mg/kg) 
Dose = one cup of coffee 

Bertrand 25 mg/kg/liter = 5 mg/kg/cup 
25 

Margin of Safety = " j — ' '' = 5 - 1 6 

Many persons consider such comparisons invidious because they 
f e e l that they have a choice as to whether or not to drink a cup 
of coffee, but not as to whether they w i l l be exposed to a 
herbicide spray d r i f t . The point i s not to enter a discussion 
of that philosophy, but to compare a commonly encountered 
phenomena by carrying out the same type of analysis as we do for 
pesticides, and thereby obtain comparable Margin of Safety 
values, independent of philosophical differences. Philosophy 
does not change toxic action, or the lack of i t . 

The value of 100 i s generally considered a good margin of 
safety. This value may be increased depending on the quality of 
data undergirding the r i s k evaluation, or the type of injury 
sustained from exposure to the chemical. A s o c i a l l y acceptable 
margin of safety may be increased for unwilling exposure over 
the margin of safety acceptable for occupational exposure. 
However, a comparison of the margin of safety from drinking one 
cup of coffee or any other common a c t i v i t y allows the public to 
compare what may be an unusual exposure to them, herbicide 
d r i f t , to a common phenomenon i n our society. 

One can also compare the margin of safety of a herbicide 
such as exposure to 2,4-D from direct spray at 2 lbs/acre to 
another common experience, taking a s p i r i n according to the label 
directions, 2 tablets every 4 hours. Table XIV shows that the 
margins of safety for a s p i r i n taken at this rate are 
considerably smaller than the margins of safety for direct spray 
exposure to 2,4-D. These comparisons of MOS should assist the 
public i n developing a frame of reference for what constitutes a 
large or small Margin of Safety. 

American Chemical 
Society Library 

1155 16th St., N.W. 
Washington, O.C. 20036 In Chemical and Biological Controls in Forestry; Garner, W., et al.; 

ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



348 CHEMICAL AND BIOLOGICAL CONTROLS IN FORESTRY 

Table XIV. Comparative Margins of Safety 

Margin of Safety 
Chemical Exposure Death B i r t h Defects 

A s p i r i n 
2,4-D 
2,4-D/Aspirin 

2 tab./4 hours 
d i r e c t spray 

3.5 
625 

178:1 

1.3-6.8 
100 

15:1 RATIO 

I d e n t i f i c a t i o n of r i s k l e v e l s and margins of safety i n 
comparisons with other commonly encountered chemicals do not 
f i n a l l y solve the problem whether a p a r t i c u l a r chemical r i s k 
constitutes a s o c i a l l y acceptable r i s k . This must f i n a l l y be 
determined i n the s o c i a l i n s t i t u t i o n s mentioned e a r l i e r at the 
various p o l i t i c a l j u r i s d i c t i o n s
s o c i a l l y acceptable depend
we have dealt with here, but on the nature of the r i s k , on who 
assumes the r i s k , who receives the b e n e f i t , and one's personal 
philosophy of accepting any r i s k versus zero r i s k . 

Perhaps the dilemna i s best summed up and i t s timeliness 
underscored by an e d i t o r i a l which appeared i n t h i s c i t y on the 
f i r s t day of t h i s symposium i n which the mayor of Sea t t l e , i n 
r e l a t i o n to a l o c a l controversy regarding the spraying of 
carbaryl (Sevin) f o r gypsy moth eradication, was quoted as 
saying, "Carbaryl poses no s i g n i f i c a n t p u b lic health 
hazard—even to c h i l d r e n , the e l d e r l y , or the pregnant." 
Nonetheless, he opposed a e r i a l spraying of carb a r y l , s t a t i n g i n 
e f f e c t , " I t i s harmless, but l e t s not use i t . " The e d i t o r i a l 
continued, "In p o l i t i c s , perception, not r e a l i t y , i s 
everything." 

The lesson for s c i e n t i s t s involved i n these issues i s that 
we must present what we learn here i n a clear enough way so that 
public perceptions of p e s t i c i d e a p p l i c a t i o n , t o x i c i t y , and r i s k 
are congruent with r e a l i t y . The public's s o c i a l decisions 
regarding p e s t i c i d e use w i l l then be based on a c a r e f u l 
appraisal of the r i s k or margin of safety, and not on fear and 
fear alone. 
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The effects of the adjuvants in the fenitrothion and 
aminocarb formulations used in the Spruce Budworm 
Spray Programme
of degradation o
lation and perturbation of biomass, development, 
photosynthesis or ultrastructural integrity of some 
aquatic and terrestrial non-target phytobiota. The 
persistence and degradation of fenitrothion and 
aminocarb was altered by the adjuvants. A toxicity 
rating indicated nonylphenol > Cyclosol 63 = Aerotex 
3470 > Atlox 3409 in the range of 1.0, 5.0 and 40 
μg/ml respectively. No acute physiological effects 

were observed following treatments with the pesti-
cides alone (>40 μg/ml). Apart from Dowanol 1X103 
μg/ml, the adjuvants perturbed all the physiologi­

cal functions monitored and led to gross ultra-
structural damage. 

Pesticides are the " a c t i v e " chemicals used by forest pest managers 
to contain and reduce tree loss from pest prédation. They are 
usually marketed i n formulations which also contain adjuvants. 
The adjuvants ("inerts") are added to the a c t i v e compounds to 
impart storage s t a b i l i t y and enhance performance c h a r a c t e r i s t i c s 
so that the d i l u t i o n of the formulation in t o the f i n a l spray mix 
i s f a c i l i t a t e d , evaporation and surface tension i s reduced and 
the permeation of the a c t i v e ingredient through intervening 
b i o t i c membranes i s enhanced (1). 

F i e l d observations during a e r i a l spray applications have 
demonstrated that anywhere from 15-75% of the p e s t i c i d e mix ad­
mitted from the a i r c r a f t reaches the forest canopy (2). In some 
cases under unstable conditions, "on-target" deposit was less 
than 2% of the t o t a l emitted material. The portion of the spray 
deposit that does not land "on-target" ( i . e . on conifer f o l i a g e ) 
may be transported to aquatic and other non-target habitats. 
O v e r a l l , the amount of adjuvants i n the mixes that deposits onto 
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plant f o l i a g e represents about 6% of the formulated p e s t i c i d e s 
(2). I t has been estimated that i n 1966, i n the U.S. alone, t h i s 
amounts to about 2.7X107 Kg of adjuvants (1). These adjuvants, 
which are detergents and solvents are surface a c t i v e agents which 
are chemically s i m i l a r insofar as they both have groups which are 
strongly l i p o p h i l i c or lipophobic, and may have other groups 
which are less strongly non-polar or polar. The less complex 
surface a c t i v e agents are c l a s s i f i e d as anionic, c a t i o n i c , ampho-
l y t i c , or non-ionic depending on the nature of the i o n i c charge, 
or lack of i o n i z a t i o n on the hydrophilic end of the molecule. 

There are thousands of surfactants and solvents i n use; some 
of these are s i n g l e chemical compounds, many more consist of 
mixes of s i m i l a r chemicals, while the composition of others, 
p a r t i c u l a r l y o i l d i s t i l l a t e s which may contain unknown i m p u r i t i e s , 
vary with the source and batch used. 

The containment of
major concern of Canadia
the t o t a l area of severe budworm i n f e s t a t i o n s i n Canada exceeded 
30 m i l l i o n ha, of which about 5 m i l l i o n ha were i n New Brunswick, 
12 m i l l i o n ha i n Quebec and over 13 m i l l i o n ha i n Ontario. Smal­
l e r i n f e s t a t i o n s (less than 1 m i l l i o n ha) occurrred i n Nova 
Scotia, Prince Edward Island and Newfoundland (4). The vast area 
involved has necessitated the use of a i r c r a f t f o r i n s e c t i c i d e d i s ­
p e r s a l . Direct contamination of aquatic habitats situated w i t h i n 
the spray region has been reported following a e r i a l deposition of 
f e n i t r o t h i o n , the favored p e s t i c i d e , while i n d i r e c t contamination 
may have resulted from spray d r i f t or from surface run-off follow­
ing r a i n f a l l (_5, 6). 

Two p e s t i c i d e s have been registered f o r use i n t h i s program, 
namely f e n i t r o t h i o n (0,0-dimethyl-O- (4-nitro-m-totyl phospho-
rothiote) and aminocarb (4-dimethyl amino-m-totyl methylcarbamate). 

Fenitrothion i s applied either i n a water emulsion or as an 
o i l s o l u t i o n . The most frequently used f e n i t r o t h i o n formulation 
i s composed of the " a c t i v e " material mixed with the adjuvants 
Atlox and Aerotex i n the r a t i o of 11.5:1.5:1.5 w/v/v r e s p e c t i v e l y . 
Aerotex i s added to dissolve f e n i t r o t h i o n . Atlox, a detergent, i s 
added to emulsify the Aerotex-fenitrothion s o l u t i o n i n water. 
Since 1980, Aerotex has been replaced by Dowanol i n f e n i t r o t h i o n 
formulations f o r experimental use. 

The aminocarb formulation presently i n use, M a t a c i l 1.8D OSC 
contains the adjuvants nonylphenol, a surfactant and "585" o i l as 
d i l u e n t . In 1981, a new aminocarb "flowable" formulation which 
does not contain nonylphenol was introduced f o r experimentation. 

When d i l u t e d f o r spraying a s i n g l e swathe coverage would give 
concentrations of adjuvant ranging from 0.5 to 1.0 mg/L at ground 
l e v e l i f unimpeded by forest canopy. M u l t i p l e coverage has been 
reported over bodies of water used as boundary markers f o r spray 
blocks (3, 4-). Surface tension, s a l i n i t y , pH, l o c a l i z e d c l i m a t i c 
and topographic e f f e c t s may w e l l modify these values (2). 
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Extensive t e s t i n g of pe s t i c i d e s and t h e i r formulations i s r e ­
quired before they are granted r e g i s t r a t i o n i n Canada. However, 
no data i s presently obtained on the chemical or b i o l o g i c a l 
e f f e c t s of the f i n a l spray mix which contain more adjuvant. This 
i s s u r p r i s i n g as i n some mixes, such as the Mat a c i l 1.8D OSC, the 
f i n a l adjuvant content i s greater than that of the p e s t i c i d e . 
This lack of concern i s underlined by the f a c t that there i s 
l i t t l e data on the t o t a l amounts of adjuvants released into the 
environment even though i t has been estimated that between 1965-
1969 between 4X10 8 and 9X10 8 L of surfactants had been used i n 
p e s t i c i d e spray operations alone (7). Concern that bodies of 
water, aquifers and forested areas may be perturbed by some adju­
vants led to the present ongoing research program which has 
focused s o l e l y on some t y p i c a l non-target phytobiota l i k e l y to be 
found i n many of these habitats. The aquatic non-target test 
organisms included the
Chlamydomonas r e i n h a r d t i
These organisms, because of t h e i r small s i z e , have a high surface 
to volume r a t i o and r e l a t i v e l y large amounts of l i p i d s i n t h e i r 
membranes and are thus s e n s i t i v e to modification. The aquatic 
macrophytes Lemna minor L, Ceratophyllum demersum L, Elodea 
canadensis L, V a l i s n e r i a spp and Myriophyllum spps, are a l l u b i ­
quitous i n spray regions e i t h e r surface dwelling or occupying the 
epilimneon and so are vulnerable to the higher concentration of 
surfactants at i n t e r f a c e s . Jack pine (Pinus banksiana Lamb) and 
paper b i r c h (Betula alleghaniensis Marsh) seeds were chosen as 
the representative non-target tree seeds as they are commonly 
found i n the co n i f e r and mixed forest regions subject to budworm 
i n f e s t a t i o n . 

Adjuvants: Aerotex 3470 manufactured by Texaco Chem. Co. and 
Cyclosol 63, a product of S h e l l Canada, are high b o i l i n g point 
aromatic solvent d i s t i l l a t e s obtained as a by-product of r e f i n i n g 
crude o i l . They contain a mix of over 100 components including 
alkylated naphthalenes, benzenes, fluorenes and phenantharenes as 
w e l l as some of the parent hydrocarbons, (8). Naphthalene has 
been shown to be highly i n t e r a c t i v e with marine and fresh water 
aquatic l i f e (9, 10), and to i n h i b i t the growth, photosynthesis 
and ATP synthesis of algae (10, 11). 

Atlox 3470, a product of ICI Ltd. i s classed as an anionic/ 
non-ionic surfactant comprised mainly of dodecyl benzene sulfonate 
(anionic) and a nonylphenol ethoxylate of polyethylene g l y c o l 
(non-ionic emulsifyer). Recent evidence strongly suggests that 
the a c t i v e agent i n the v i r a l enhancement coincident with Reye's 
syndrome i s a polyethylene g l y c o l derived from the polyethylene 
moiety of the parent emulsifyer when the number of repeating 
ethoxy u n i t s i n the polymer approaches 9 or 10 (12). 

Dowanol, manufactured by Dow Chemicals, i s a single-component 
solvent, t r i p r o p y l e n e g l y c o l methylether, of r e l a t i v e l y high 
p u r i t y . 
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Nonylphenol, a product of Union Carbide, Canada Ltd., consists 
of a mix of p-substituted monoalkyl nonyphenols, (randomly 
branched), with approximately 3% of the o-isomer and 4% dinonyl-
phenol also represent. Apart from Dowanol, a l l the adjuvants 
mentioned contain minor v a r i a b l e amounts of undefined contaminants 
which are a function of the w e l l head source and batch from which 
they were d i s t i l l e d (Aerotex, Cyclosol) or the method of synthe­
s i s (Atlox and nonylphenol). These chemicals and related com­
pounds are also widely used i n a wide range of household products 
including detergents, cleaners, shampoos, foods and other consu­
mer and commercial products. 

Diluent o i l 585, marketed by S h e l l Canada Ltd., i s a 585°F 
d i s t i l l a t i o n product of crude o i l . At t h i s d i s t i l l a t i o n tempera­
ture the polynuclear aromatics such as the naphthalenes are not 
c a r r i e d over in t o the end product. This d i s t i l l a t i o n temperature 
also reduces the formatio
b i o t i c t o x i c i t y . 

Chemical Interactions: The time to h a l f degradation (ti) of 
f e n i t r o t h i o n and aminocarb varies from several hours (13, 14) to 
weeks (15, 16) depending upon the i n t e n s i t y of sunlight (photo­
l y s i s ) , pH, and turbulence of the medium (16). These values are 
modified by the formulation adjuvants, such that under controlled 
environmental conditions the persistence of the pesticides was 
increased at l e a s t 2-fold. The t j f o r f e n i t r o t h i o n increased 
from 1.7 d to 3.8 d i n the Aerotex formulation and >7 d i n the 
Dowanol mix, and the aminocarb ti was increased from 3.8 d to 7 d 
(17). The fate of these chemicals i n the presence of adjuvants 
and plants i s also changed such that the r a t i o of t h e i r non-polar 
(NP) e t h y l acetate soluble f r a c t i o n s to polar (P) (ethyl acetate 
insoluble) f r a c t i o n s i s s u b s t a n t i a l l y modified during degradation 
i n water (17). In the presence of Aerotex, the f e n i t r o t h i o n NP:P 
f r a c t i o n s were as 3.5:1.0; with Dowanol substituted i n the mix, 
the r a t i o was 1.5:1.0. Nonylphenol modified aminocarb degradation 
the NP f r a c t i o n was 3-4-fold higher when the formulated M a t a c i l 
1.8D OSC mix was used as compared to systems containing aminocarb 
alone; see Figure 1. 

Bioaccumulation: A l l classes of surfactant are a c t i v e surface 
tension depressants. At the c r i t i c a l m i c e l l e concentration (CMC) 
abrupt changes occur i n the c h a r a c t e r i s t i c properties of sur­
factants such that surface and i n t e r f a c i a l tensions i n an aqueous 
system are at t h e i r minimum while osmotic pressure and surface 
detergent properties are s i g n i f i c a n t l y increased. The CMC f o r 
most surfactants i s reached around 0.01% C18, 19). These e f f e c t s 
have an impact on the p o t e n t i a l for bioaccumulation of the p e s t i ­
cide, and i n the organisms monitored the presence of Dowanol and 
nonylphenol increased the accumulation of f e n i t r o t h i o n and 
aminocarb at least 20-300% r e s p e c t i v e l y , over the accumulation 
obtained i n t h e i r absence (20). In e f f e c t , these adjuvants 
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increased the p a r t i t i o n c o e f f i c i e n t s of the pesticides i n the 
a l g a l membrane l i p i d s by reducing the surface tension around the 
bounding membranes. Only 30% of the accumulated p e s t i c i d e was 
desorbed when the algae were placed i n clean media (20). The 
retained 60-70% of the accumulated p e s t i c i d e was only degraded 
following senescence of the organism, or v i a i t s metabolism i n 
phytophagous organisms. Thus, phytophagous and bottom feeding 
f i s h may be at greater r i s k than would have been evaluated from 
purely chemical considerations. 

Biomass: A range of phytotoxic and growth i n h i b i t o r y e f f e c t s 
have been a t t r i b u t e d to surfactants (1). Increased lag phase 
growth was observed i n Chlamydomonas and C h l o r e l l a a t t r i b u t a b l e 
to > 1 yg/ml nonylphenol (20), 5 yg/ml Aerotex (10) > 7.5 yg/ml 
Cyclosol (17). No population growth e f f e c t s were observed with 
Atlox or 585 o i l < 30 yg/ml
the a l g a l c e l l s and i n
to surfactants and observed over a period of 21 days, a depressed 
biomass was coincident with increasing adjuvant concentrations. 
In a l l the aquatic plants, treatment with 6.25 g/ml nonylphenol 
led to complete bleaching. In Lemna, root f r i a b i l i t y and an 80% 
reduction i n frond production appeared w i t h i n 24 hours of exposu­
re (21). 

The onset of germination of the tree seeds was unaffected by 
treatments of up to 50 yg/ml of nonylphenol, but subsequent 
seedling growth was greatly impaired. The b i r c h seed embryos 
were markedly affected by 5 yg/ml nonylphenol or 20 yg/ml 
Cyclosol, Figure 2. The e a r l i e s t e f f e c t s were seen i n the emer­
gent roots. Apart from Dowanol, the other adjuvants produced 
less marked dwarfism at a threshold of 50 yg/ml. Dowanol at 
concentrations below 100 yg/ml had no e f f e c t . Higher concentra­
tions were not tested (17). Endo eit a l (22) and Parr (1) also 
noted that roots are early i n d i c a t o r s of surfactant p h y t o t o x i c i t y . 

ATP; The t o t a l ATP Content of an organism i s a measure of i t s 
metabolic status (23). Comparatively low values indicate a loss 
of v i g o r . 

At f i e l d relevant concentrations of adjuvants there were only 
minor e f f e c t s i n the aquatic and t e r r e s t r i a l test organisms. Re­
duced growth of these phytobiota was observed at higher concen­
t r a t i o n s and wi t h i n 1 hr of exposure to the more t o x i c adjuvants 
t h i s was r e f l e c t e d i n abnormal l e v e l s of i n v i v o , ATP. In these, 
Aerotex (2 yg/ml), nonylphenol (2.5 yg/ml) and M a t a c i l 1.8D 
(2.50 yg/ml nonylphenol) led to a 20% reduction i n the ATP content 
of the aquatics and dis r u p t i o n of the normal sequence of ATP pro­
duction i n the tree seeds (17). Dowanol alone did not perturb 
the system at concentrations l e s s than 100 yg/ml; higher concen­
t r a t i o n s were not tested. 
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Figure 1. Eff e c t of adjuvants on the degradation of 
fe n i t r o t h i o n and aminocarb (17). 

Figure 2. Control and treated seedlings of paper b i r c h 
(Betula alleghaniensis Marsh.) dwarfed following exposure 
to 5 ug/ml nonylphenol or 20 yg/ml Cyclosol. 
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Conductivity and Ion Leakage: The e f f e c t s of the surfactants on 
ion leakage i s an early i n d i c a t o r of membrane perturbation. St. 
John et a l (24) used i s o l a t e d higher plant c e l l s to study sur­
factant-permeability i n t e r a c t i o n s . No r e l a t i o n s h i p to the i o n i c 
type of the surfactant was obtained but a c o r r e l a t i o n was observed 
between changes i n ion leakage and ph y t o t o x i c i t y . Tree seedlings 
of Jack pine were unaffected by exposure to 10 yg/ml Atlox or 50 
yg/ml aminocarb or f e n i t r o t h i o n , Aerotex (5-10 yg/ml) enhanced 
leakage 30%, other treatments depressed ion leakage. By contrast, 
Paper b i r c h seedlings exposed to aminocarb (50 yg/ml) showed a 50% 
increase i n ion leakage; when treated with aminocarb as a compo­
nent i n the M a t a c i l 1.8D mix, depressed leakage was observed, and 
t h i s e f f e c t was mainly a t t r i b u t a b l e to the nonylphenol, i n the 
formulation (17). 

The potassium membrane pump mediates transport both i n t r a ­
c e l l u l a r l y and between
the leakage of t h i s io
Nonylphenol (15 yg/ml) and Atlox (10 yg/ml) increased K  ion 
leakage 2 to 3-fold over c o n t r o l roots. The Atlox e f f e c t was 
possibly due to the non-ionic nonylphenol ethoxylate of the 
polyethylene g l y c o l component. Ion leakage of t h i s order of 
magnitude was also obtained with Cyclosol 20 yg/ml and Atlox 10 
yg/ml. Other non-ionic surfactants have been shown to ef f e c t 
e l e c t r o l y t e leakage from roots (_25, 26) . Atlox has also been 
implicated i n causing f l u i d loss and e l e c t r o l y t e imbalance i n 
animal c e l l s (12). Changes i n the permeability and i n t e g r i t y of 
c e l l u l a r membranes following nonylphenol treatment has also been 
noted i n shrimp, clams and salmon (27). Hutchinson et a l (27) 
obtained a p o s i t i v e c o r r e l a t i o n between the l i p o p h i l i c i t y of test 
hydrocarbons and t h e i r a b i l i t y to induce leakage. Mg*"*" ion 
leakage was not affected by exposure to the range of surfactants 
(17). Although there are exceptions, anionic surfactants are 
generally less phytotoxic and more species s p e c i f i c (19 28). 

Photosynthesis : Surfactants that a l t e r membrane permeability are 
l i k e l y to a f f e c t not only the plasmalemma of bounding c e l l s , but 
may penetrate the cytosol and a f f e c t membrane bound organelles 
such as the chloroplast and i t s t h y l l a k o i d membranes. A rapid 
and s e n s i t i v e method for monitoring the i n t e g r i t y and f u n c t i o n a l 
a b i l i t y of c e l l s to photosynthesize u t i l i z e s a miniaturized f l u o -
rometer, which can monitor changes i n the i n t e n s i t y of chloro-
p h y l l a fluorescence (29). Fluorescence transients (changes i n 
fluorescence i n t e n s i t y over time) are s e n s i t i v e i n d i c a t o r s of 
photosynthesis and have helped unravel some of the l i g h t reactions 
i n photosynthesis (30). Although fluorometric analysis of a l g a l 
photosynthesis has been w e l l documented (29, 31), the a p p l i c a t i o n 
of the method to assess the r e l a t i v e a l g i c i d a l a c t i v i t y of en­
vironmental p o l l u t a n t s was f i r s t s u ccessfully employed by Moody eit 
a l (32). Complete suppression of photosynthesis was obtained with 
parent p e s t i c i d e s and adjuvants. Nonylphenol 0.5 to 0.75 yg/ml 
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1 h exposure caused t o t a l cessation of photosynthesis i n the 
algae Chlamydomonas. The benzene and naphthalene constituents of 
Aerotex also suppressed fluorescence and a re l a t i o n s h i p between 
the concentrations required to do t h i s and t h e i r octanol-water 
p a r t i t i o n c o e f f i c i e n t s were obtained (32), Figure 3. I n h i b i t i o n 
of photosynthetic a c t i v i t y by surfactants was also reported by 
St. John (24). 

Transmission Electron Microscopy: The primary s i t e of surfactant 
a c t i v i t y appears to be the c e l l membrane (25, 32). Other e f f e c t s 
have been reported such as the denaturation of proteins, i n a c t i -
v ation of enzymes and i n h i b i t i o n of mit o s i s . 

Membrane i n t e g r i t y was l o s t and mitochondrial i d e n t i t y d i f f i ­
c u l t to delineate when a l g a l c e l l s were exposed to 1.0-1.5 pg/ml 
nonylphenol, alone, or at t h i s concentration i n the M a t a c i l 1.8D 
OSC mix, 5 yg/ml Cycloso
50-60 yg/ml aminocarb o

Ty p i c a l l y , at these concentrations some membrane damage was 
found and i n some cases i t was widespread. Following exposure to 
1.0 to 1.5 μ g/ml nonylphenol, more than 20% of the c e l l s manifes­
ted an unusual u l t r a s t r u c t u r a l deformation of t h e i r f l a g e l l a e 
i n d i c a t i v e of microtubular damage, Figure 4a and b. Similar 
e f f e c t s were also observed when C. angulosa was exposed to 
naphthalene or crude o i l (34, 35). Membrane perturbations of t h i s 
type has been re l a t e d to t h e i r l i p o p h i l i a , as they are sorbed, so 
the membranes expand thereby impairing t h e i r function (8). 

The mechanism of mitochondrial swelling i n animal c e l l s has 
been examined i n t e n s i v e l y (36). This phenomenon i s less w e l l 
documented fo r a l g a l c e l l s . 

General Comments: The species of Chlamydomonas and C h l o r e l l a used 
i n t h i s study have a high l i p i d and protein content i n t h e i r c e l l 
w alls and l i t t l e c e l l u l o s e (28). The l i p i d content f a c i l i t a t e s 
the penetration of hydrophobic surface a c t i v e agents, and the 
proteins contribute to the destruction of w a l l i n t e g r i t y as they 
tend to unfold under adjuvant stress with consequent destruction 
of s t r u c t u r a l and metabolically active protein s i t e s . The c e l l 
w a l l proteins with metabolic (enzyme or channel gating) properties 
are p a r t i c u l a r l y vulnerable to the action of i o n i c surface a c t i v e 
agents which have strong surface tnesion and e l e c t r o s t a t i c pro­
p e r t i e s . However, Ernst et a l , (37) were not able to demonstrate 
a p o s i t i v e c o r r e l a t i o n between p h y t o t o x i c i t y and the surface 
tension (S.T.) reducing properties of the surfactants they sur­
veyed . 

A l g a l and plant p e s t i c i d e t o x i c i t y studies are important as 
any perturbance of primary p r o d u c t i v i t y a f f e c t s the t o t a l energy 
budget of the system, and could u l t i m a t e l y a f f e c t phytophagous 
organisms, d i v e r s i t y w i t h i n a community, and impinge on natu r a l 
r e f o r e s t a t i o n and b i o t i c v i g o r . There i s a wide v a r i a b i l i t y i n 
species s u s c e p t i b i l i t y to adjuvants. Population dynamic changes 
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Figure 3. P l o t of concentration, log I C F ^ Q O VM/1, of test 
chemical required to suppress the fluorometer (P-T) 
transient f o r Chlamydomonas vs, octanol-water p a r t i t i o n 
c o e f f i c i e n t log (32). 
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Figure 4. Electron micrograph of l o n g i t u d i n a l sections of 
Chlamydomonas r e i n h a r d t i i Dang. A. Control c e l l ; B. C e l l 
treated 1 h with 1.0-1.5 g/ml nonylphenol; C. Chloroplast; 
d. dichtyosome; f. f l a g e l l a ; m. mitochondrion; mi. 
microtubules; n. nucleus; p. pyrenoid; p i . plasmalemma. 
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may not become apparent i f t o t a l p r o d u c t i v i t y i s used as an i n d i ­
cator of habitat s t a b i l i t y but altered species composition may 
occur (38, 39). 

The autotrophic microphytes i n the s o i l and aquatic forest 
systems, and the aquatic macrophytes i n the ponds, r i v e r s and 
streams provide the habitat and food resource f o r many phyto­
phagous organisms. 

The e f f e c t s of the nonylphenol i n the Mata c i l 1.8D OSC formu­
l a t i o n give greatest cause f o r concern. At a concentration of 
1.1 yg/ml that has been found i n the f i e l d (40), nonylphenol can 
s i g n i f i c a n t l y delay the growth of a population of C h l o r e l l a 
pyrenoidosa, where swathe overspray occurs, concentrations may be 
obtained that could k i l l the whole population of exposed c e l l s 
(20). Delays i n population growth i n Chiamydomonas r e i n h a r d t i i 
and C h l o r e l l a v u l g a r i s was also observed a f t e r treatment with 
Aerotex (10). 

The evidence, to date
agents added to formulations can modify chemical changes of the 
parent p e s t i c i d e so that fate-transport studies undertaken i n 
t h e i r absence, may not be f u l l y i n d i c a t i v e of the r e a l degradati-
ve processes taking place. Further, f a r from being i n e r t , the 
adjuncts have the capacity to perturb membranes and thus a l t e r 
photosynthesis, and transport mechanisms d i r e c t l y , and i n d i r e c t l y 
by membrane charge changes due to ion leakage. The least perturb­
ant adjunct was Dowanol. Organisms exposed to many of these sur­
factants are put under stress such that t h e i r t o t a l ATP i s de­
pleted and t h e i r e l a s t i c response to "normal" stressors may be so 
l i m i t e d as to endanger species response. 

Nonylphenol i s not only used as a surfactant and solvent i n 
the M a t a c i l 1.8D formulation, but i s also a widely used c o n s t i ­
tuent of paints, inks and shampoos. The fact that i t i s l e t h a l 
to some algae and reduces the growth of paper b i r c h seedlings 
does not mean that i t may be t o x i c to higher organisms. However, 
i t should s i g n a l the fact that neither t h i s adjuvant, nor others 
should, a p r i o r i , be regarded as b i o l o g i c a l l y i n e r t . Concern 
that nonylphenol i s showing up i n sewage ef f l u e n t s i n concentra­
tions ranging from 36 to 202 yg/L (41) should underline a sense 
of urgency f o r getting r e g i s t r a t i o n procedures " i n place" f o r a l l 
major adjuvants. 
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24 
Environmental Impact Assessment of Insecticides 
Used in Canadian Forests 

P. D. K I N G S B U R Y 

Forest Pest Management Institute, Canadian Forestry Service, Environment Canada, 
1219 Queen Street East, Sault Ste. Marie, Ontario, P6A 5M7, Canada 

Increased environmental awareness and the implemen­
tation of more rigorou
led to the conductin
document the environmental impact of insecticides 
currently used or proposed for use in controlling 
insect pests of Canadian forests. Methods used to 
study effects on fish, aquatic invertebrates, forest 
songbirds, small mammals, and non-target insects 
present in forest environments are outlined. 
Studies conducted during pre-registration evalua­
tions and during monitoring of operational pest con­
trol programs are described, and results pertaining 
to the effects of a number of organophosphate, carb­
amate and pyrethroid insecticides on these various 
groups are summarized. 

The program of the Forest Pest Management I n s t i t u t e of the 
Canadian Forestry Service i s devoted exclu s i v e l y to the develop­
ment of new and/or improved pest control products and strategies 
for t h e i r use, which w i l l a s s i s t forest managers in achieving f o r ­
est protection objectives without jeopardizing public health or 
causing unacceptable disturbances of environmental q u a l i t y . In 
order to f u l f i l l t h i s mandate, extensive f i e l d programs have been 
ca r r i e d out to generate data on the impacts of chemical and bio­
l o g i c a l i n s e c t i c i d e s on various non-target organisms present i n 
treated forest areas. These data are used by federal and provin­
c i a l pesticide regulatory agencies i n hazard evaluation and de c i ­
sion making regarding the r e g i s t r a t i o n and use of forest insec­
t i c i d e s , and by forest managers planning actual control programs. 

The environmental impact programs carried out over the past 
decade have primarily been concerned with evaluating impacts on 
forest songbirds, small mammals, f i s h , aquatic invertebrates, 
honeybees, and non-target insects of various formulations of 
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chemical and b i o l o g i c a l i n s e c t i c i d e s i n operational use or being 
evaluated for use against the eastern spruce budworm, Chovisto-
neura fumiferana Clem. F i e l d programs have been conducted i n fo r ­
est plots receiving experimental a e r i a l applications of acephate, 
aminocarb, azamethiphos, Bacillus thuvingiensisj carbaryl, chlor-
pyrifos-methyl, diflubenzuron and other insect growth regulators, 
f e n i t r o t h i o n , juvenile hormone analogue, permethrin, phosphamidon, 
and several insect viruses. Many of these and other materials 
have also been evaluated during p r o v i n c i a l pest control programs 
i n B r i t i s h Columbia, Manitoba, Ontario, Quebec, New Brunswick and 
Newfoundland. Methods employed i n these studies, and some of the 
re s u l t s pertaining to the effects of a number of organophosphate 
carbamate and pyrethroid i n s e c t i c i d e s , are discussed i n t h i s 
paper. 

Environmental Impact Testin

The environmental impact of a candidate i n s e c t i c i d e i s evaluated 
i n a progressive fashion i n concert with evaluations of i t s e f f i ­
cacy toward important forest pests. The i n i t i a l s e l e c t i o n of can­
didate materials places considerable emphasis on t h e i r p o t e n t i a l 
safety towards non-target organisms. Toxicology and impact data 
available from the i n s e c t i c i d e developer, or experiences with use 
of the material i n other areas (e.g., a g r i c u l t u r e , b i t i n g f l y con­
t r o l ) , are screened to i d e n t i f y p o t e n t i a l strengths and weaknesses 
of the material. Known effects of s i m i l a r i n s e c t i c i d e s and hazard 
assessments made on the basis of chemical structure, mode of ac­
t i o n , and po t e n t i a l exposure of d i f f e r e n t organisms caused by such 
properties as water s o l u b i l i t y and v o l a t i l i t y can provide valuable 
indications of po t e n t i a l impacts. The f i e l d t e s t i n g program for 
each compound is oriented toward pot e n t i a l problem areas, with the 
timing and scale of the studies proportional to the p o t e n t i a l 
hazard. For example, extensive f i e l d t e s t i n g to determine the 
impact of synthetic pyrethroids on aquatic systems was carried out 
early i n the evaluation of the e f f i c a c y of these materials towards 
spruce budworm because available lab t o x i c i t y data suggested that 
adverse aquatic impacts might severely l i m i t the dosage or use of 
these i n s e c t i c i d e s i n forestry s i t u a t i o n s . Impact studies may 
progress from laboratory to ground, small plot a e r i a l , and opera­
t i o n a l scale applications done under experimental research permits 
pr i o r to r e g i s t r a t i o n . 

Impact Assessment Methodologies 

Forest songbirds. Forest songbirds are censused by a singing male 
t e r r i t o r i a l mapping technique s i m i l a r to that described by 
Kendeigh (_̂, 2). Size and shape of areas censused include plots 
up to 8 ha (20 acres) i n s i z e , transects up to 0.8 km (0.5 mile) 
long, the area surrounding an i n d i v i d u a l point, or a combination 
of these depending upon the size and a c c e s s i b i l i t y of the treated 
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block, the homogeneity of the forest cover and the objectives of 
the study. Impact assessments are usually based on f i v e imme­
diate pre-spray and f i v e immediate post-spray censuses taken d a i l y 
within the period of peak songbird a c t i v i t y immediately a f t e r 
dawn. Censuses are not made or included i n assessments i f adverse 
weather conditions (high winds or heavy rain) depressed b i r d act­
i v i t y . Data c o l l e c t e d on treated plots are always compared 
d i r e c t l y with data collected on the same dates i n nearby untreated 
areas with s i m i l a r forest type and songbird populations. Plot 
searches are conducted following treatments to look for birds ex­
h i b i t i n g poisoning symptoms. In some cases, mist-netting i s car­
r i e d out within the census plots at the end of the program i n 
order to evaluate the numbers, species composition and growth of 
juvenile birds fledging from nests i n the area. 

Small Mammals. Insecticid
shrews, mice and voles
because t h e i r r e l a t i v e l y high population densities make them 
easier to study than larger mammals. Their small s i z e , high meta­
bo l i c rates, population cycles, and i n some cases insectivorous 
habits, also tend to make them r e l a t i v e l y s ensitive to i n s e c t i c i d e 
impacts. Populations of these small mammals are at a yearly low 
i n late spring when spruce budworm spraying occurs due to natural 
mortality and predation over the winter. Impact assessment i s 
based on trapping censuses carr i e d out 6 to 8 weeks after spraying 
when young-of-the-year, present as embryos or nestlings at the 
time of spraying, have become active enough to be caught i n snap-
back or p i t - f a l l traps. The population structure and reproductive 
status of mature ind i v i d u a l s i n treated and untreated control 
areas are compared i n order to look for impacts on either repro­
duction or juveniles. Comparable numbers of juveniles and females 
which are either pregnant or bearing recent placental scars i n 
treated and untreated areas are taken as evidence of a lack of 
impact on small mammal populations. 

Fi s h . The aquatic ecosystems at greatest potential r i s k to insec­
t i c i d e applications to forests are headwater stream systems which 
serve as primary nursery and rearing areas for salmon and trout. 
Impact studies focus on these species, p a r t i c u l a r l y A t l a n t i c s a l ­
mon, Salmo salarh., and brook trou t , Salvelinus fontinalis 
M i t c h i l l , but sometimes also consider cohabiting forage f i s h such 
as the slimy sculpin, Cottus oognatus Richardson. Various study 
methods are employed depending on available treated s i t e s , t h e i r 
resident f i s h populations and program objectives. Caging studies 
of various l i f e - s t a g e s are used to look for l e t h a l or sub-lethal 
effects and to document i n s e c t i c i d e residue accumulation by f i s h . 
Native f i s h population densities are assessed before and afte r i n ­
s e c t i c i d e treatments using electroshocking equipment within areas 
temporarily i s o l a t e d by nets from the rest of the stream. Cap­
tured f i s h provide data on s i z e , growth and condition as well as 
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population structure and density. Native f i s h are also sampled 
for stomach content analysis to look for changes i n diet r e s u l t i n g 
from impacts on f i s h food organisms. 

Aquatic Invertebrates. The i n i t i a l impact of i n s e c t i c i d e s on most 
benthic invertebrates i n streams i s the i n a b i l i t y to maintain 
t h e i r p o s i t i o n on the streambed r e s u l t i n g i n increased numbers 
being carried downstream i n what is termed d r i f t . Invertebrate 
d r i f t in treated streams i s e a s i l y sampled by holding a net i n the 
current. Post-spray catches can be compared to both pre-spray 
diurnal patterns and catches at an untreated upstream s t a t i o n or 
i n an untreated control stream. This method also can be used to 
document knockdown of streamside foliage-dwelling or arboreal i n ­
sects i f the net i s set so as to sample the stream's surface. 
Impacts on stream invertebrates can also be determined by caging 
studies and by pre- and
ments which either sampl
ural streambed (e.g., Surber sampler) or on a r t i f i c i a l substrates 
i n t e n t i o n a l l y set in the stream before treatment to be colonized 
by resident populations. 

Honeybees. Honeybee colonies have been used both to look at the 
impact of forest i n s e c t i c i d e s on a p i c u l t u r a l a c t i v i t i e s w i t h i n 
treated areas, and as indicators of impacts on other non-target 
insects including wild p o l l i n a t o r s . Honeybee colonies are only 
studied within i n s e c t i c i d e treated blocks of s u f f i c i e n t area to 
cover most of the bees 1 p o t e n t i a l foraging range. Colonies are 
moved early enough before treatment to allow the bees to become 
oriented to t h e i r new surroundings p r i o r to treatment, otherwise 
the i r foraging behavior may be too l i m i t e d to give a true i n d i c a ­
t i o n of the impact of the i n s e c t i c i d e applied. Colonies are 
equipped with a dead bee box, a pollen trap and an e l e c t r o n i c 
a c t i v i t y counter activated by bees crossing over photocells at the 
entrance to the hive. M o r t a l i t y at the hive, pollen c o l l e c t i o n , 
and a c t i v i t y at the hive entrance are compared to comparable 
measurements taken from colonies i n s i m i l a r untreated areas. 
Hives can also be opened to examine brood production and develop­
ment and honey production. Samples of bees, pollen, nectar or wax 
can be taken from colonies for analysis of i n s e c t i c i d e residues 
picked up by foraging bees as they move about within treated 
forests. 

Other Non-target Insects. I n s e c t i c i d e effects on foliage dwelling 
and arboreal arthropods are documented by measuring knockdown int o 
tubs or drop sheets set out beneath selected trees and shrubs. 
Numbers of wild p o l l i n a t o r s v i s i t i n g native blossom i n treated and 
control areas are compared, and sometimes large p o l l i n a t i n g i n ­
sects such as bumblebees are exposed to sprays i n cages to look 
for l e t h a l impacts. The effects of i n s e c t i c i d e s on f r u i t set of 
c e r t a i n insect p o l l i n a t e d plants blooming around the period of 
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spray application can be studied by tagging i n d i v i d u a l flowers 
opening at the time of treatment, and lat e r c o l l e c t i n g tagged 
f r u i t s and comparing proportions of f e r t i l i z e d to u n f e r t i l i z e d 
ovules i n treated and untreated control areas. Impacts on ground 
insect populations can be measured by p i t - f a l l trapping i n treated 
and untreated control areas to measure pre- and post-spray popula-
t ions. 

Results of Environmental Impact Assessments 

The following r e s u l t s summarize the findings of studies carried 
out by the Forest Pest Management I n s t i t u t e ' s environmental impact 
section on a number of chemical i n s e c t i c i d e s . S i g n i f i c a n t r e s u l t s 
from studies conducted by other agencies are referred to i n some 
instances, but no attempt has been made to include exhaustive re­
views of a l l f i e l d studie
beyond the scope of thi

Organophosphate i n s e c t i c i d e s 

Fenitrothion. The organophosphate f e n i t r o t h i o n has been the i n ­
s e c t i c i d e used most extensively i n Canadian forests over the past 
decade; i t s impacts on many non-target organisms have been exten­
s i v e l y studied and reviewed (_3, 4). Breeding songbird or small 
mammal populations do not appear to be disrupted by single a p p l i ­
cations of f e n i t r o t h i o n up to dosages of 280 g/ha, the registered 
l i m i t for spruce budworm control (5, 6). Some forest songbird 
mortality and disruption of songbird and small mammal reproductive 
success has been found when ap p l i c a t i o n rates reach or exceed 
420 g/ha (_7, 8). Applications of 280 g/ha appear to c o n s i s t e n t l y 
depress brain cholinesterase a c t i v i t y i n songbirds within treated 
areas without inducing noticeable abnormal avian behavior (9). 

Conventional applications of f e n i t r o t h i o n at 210-280 g/ha 
have been found to sometimes induce s h o r t - l i v e d increases i n i n ­
vertebrate d r i f t and opportunistic feeding by native f i s h on 
aquatic and t e r r e s t r i a l invertebrates d r i f t i n g i n streams follow­
ing spraying, but do not appear to cause s i g n i f i c a n t depletion of 
stream bottom fauna (_10, 11). Applications of dosages up to 420 
g/ha f e n i t r o t h i o n have been found to have lim i t e d impacts on lake 
fauna aside from occasional short term suppression of zooplankton 
populations (10, 12, 13). 

Fenitrothion applied to forest areas at 210-280 g/ha has 
been shown to sometimes cause moderate mortality among foraging 
honeybees, but not to s i g n i f i c a n t l y impact on the o v e r a l l v i t a l i t y 
of colonies set out i n treated areas J ^ , 15). Applications of 
210 g/ha f e n i t r o t h i o n appear to have a more substantial impact on 
w i l d p o l l i n a t o r s causing heavy mortality of caged bumble bees, 
s o l i t a r y bees and vespid wasps, reducing bumble bee densities and 
reducing p o l l i n a t i o n a c t i v i t y i n sprayed areas (16-18). Fenitro­
thion sprays produce some mortality of some non-target t e r r e s t r i a l 
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arthropods, but populations recover ra p i d l y and predation and par­
asitism processes do not appear to be affected, even with the oc­
currence of repeated annual treatments (19). 

Phosphamidon. Phosphamidon was introduced into Canadian spruce 
budworm control programs i n the mid-60s to reduce the adverse 
effects on aquatic organisms, p a r t i c u l a r l y A t l a n t i c salmon stocks, 
which had accompanied the use of DDT i n previous programs. I t s 
r e l a t i v e l y low t o x i c i t y to f i s h led to the application of phos­
phamidon within buffer s t r i p s along streams and r i v e r s inside 
large DDT spray blocks. These protective measures greatly reduced 
f i s h losses within DDT treated areas (_20). Phosphamidon has also 
been shown to have only l i m i t e d effects on aquatic insects (21, 
22). 

Unfortunately, phosphamidon1s low t o x i c i t y to aquatic organ­
isms is accompanied b
applied as a spruce budwor
140 g/ha has repeatedly been shown to cause substantial m o r t a l i t y 
among the small forest songbird populations (15, 23, 24). Single 
or multiple experimental applications of phosphamidon at 70 g/ha 
for adult spruce budworm population suppression have been shown to 
have a much less harmful effect on forest songbirds (25). Phos­
phamidon use i n control programs i n the 1970s was f i r s t severely 
li m i t e d and l a t e r e n t i r e l y eliminated because dosage rates margin­
a l l y tolerated by birds did not provide acceptable control of i n ­
sect damage. 

Acephate. Acephate i s a highly water soluble organophosphate with 
low f i s h t o x i c i t y (26) and very l i m i t e d impact on aquatic organ­
isms when used i n forest spraying (27). Studies on the effects of 
applications of acephate of between 0.28 and 1.40 kg/ha i n eastern 
and western Canada on forest songbirds have not revealed s t a t i s t ­
i c a l l y s i g n i f i c a n t population declines after treatments, although 
some n o n s t a t i s t i c a l decreases among some species have been noted 
at higher dosages and a marked one-day decline i n singing a c t i v i t y 
was documented on one of several plots studied i n 1.12 kg/ha 
app l i c a t i o n blocks (24, 28, 29). Similar n o n - s t a t i s t i c a l declines 
have been noted among songbird populations i n western U.S. areas 
treated with acephate at 1.12 or 2.24 kg/ha. Several birds were 
found e x h i b i t i n g poisoning symptoms and extensive brain c h o l i n ­
es terase depression was documented among large portions of the 
bir d populations within these treated areas (30). Acephate 
applied at 0.56 kg/ha caused considerable mortality of honeybees 
for several days after a p p l i c a t i o n to an eastern Canada forest 
block, but did not severely affect o v e r a l l colony vigor over the 
summer (28). Acephate applications of 1.12 and 2.24 kg/ha to 
western U.S. forests have severely affected honeybee colonies by 
permanently breaking brood cycles r e s u l t i n g i n colonies being 
t e c h n i c a l l y dead within 48 hours of treatment (31). 
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Chlorpyrifos-methyl. Two applications s i x days apart of 0.007 kg 
chlorpyrifos-methyl/ha to a forest block had no noticeable e f f e c t 
on breeding songbird populations and induced only l i m i t e d d r i f t 
increases of aquatic -invertebrates without s i g n i f i c a n t l y a l t e r i n g 
benthos populations or native f i s h diets (32). Applications of 
0.72-0.86 kg chlorpyrifos-methyl/ha to streams caused severe d i s ­
turbances of aquatic invertebrates and substantial depressions of 
benthos populations for several months (33). Diets of native f i s h 
were s i g n i f i c a n t l y altered due to effects on f i s h food organisms. 
Some mortality of c r a y f i s h and minnows was observed, but no brook 
trout mortality occurred. Chlorpyrifos-methyl has not been 
developed for forestry use i n Canada. 

Azamethiphos. Azamethiphos applied to a forest block at 0.07 kg/ 
ha twice over a s i x day period had no noticeable effect on breed­
ing songbird population
aside from inducing larg
caddisfly larvae (34). Azamethiphos has not been developed for 
forestry use i n Canada. 

Carbamate i n s e c t i c i d e s 

Aminocarb. Next to f e n i t r o t h i o n , aminocarb has been the insec­
t i c i d e used most extensively i n forestry i n Canada over the past 
decade. Application rates of up to 0.175 kg/ha have been found to 
have l i t t l e or no impact on forest songbird populations or small 
mammal breeding a c t i v i t y , but do cause considerable knockdown of 
t e r r e s t r i a l arthropods, p a r t i c u l a r l y at higher a p p l i c a t i o n rates 
(35, 36). Short-lived but f a i r l y extensive honeybee mortality has 
been documented when aminocarb has been applied while active f o r ­
aging was underway, but the o v e r a l l colony vigor was not seriously 
effected (37). Aminocarb does not appear to cause bumble bee mor­
t a l i t y at operational a p p l i c a t i o n rates, but does affect s o l i t a r y 
bees U8) . 

Aminocarb has very l i t t l e impact on aquatic organisms at 
application rates up to 0.175 kg/ha aside from occasionally induc­
ing very modest increases i n the d r i f t of aquatic invertebrates 
(10, 38). Although extensive operational spraying with aminocarb 
has not been accompanied by any reports of f i s h m o rtality, labor­
atory studies have shown nonyl phenol, a solvent present i n some 
commercial aminocarb formulations, s u b s t a n t i a l l y increases the 
t o x i c i t y of aminocarb to f i s h (38). Recent introduction of com­
mercial aminocarb formulations without nonyl phenol for forestry 
use i n Canada has greatly increased the margin of safety towards 
f i s h . 

Carbaryl. Carbaryl has been f i e l d tested i n Canada at a rate of 
0.28 kg/ha applied twice. This rate i s considerably lower than 
ap p l i c a t i o n rates widely u t i l i z e d for forest insect control pro­
grams i n the United States. At t h i s low application rate no 
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s i g n i f i c a n t adverse effects were found on forest songbirds, w i l d 
p o l l i n a t o r s , or f r u i t set i n a forest wildflower (39). Non-target 
arthropod knockdown was l i g h t . This i s i n contrast to heavy 
impacts on wild p o l l i n a t o r s and f r u i t set reported i n areas 
treated with carbaryl at 0.84-2.24 kg/ha i n the United States (31, 
40). Effects on stream invertebrates at 0.28 kg/ha were also much 
less severe than those associated with high application rates. 
Some increased aquatic invertebrate d r i f t accompanied each car­
baryl a p p l i c a t i o n at 0.28 kg/ha, but did not result i n any o v e r a l l 
decrease i n any group of aquatic insect or major s h i f t s i n the 
diets of native f i s h (39). Substantial and prolonged depression 
of aquatic insect populations has been documented following car­
baryl applications of 0.84 kg/ha (41). 

Synthetic pyrethroid i n s e c t i c i d e s 

Permethrin. T e r r e s t r i a
applications of 17.5 g permethrin/ha to forest ecosystems have re
vealed l i t t l e or no adverse effects on forest songbirds, small 
mammals, honeybee colonies, or ground insects, but s h o r t - l i v e d and 
sometimes heavy knockdown of arboreal and f l y i n g invertebrates 
have been documented (42-44). Extensive aquatic impact studies 
have, i n contrast, shown permethrin to have considerable impact on 
aquatic organisms. Permethrin applications to forest streams at 
rates of between 8.8 and 70 g/ha a l l induced dramatic increases i n 
the d r i f t of stream invertebrates, accompanied by benthos deple­
tions p e r s i s t i n g beyond the year of treatment at the highest 
application rate (45^ 46). Recovery of benthos populations, i n 
terms of numbers of organisms at the order l e v e l , occurred within 
two months with single applications of 8.8 or 17.5 g/ha (46). 
Benthos population recovery took about four months following a 
single application of 35 g/ha or double applications of 17.5 g/ha, 
while benthos remained suppressed for up to sixteen months i n a 
stream treated with 70 g/ha (45-47). Benthos depletions at 
app l i c a t i o n rates of 35 and 70 g/ha resulted i n large s h i f t s i n 
the diets of native brook trout populations from aquatic insects 
to t e r r e s t r i a l arthropods for most of the year of treatment, while 
f i s h diets i n streams treated at 17.5 g/ha or less deviated from 
normal for much shorter periods (46,47). 

Caged and native f i s h studies did not reveal apparent 
d i r e c t effects on f i s h at applications of 70 g/ha or le s s , but a 
140 g/ha app l i c a t i o n to a small lake caused l i m i t e d f i s h m o r t a l i t y 
i n addition to severely depressing zooplankton and bottom fauna 
populations (<48). Fish population studies i n an A t l a n t i c salmon 
nursery stream treated with two applications of 17.5 g/ha suggest 
that some brook trout and juvenile A t l a n t i c salmon emigrated from 
the treated areas for several months i n response to the depleted 
food resource (49). Growth of salmon parr remaining i n the 
treated area slowed down for several months. Later i n the season 
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f i s h populations i n the treated area recovered and growth rates 
recovered and growth rates increased to exceed growth rates at un­
treated control s i t e s . 

In l i g h t of i t s demonstrated high hazard towards aquatic eco­
systems, permethrin w i l l not be developed for widescale use i n 
forestry situations i n Canada, but may be u t i l i z e d i n selected 
si t u a t i o n s such as plantation pest control where introduction of 
the i n s e c t i c i d e into productive waters can be avoided. 

Studies such as those summarized have helped to provide i n ­
formation on the r e l a t i v e safety or hazard of various i n s e c t i c i d e s 
to d i f f e r e n t components of forest ecosystems. Wise se l e c t i o n and 
use of in s e c t i c i d e s by forest managers taking this type of i n f o r ­
mation into account can allow protection of both forestry and 
other environmental q u a l i t i e s i n areas threatened by attack from 
forest pests. 
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Mount St. Helens: The May 1980 Eruptions 
and Forest Rehabilitation 

JACK K. WINJUM 

Weyerhaeuser Company, Centralia, WA 98531 

Forest rehabilitation in the blast zone of Mt. St. 
Helens resulting from the eruption of May 18, 1980, 
is proceeding rapidly  both b  natur d b
Of the 60,000
devastated, most of the western half (27,540 ha or 
68,000 ac) is owned by Weyerhaeuser Company and is 
managed as part of its S.W. Washington tree farm. 
Studies of natural recovery of the forest ecosystem 
began in June 1980. Sample plots showed natural 
vegetation appearing within a few weeks. Plants 
with surviving root systems pushed new shoots up 
through the tephra deposition. Cover reached 50 
percent by fall in many areas and one year later 
approached a normal 90+ percent. Monthly census 
observations indicate a near full reappearance of 
terrestrial animals and birds. Fish now occupy most 
of the rivers, streams and lakes of the area. 
Salvage of dead merchantable trees on about 9,300 ha 
(23,000 ac) was underway by fall 1980 and was 
completed by November 1982. Experimental tree 
planting began in the blast zone June 1980 with 
favorable results. In March 1981, 2,000 ha (5,000 
ac) were operationally planted and by winter 1985 
about 17,000 ha (43,000 ac) will be in plantations 
within the western blast zone. 

Rehabilitation of forest lands devastated by the eruptions of 
Mount St. Helens i n May 1980 i s proceeding rapidly, both by nature 
and by man. This paper sketches r e h a b i l i t a t i o n i n the western 
portion of the 60,000 ha (150,000 ac) blast zone which l i e s to the 
north of the volcano. Lands i n the western blast zone are 
primarily owned by Weyerhaeuser Company and have been managed for 
commercial forest crops for many decades. Rehabilitation here 
includes natural vegetation, camp cleanup, road reconstruction, 
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salvage logging, reforestation and associated research on a l l 
during the la s t 34 months. 

Ground access into the area, both by r a i l and truck roads, was 
b a s i c a l l y reestablished during the summer months of 1980. 
Eventually 1,020 km (638 mi) of roads, including several bridges, 
were repaired or newly b u i l t on Company lands. Three non-resident 
type logging camps near the western boundary of the blast zone 
were inundated by volcanic mudflows on May 18, 1980. The camps 
were cleaned up; one was abandoned and two were operable during 
the early r e h a b i l i t a t i o n e f f o r t . Salvage logging of commercial 
size dead trees both standing and down on about 9,300 ha (23,000 
ac) began September 1980 and was completed i n November 1982 as 
planned. 

In June 1980, a tea
foresters scoped the nee
result of the eruptions. Key needs were: 

Ash Properties Woods Operations 
Depth, chemical, physical . Inventory of devastation 
Microclimatology 
Erosion/hydrology 

Forest Rehabilitation 
Natural revegetation 
Grasses/N-fixers 
Forest regeneration 
- s i t e preparation 

.after salvage logging 

.dead plantations 
- planting methods 
- seeding 
- species selection 

Salvage wood properties 
Equipment modifications 

Protection and Management 
Insects/disease 
Wild f i r e / c o n t r o l l e d burning 
Animals and f i s h 

Stand Development 
Growth 
Mortality 
F e r t i l i z a t i o n 

We have undertaken research or development on nearly a l l these 
needs; several needs are covered in cooperative work with other 
organizations. Many results are already implemented. 

Natural revegetation i n the northwest blast zone, about 24 km (15 
mi) from the volcano, began i n early June 1980. It progressed 
surprisingly well through July and August especially on forest 
lands harvested from three to ten years previous. Plant species 
were predominantly those that grew new shoots up through the 
tephra cover (average depth 10 cm (2.5 in)) from surviving root 
systems. The most common species from among 31 observed i n 1980 
were: fireweed ( Epilobium angustifolium L.); Canadian t h i s t l e 
(Circium arvense (L.) Scop.) and bracken fern (Pteridium aquilinum 
(L.) Kuhn.). In many such locations plant cover approached 50 
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percent by f a l l 1980 compared to a normal of about 90 percent. By 
f a l l 1982, nearly a l l lands in this area had natural revegetation 
at normal cover levels. Moving toward Mount St. Helens, 
revegetation s t i l l i s proportionately less u n t i l at the base of 
the volcano abundant plant recovery no doubt w i l l take many 
decades. 

Tree planting tests i n the blast zone began i n June 1980 with the 
outplanting of a few hundred barerooted seedlings of Douglas-fir 
(Pseudotsuga menzeisii (Mirb.) Franco) and noble f i r (Abies procera 
Rehder). By digging through the tephra cover and planting with 
roots into o r i g i n a l s o i l , seedlings survived and grew well. 
Planting with roots t o t a l l y i n the tephra gave poor seedling per­
formance primarily because of the absence of nitrogen, a key plant 
nutrient. Based upon this research result, operational tree 
planting on Weyerhaeuse
1981. Approximately 2,00
winter, 3,600 ha (9,000 ac) the second winter and another 4,500 ha 
(11,000 ac) are currently undergoing reforestation. The Company 
target is to reforest a t o t a l of 17,000 ha (43,000 ac) i n the 
blast zone by spring 1985. 

At monthly intervals since summer 1980, w i l d l i f e biologists have 
conducted systematic observations of animal recovery i n the blast 
zone. As the renewed vegetative cover progressed, nearly a l l 
animals including upland species, f i s h and birds known to have 
existed on harvested lands i n the area pri o r to the eruption have 
been detected. Most notable among the game species to rapidly 
recover were the Roosevelt elk ( Cervus elaphus roosevelti) and 
black t a i l e d deer (Odocoileus hemionus columbianus). 

Provided new devastating volcanic events do not occur, almost 
complete recovery of the commercial forest lands near Mount St. 
Helens should be possible within the 1980 decade. Congressional 
l e g i s l a t i o n c a l l s for 44,550 ha (110,000 ac) of lands near Mount 
St. Helens with unique features as a result of the 1980 volcanism 
to be preserved in a National Volcanic Monument for long-term 
s c i e n t i f i c research, recreation and tourism. 
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Use, Ecotoxicology, and Risk Assessment 
of Herbicides in the Forest 
LOGAN A. NORRIS1 

U.S. Department of Agriculture, Forest Service, Pacific Northwest Forest and Range 
Experiment Station, Corvallis, OR 97331 

Present risk assessment strategies are oriented to 
single organisms, and they do not evaluate risks at 
the ecosystem level. An ecotoxicological risk 
assessment require
environmental chemistr
specific organisms), toxicology (for determining 
the direct toxic effects of exposure to specific 
organisms), and ecology (for integrating the 
consequences of both direct and indirect effects of 
herbicides and projecting them to the ecosystem 
level). The National Research Council, Committee 
to Review Methods for Ecotoxicology, proposed a 
system for assessing ecotoxicological effects for 
use in administering the Toxic Substance Control 
Act. Most aspects of this system are already in 
use in forestry, but integration among disciplines 
and a mechanism for making risk assessments at the 
ecosystem level are lacking. 

The predominant use of herbicides i n forestry i s for weed and 
brush control, both for establishment of young tree seedlings 
and for their later release from competing species. Other uses 
include vegetation control on rights-of-way, timber stand 
improvement through the removal of defective or non-commercial 
trees or through thinning i n overstocked stands, range 
improvement for grazing of domestic animals, improvement of 
animal habitat, control of poisonous and noxious weeds, and 
maintenance of f i r e breaks. 

Decisions about the use of herbicides i n forests customarily 
take into account social and p o l i t i c a l considerations. In 
addition, they must include technically sound assessments of 
r i s k (1). Traditional r i s k assessments are basically 
assessments of single organisms, however, not of an ecosystem 
(2). 

1Current address: Forest Science Department, Oregon State University, Corvallis, OR 
97331 
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Ecotoxicology i s a r e l a t i v e l y new term used to describe the 
f i e l d of study that integrates the behavior of chemicals i n the 
environment, t r a d i t i o n a l t o x i c i t y testing, and the response of 
communities of organisms. For perhaps the f i r s t time, i t 
integrates the effo r t s of environmental chemists, toxicologists, 
b i o l o g i s t s , and ecologists and may enable assessments of r i s k to 
an ecosystem to be made. Ecotoxicology i s not a new f i e l d of 
study, but u n t i l recently i t had r e l a t i v e l y few practitioners 
and lacked an ea s i l y i d e n t i f i a b l e t i t l e . I t gained some 
prominence when the National Research Council, Environmental 
Studies Board, appointed the Committee to Review Methods for 
Ecotoxicology i n 1979 (3-4). 

Although the committee s p e c i f i c a l l y addressed the Toxic 
Substance Control Act (TSCA), the recommendations of the 
committee can lead to better risk assessments for forest 
herbicides as well. I
perform ecotoxicologica
herbicides and forestry than for the many chemicals and 
environments covered by TSCA. The reason i s that the pesticide 
registration process already requires much of the basic chemical 
and b i o l o g i c a l data needed for single-organism assessments, and 
forestry research already has i n place many of the studies 
needed for estimating the integrated response of ecosystems. 

The purpose of this paper i s to (1) c l a r i f y the d i s t i n c t i o n 
between t r a d i t i o n a l risk assessments involving single species 
and assessments that integrate effects among species, including 
both direct and indirect effects; (2) show the kinds of 
information needed for ecosystem assessments at the forest 
watershed l e v e l ; and (3) review the recommendations of the 
National Research Council Committee i n terms of the type of 
information needed and i t s a v a i l a b i l i t y for herbicides and 
forestry. 

Herbicide Risk Assessment at the Ecosystem Level i n Forestry 

Assessments of environmental impacts from herbicides are usually 
done at the single-species l e v e l . These assessments use 
toxicological data from laboratory bioassay tests and estimates 
of exposure from laboratory or f i e l d studies of environmental 
chemistry. Few tests have assessed the impacts of herbicides on 
organisms i n the f i e l d and few, i f any, at the ecosystem l e v e l . 
There are two main reasons why there have been so few f i e l d or 
ecosystem tests: They are exceedingly d i f f i c u l t and costly, and 
the current philosophies of r i s k assessment have evolved from 
c l a s s i c a l toxicology and the federal regulatory framework that 
covers pharmaceuticals, food additives, and pesticides. 

Techniques for evaluating impacts of herbicides at the 
ecosystem level are needed because t r a d i t i o n a l methods of r i s k 

In Chemical and Biological Controls in Forestry; Garner, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



26. N O R R I S Use, Ecotoxicology, and Risk Assessment 383 

assessment emphasize direct effects of chemicals on selected 
species. Indirect effects have been largely ignored, and they 
may be of equal or greater importance i n maintaining the 
structure and function of an ecosystem and the well-being of i t s 
inhabitants. 

Direct Effects , Indirect Effects , and Types of Toxicity 
Testing. Direct e f f e c t s . — D i r e c t effects of herbicides on 
organisms are those that result from the direct contact of a 
s p e c i f i c organism with an herbicide. Direct effects can be 
studied and evaluated i n terms of currently accepted 
dose-response theory. The characteristics of exposure 
(magnitude, frequency, and duration) are one of the two 
essential ingredients of r i s k assessment. Toxicity, an 
i n t r i n s i c property of the chemical, i s the other. The nature of 
the response of an organis
characteristics of the chemica
characteristics of the exposure the organism receives. 

Testing for direct e f f e c t s . — T h e theories applicable to 
direct chemical effects on one organism are applicable to a l l 
organisms i n an ecosystem because the direct interaction between 
the organism and the chemical i s a one-on-one process. The 
d i f f i c u l t y i s that ecosystems have many kinds of organisms, most 
of which are not l i k e l y to be involved i n t r a d i t i o n a l programs 
of toxicological testing. Through careful selection of 
representative test species, however, i t i s possible to estimate 
direct toxic effects on many organisms through c l a s s i c a l 
dose-response experimentation on t r a d i t i o n a l test species. 

I do not mean that more accurate estimates of t o x i c i t y to 
squirrels or ptarmigans could not be obtained by including these 
species i n testing, but the expected gain i n accuracy over 
testing with rats and chickens i s probably not worth the added 
expense. Furthermore, the number of species i n the forest i s 
large, and i t i s impossible to test them a l l . Therefore, the 
use of representative species i n t r a d i t i o n a l testing i s a 
reasonably accurate and e f f i c i e n t means of estimating the 
inherent t o x i c i t y characteristics of a s p e c i f i c herbicide. 
Because this system i s not foolproof, i t i s important that 
researchers and herbicide users be a l e r t for unusual effects of 
herbicides on non-target species. 

There are some aspects of t o x i c i t y testing that should be 
improved. Toxicological testing has t r a d i t i o n a l l y evaluated 
only a few responses of organisms, l i k e survival or pathological 
responses. Recently there has been more study of other 
parameters, such as growth and reproductive success; however, 
these tests a l l focus on the well-being of the individual, not 
on communities of organisms and their interactions. The 
consequences that accrue to an ecosystem from changes in the 
numbers or a c t i v i t i e s of a l l the d i r e c t l y affected organisms 
should also be assessed. 
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Blanck and Gustafsson (_5) said that "ecological and 
pollutant realism" are necessary i n testing toxic effects. 
Ecological realism i s attained when the test conditions r e f l e c t 
important characteristics of the natural environment. To a 
major degree, both of these characteristics are lacking i n 
single-species testing. Tests of single species cannot delineate 
the complexity of the structure and function of the ecosystem; 
therefore, they lack ecological realism. For example, although 
there are numerous studies that include the effects of a 
chemical on the survival or growth of individuals of various 
f i s h species, measurements of behavorial or i n t e r s p e c i f i c 
effects are uncommon. Alteration of predator-prey interactions, 
for instance, can markedly a l t e r s u r v i v a b i l i t y (of either 
species) i n a way not predicted by t r a d i t i o n a l testing 
procedures 06). 

Pollutant realism i
suf f i c i e n t diversity o
properties so that the pollutant behaves i n the test system as 
i t would i n nature. Pollutant realism i s lacking because, i n 
most test protocols, the pollutant does not interact with any 
part of the environment, except the organism. A lack of 
pollutant realism i n t r a d i t i o n a l tests may result i n 
overestimates of r i s k . As an example, substantial information 
i s now available about the t o x i c i t y of TCDD to numerous species 
when they are exposed v i a injection, incubation, diet, or dermal 
application. At Times Beach, Missouri, the TCDD i s i n the s o i l , 
and because i t has apparently been there for some time, i t i s 
probably t i g h t l y bound to the s o i l . L i t t l e i s published about 
the t o x i c i t y of TCDD bound to s o i l , for any means of exposure. 
I n t u i t i v e l y , I suspect the TCDD i s less toxic when bound to s o i l 
than i n the forms commonly used i n t o x i c i t y testing. Thus, the 
risks of TCDD-induced t o x i c i t y to humans at Times Beach may be 
much smaller than would be suggested by the results of 
tr a d i t i o n a l testing which lacks this aspect of pollutant realism. 

As another example, t r a d i t i o n a l testing with aquatic species 
r e l i e s on constant levels of exposure (for example, 10 mg/liter 
for 24, 48, or 96 hours). In the forest, exposure levels of 
herbicides i n streams w i l l never be constant over time. 
V i r t u a l l y a l l the research on herbicides i n forest streams shows 
that the residue levels reach a maximum shortly after 
application and then decline rapidly. Although the 
instantaneous maximum concentration may be 0.037 mg/liter, the 
concentration 1 hour later may be 0.010 mg/liter, 0.002 mg/liter 
at 24 hours, and below the detectable lev e l after 48 hours. The 
problem i s to evaluate this type of dynamic exposure i n terms of 
the type of information that i s available from t r a d i t i o n a l 
testing (2). The approach often taken i s to assume that the 
maximum concentration defined i n f i e l d monitoring was present 
for a f u l l 48 or 96 hours, and to estimate toxic effects based 
on 48- or 96-hour t o x i c i t y tests. The consequence i n almost 
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every case i s an overestimate of risk as shown for some aquatic 
invertebrates and methoxychlor (7-8). 

Overestimates of risk may lead to the imposition of 
unnecessarily r e s t r i c t i v e p o l i c i e s or procedures. Although this 
conservative attitude i s attractive i n many respects, i t i s 
important to determine what i s going to be gained i n terms of 
protection of the species involved (another form of benefits), 
and what i s going to be lost i n terms of resource production 
(another form of r i s k ) . 

Does this mean tr a d i t i o n a l testing of the direct effects of 
t o x i c i t y i s no longer valuable? Certainly not, but i t does need 
to be expanded and modified to include aspects of ecological and 
pollutant realism. Single-species-testing w i l l continue to be 
the predominant form of testing because i t can y i e l d a great 
deal of information, quickly, at minimum cost. Ecological 
realism cannot and nee
tests can be designed t
information within the framework of t r a d i t i o n a l dose-response 
relationships. Examples are dose-response tests of 
predator-prey interactions, and i n t r a s p e c i f i c and i n t e r s p e c i f i c 
tests of competition for food, space, and other requirements. 
Tests can also be designed to be pollutant relevant within the 
framework of t r a d i t i o n a l dose-response relationships. Examples 
are dose response testing where the concentration of chemical i s 
varied over time (and some alternative expressions of exposure 
developed—perhaps the integral of concentration over time), 
exposure via weathered substrates (containing known levels of 
chemical), and exposure i n dynamic rather than s t a t i c systems. 

It i s not r e a l i s t i c to expect that a l l relevant combinations 
of chemicals and organisms can be included i n the tests which 
are designed to attain ecological and pollutant realism 
described above. What i s needed i s a research e f f o r t , not a 
regulatory e f f o r t . By t h i s , I mean the tests I have described 
should not be made part of the pesticide registration process. 
Research i s needed to develop more f u l l y the concepts embodied 
i n these tests and to test the concepts to determine their scope 
of inference. This w i l l provide a better basis for evaluating 
the potential for direct effects of herbicides i n the forest, 
both for management and regulatory purposes. 

Indirect e f f e c t s . — I n d i r e c t effects are those that do not 
require a direct interaction between the herbicide and an 
organism. As an example, herbicides, because they d i r e c t l y 
influence plant cover, result i n modification of animal habitat 
(food, cover, microclimate) which, i n turn, influences carrying 
capacity for s p e c i f i c w i l d l i f e species. As a result of the 
interrelations within food chains, direct effects on r e l a t i v e l y 
minor species can be transferred i n d i r e c t l y to organisms at 
higher trophic l e v e l s . Other examples of indirect effects are 
those that result from the alteration of vegetation density and 
species composition. For instance, severe and prolonged 
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deforestation can substantially a l t e r the nutrient cycling 
relationships for an entire forest watershed (9). 

Indirect effects can be substantially more far-reaching ( i n 
an ecosystem perspective) than direct chemical effects. Most 
herbicides used i n the forest are not l i k e l y to d i r e c t l y affect 
many organisms i n any ecosystem because few herbicides used i n 
forestry are so inherently toxic or so widely distributed that 
the avoidance or detoxification mechanisms of a l l organisms 
would be overwhelmed. On the other hand, severe deleterious 
direct effects on only a few key organisms or ecosystem 
processes can have far-reaching (indirect) effects for many 
other components of the ecosystem. 

A key point i s that a l l indirect effects are the result of a 
direct effect on some aspect of the system. This i s extremely 
important in planning methods for assessing indirect e f f e cts. 
Because the direct effec
dose response theory an
can be evaluated by use of the existing ecosystem data bases and 
current studies of ecosystem processes without a large amount of 
s p e c i f i c testing (10). 

Testing for indirect e f f e c t s . — I n studies of indirect 
effects, i t may be possible to examine the processes involved 
and to manipulate them by a variety of techniques, some of which 
may not involve the chemical i n question at a l l . For instance, 
i f a non-chemical technique produces the same effects on primary 
productivity as the herbicide does, i t i s useful for studying 
the effects of reduced primary production on higher trophic 
levels. 

Testing for Effects of Herbicides at the Watershed Level 

Many chemicals are regulated by the Federal Insecticide, 
Fungicide, and Rodenticide Act (FIFRA), and their properties are 
as diverse as the properties of ecosystems. In forestry, 
however, r e l a t i v e l y few herbicides are used very much. In 
f i s c a l year 1981, for instance, the USDA Forest Service used 
more than 25 different herbicides i n the National Forests, but 
2,4-D and picloram alone and i n combination accounted for 70% of 
the tota l amount of herbicide applied. Atrazine, glyphosate, 
dalapon, simazine, fosamine, and hexazinone accounted for an 
additional 18% (2). 

The properties or characteristics of chemicals that 
influence their behavior i n the environment and can be used to 
focus attention to those most l i k e l y to cause changes i n 
ecosystems at the watershed level of resolution (4) these are: 
compounds that contain heavy metals; and compounds with low 
water s o l u b i l i t y and high fat s o l u b i l i t y , high equilibrium vapor 
pressure, high degree of s t a b i l i t y , or a high degree of mobility 
i n s o i l . With the possibile exception of mobility i n s o i l for 
one or two compounds, none of the herbicides i n the top 88% of 
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the amount used i n National Forests i n f i s c a l year 1981 have 
these characteristics. 

Forest watersheds are made up of diverse and complex subsets 
of interacting systems. There are some major processes, 
however, that involve or affect a l l or most of the subsets and 
that can be studied or measured as indicators of change i n 
ecosystems at the watershed l e v e l . These processes include 
carbon f i x a t i o n by primary producers, transfers of energy, 
nutrient cycling, and the decomposition of various kinds of 
organic substrates. They are often measured i n ecosystem 
studies at the watershed level (11). To determine i f changes 
are occurring i n ecosystem processes or watershed responses, i t 
i s necessary to have systems for accumulating long-term baseline 
data, including measures of the variation of systems over time. 
The use of paired watersheds (control and treated) i s 
necessary. Unfortunately
can be used i n assessment

The number of such watersheds i s vanishingly small compared 
to the matrix of herbicides (even groups of herbicides) and 
environments pertinent to the use of herbicides i n the forest. 
For this reason and because watershed level studies are 
extremely expensive and take a long time, they should be part of 
a research program and not part of the pesticide registration 
process. Research needs to be done to establish the 
relationships between small-scale, process studies (such as 
carbon or nitrogen fixation) and the watershed response studies 
of water, nutrient, and sediment y i e l d (12-13). By testing the 
direct effects of herbicides on these processes, and coupling 
them with the indirect effects as measured by or inferred from 
studies of other types of changes (often from ecosystem response 
studies that do not involve herbicides at a l l ) , reasonable 
estimates of the effects of herbicide use at the watershed l e v e l 
can be made. 

A Proposed System and a Procedure for Assessing Ecotoxicological 
Effects 

In most cases I have abstracted the essential points of the 
Committee's recommendations for assessing ecotoxicological 
effects (3), and then added ( i n parentheses) my comments and 
evaluation of the relevance to herbicides and forestry. 

Types of Tests. The Committee i d e n t i f i e d the following types of 
tests as needed i n a system for assessing ecotoxicological 
effects : 

1. Single-species-tests (single-species-testing, both 
t r a d i t i o n a l tests and tests modified to include 
ecosystem and pollutant realism are needed). 

2. Population tests (population tests proposed by the 
Committee include construction of actuarial l i f e tables 
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and survivorship curves and changes i n population gene 
pools, migratory behavior patterns, and food 
preferences. This approach i s s t i l l i n the research 
stage, and more research w i l l be needed before suitable 
test procedures can be developed. It should continue 
to be important more as a research tool than as part of 
the pesticide registration process for herbicides i n 
fore s t r y ) . 

3. Multi-species tests (these should include many types of 
interactions, such as competition, symbiosis, 
parasitism, host-plant relationships, and predator-prey 
interactions. As with the population tests, the 
multi-species tests may have greater value as a 
research tool than as an across-the-board regulatory 
tool for herbicides i n forestry). 

4. Ecosystem tests
for example, laborator
f i e l d enclosures, and f i e l d tests i n natural 
ecosystems. (These represent three levels of the same 
type of testing, but they have different emphases. The 
microcosms are most easily managed, and they can be 
replicated and can test a wide range of experimental 
variables. F i e l d enclosures have a higher degree of 
ecological and pollutant realism, and opportunities for 
re p l i c a t i o n exist, but they require more intensive 
study and fewer experiments l i k e this can be conducted; 
thus, few variables can be examined. F i e l d tests i n 
natural ecosystems are the most r e a l i s t i c but the most 
d i f f i c u l t to control and conduct; there would l i k e l y be 
few of these.) 

5. Models. Both empirical and simulation models are 
needed. (Models can help bridge the gap between 
experimental conditions and the real world and between 
actual observations and predictions. Obviously, models 
can be no better than the data used to construct them, 
and much of these data w i l l come from the tests 
described above. The tremendous advantage of models 
comes as increased experience and better data bases 
permit their refinement to the degree that they can be 
used i n place of, or to guide some of the more complex 
testing described above. Well-validated models can be 
a powerful research and regulatory tool.) 

A System for Assessment. Improvement and expansion of sp e c i f i c 
tests as discussed are important, but equally so i s a system or 
procedure for making ecotoxicological assessments from the 
information from these tests. The Committee proposed both a 
system for evaluating effects and a procedure for 
implementation. Evaluating environmental effects of herbicides 
i n the forest requires two subsystems, a multi-level integrated 
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test system and a system of baseline and experimental ecosystems 
for monitoring and study. 

The integrated test system approach i s proposed as an 
alternative to the more t r a d i t i o n a l hierarchical testing 
approach (14), although many of the elements i n the hierarchical 
approach remain. The difference i s that i n the hier a r c h i c a l 
approach, individual tests tend to stand alone with l i t t l e 
overlap. The Committee recognized that no one type of test can 
produce the diversity of information needed and some overlap 
among tests i s good. Therefore, integration of results and an 
analysis of combined results were proposed as a more effective 
scheme. These would ultimately require fewer, not more, costly 
and d i f f i c u l t f i e l d tests. The integrated system needs to 
produce data on: 

1. The characteristics of the chemical and i t s behavior i n 
the environment
chemistry (15-16
requires l i t t l e change.) 

2. The physiological responses of species related to the 
presence of the chemical. (This i s t r a d i t i o n a l 
single-species testing (14) but with some additional 
tests to improve ecological and pollutant realism.) 

3. Changes i n species interaction. 
4. Changes i n the functional processes of the ecosystem 

( l i k e mineralization; and nutrient, s o i l , water, and 
energy fluxes). 

Baseline ecosystems are undisturbed systems used for 
monitoring and studying the structure and function of the 
ecosystem. Experimental ecosystems, paired with undisturbed 
baseline ecosystems, are used to determine the s p e c i f i c effects 
of herbicides on ecosystem dynamics. Mathematical models to 
f a c i l i t a t e understanding of the interactions among system 
components and the effect of the use of herbicides i n the forest 
on these components should be developed from this system of 
study. 

Implementation. Implementation of this assessment strategy 
sounds formidable when viewed from the perspectives of TSCA, but 
for herbicides i n forestry, much of the work i s already 
underway. The Committee i d e n t i f i e d the following steps i n 
implementation, and I have commented ( i n parentheses) on the 
status of each step: 

1. Select baseline ecosystems. (Much of this i s already 
done v i a Ecological Reserves established by the "Man 
and the Biosphere Program" and the system of 
experimental forests maintained by the USDA Forest 
Service.) 

2. Characterize each baseline ecosystem. (Much of this i s 
already done or i s being done under research efforts 
funded by various groups, such as the National Science 
Foundation and USDA Forest Service.) 
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Establish experimental ecosystems. (Much work remains 
to be done. Monitoring and experimental systems need 
to be established i n connection with each baseline 
ecosystem. The concept i s that the monitoring and 
experimental systems could be disturbed and studied, 
and the findings related to the characteristics of the 
baseline ecosystem. The monitoring and experimental 
systems may vary i n size from p e t r i dish microcosms to 
f u l l - s c a l e f i e l d s i t e s , although there are l i k e l y to be 
few of the l a t t e r . ) 
Develop models of the dynamics of the baseline 
ecosystems. (Much of this i s already underway via the 
research programs i d e n t i f i e d i n 2. Models of pesticide 
behavior have been developed, but they are based 
primarily on agri c u l t u r a l uses. They need to be 
modified and

Assessment. The material presented thus far explains the basis 
and structure of an assessment system and the steps needed to 
implement i t (have i t ready to use). 

The following steps (proposed by the Committee) show how the 
information for assessment of ecotoxicological risks i s 
developed once a system i s i n place: 

1. Characterize the physical-chemical properties of the 
chemical and how i t i s used to determine which 
ecosystems may be the direct recipient of the 
chemical. (This information i s already available as 
part of the FIFRA registration.) 

2. The key species and processes of the ecosystem i n 
question, as i d e n t i f i e d i n the baseline ecosystem, are 
used i n single-species and microcosm tests to determine 
the potential points of chemical entry and impact. 
(The single species test procedures are already well 
developed and are used i n the FIFRA registration 
process. They need some modification, however, to 
achieve ecological and pollutant realism, and they need 
to be expanded to include some types of organisms not 
included i n testing strategies at present. The 
microcosm tests are not part of the registration 
process and are intended to test for effects on the 
interactions of key species or the processes of key 
ecosystems.) 

3. With the information from these tests, the models are 
used to predict both direct and indirect responses of 
the ecosystem. 

4. The model outputs are then checked experimentally by 
manipulating the experimental baseline system to 
simulate the impact of the chemical. (The 
opportunities for this type of testing are limited 
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because of the scarcity of baseline forest ecosystems. 
The need for this step for herbicides and the forest 
may not be great because of the r e l a t i v e l y small impact 
of herbicides i n the forest ecosystem compared with 
some other types of perturbations such as logging, 
burning, landslides, and debris torrents. Experimental 
manipulation may be called for i f the models indicate 
that some extraordinary response may occur, such as 
elimination of nitrogen-fixing organisms or the loss of 
an organism essential i n the processing of stream 
detritus. Otherwise, use of the models to identify 
points for study during p i l o t scale f i e l d testing for 
efficacy may be s u f f i c i e n t . ) 

5. The f i n a l step i s to test for anticipated effects of 
the chemical using a multi-species integrated 
approach. (Becaus
that this integrate
i t i s done concurrently with steps 3 and 4. Much of 
the basis for the integrated testing i s already i n 
place i n FIFRA.) 

The information from these f i v e steps can be used to make 
accurate assessments of ecotoxicological r i s k , but i t w i l l 
require a different mix and emphasis of d i s c i p l i n e s than are 
presently involved. Assessments of r i s k for herbicides i n 
forestry have usually been done by those with t r a d i t i o n a l 
training i n toxicology and environmental chemistry. 
Unfortunately, neither of these d i s c i p l i n e s have developed an 
"ecosystem" perspective. They tend to focus narrowly. Those 
trained i n ecology (and i t s associated specialties) must be 
added to this process to achieve the integration of thinking and 
study necessary for r i s k assessments that focus beyond 
individual organisms. Fortunately, i n forestry many ecologists 
and ecosystem s p e c i a l i s t s are already at work i n research, 
although their attention has not yet included herbicides to any 
great degree. With some refocusing of their e f f o r t s (or with 
additional e f f o r t s ) , i t w i l l be r e l a t i v e l y easy to integrate the 
e f f o r t s of toxicologists, environmental chemists, and ecologists 
for accomplishing ecotoxicological r i s k assessments for 
herbicides i n forestry. 

Conclusions 

It may appear to be a nearly overwhelming task to conduct 
ecotoxicological r i s k assessments for herbicides i n forestry. 
But much of the basic ecological work i s already being done and 
more sophisticated toxicological test protocols are being 
developed to improve the v a l i d i t y of test results by achieving a 
higher degree of ecological and pollutant realism. What i s most 
seriously lacking at this point i s integration of the 
information developed by environmental chemists and 
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toxicologists with information developed by biologists and 
ecologists. In addition, ecologists need to include herbicides 
as a method of perturbation i n their ecosystem studies (at some 
normal level of use, not to create ecological extremes as was 
done i n the Hubbard Brook studies [9]). The ecotoxicology 
testing strategies proposed by the Committee may be most 
important used i n connection with the Toxic Substances Control 
Act, but they can also be used to help improve the quality and 
accuracy of the risk assessment process for herbicides i n 
forestry. 

When p r i o r i t i e s are developed, the need for implementing a 
formal strategy for ecotoxicological assessments of herbicides 
i n forestry may not be as pressing as i t i s for other chemicals 
i n other areas because: (1) In forestry, there are r e l a t i v e l y 
few chemicals that receive s u f f i c i e n t l y wide use that they need 
detailed attention; (2
treated with pesticide o
treated with herbicide); (3) large, contiguous forest areas are 
not treated with herbicides ( t y p i c a l l y treated areas are widely 
scattered and range from less than 2 ha to 200 ha i n size); and 
(4) areas that are treated are usually treated only once, twice, 
or perhaps three times early i n the 30- to 50-year growth cycle 
i n the Southeastern united States, or the 70- to 120-year growth 
cycle i n the Western United States. 
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Ips typographus c o n t r o l u s i n g 

pheromone-baited t r a p s , 49-53 
I p s d i e n o l and i p s e n o l , s t r u c t u r e and 

v o l a t i l i t y , 49-52 

J 

Jack p i n e , e c o t o x i c i t y o f 
a d j u v a n t s , 353-61 

Jack pine budworm, pheromone 
ch e m i s t r y , 35-39 

Κ 

Kromekote paper cards f o r a e r i a l 
d e p o s i t i o n a n a l y s i s , 119-27 

L 

Lambdina f i s c e l l a r i a f i s c e l l a r i a , 
pheromone ch e m i s t r y , 35-39 

L a s e r , ruby, f o r d r o p l e t s i z e 
s t u d i e s , 99-100 

Leaf s u r f a c e s and p e s t i c i d e 
p h o t o r e d u c t i o n , 233 

Lemna minor 
f e n i t r o t h i o n e f f e c t , 287-89 
p e s t i c i d e b i o a c c u m u l a t i o n , 298-314 
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Lepidoptera 
nuclear polyhedrosis v i r u s e s , 60 
sex pheromones, 35-45 

L e t h a l doses of 2,4-D f o r animals, 339t 
Lindane, 205 

p r o p e r t i e s , chemical and 
p h y s i c a l , 201-3 

lodgepole pine treatment, 70,72 
v o l a t i l i z a t i o n and degradation, 201-8 

L o b l o l l y pine, 19-21,26,27f 
Lodgepole pine, mountain pine b e e t l e 

outbreak, 70,72 
Lymantria d i s p a r and nuclear 

p o l y h e d r o s i s v i r u s e s , 61-66 

M 

MCPA dimethylamine s a l t , 232f 
Machinery use i n Willamette N a t i o n a l 

F o r e s t , 74t 
Macrophytes, e c o t o x i c i t y of 

adjuvants, 353-61 
M a c t a c i l 180 F, environmental 

behavior, 249 
Malathion, 205 

p r o p e r t i e s , chemical and 
p h y s i c a l , 201-3 

v o l a t i l i z a t i o n and 
degradation, 201-8 

Mammals, 2,4-D t o x i c i t y , 340t 
Mammals, impact assessment 

methodologies, 367,369-73 
Maple r e s p r o u t i n g prevention, 14-15 
Mating processes—See Reproduction 

processes 
Mechanical methods 

f o r bark beetle population 
c o n t r o l , 28-31 

for s i t e p r e p a r a t i o n , 12-13 
use i n Willamette N a t i o n a l 

Fo r e s t , 74t 
Medetera b i s t r i a t a and bark b e e t l e 

population c o n t r o l , 25-32 
M e d i c i n a l s , t e r a t o g e n i c and margin of 

r i s k doses, 346t 
Membrane pump, potassium, and 

s u r f a c t a n t s , 357 
M e t a c i l , accumulation i n streams, 258t 
M e t e o r o l o g i c a l v a r i a b l e s i n a e r i a l 

a p p l i c a t i o n and dr o p l e t 
d e p o s i t i o n , 85-115,142,143,157t, 
161-65 

2-Methyl-4-chlorophenoxyacetic a c i d and 
i t s diethylamine s a l t , 232f 

2-Methyl-6-methylene-3,7-octadiene-4-ol 
and 2-methyl-6-methylene-7-octene-
4- o l , s t r u c t u r e and v o l a ­
t i l i t y , 49-52 

Methylbutenol, s t r u c t u r e and 
v o l a t i l i t y , 49-52 

S - M e t h y l f e n i t r o t h i o n , f a t e i n stagnant 
ponds, 278 

Mexacarbate 
d e p o s i t i o n , 120t,127 
photodegradation, 233 
use i n Canada, 244t,245t 

Microbes and p e s t i c i d e f a t e , 267 
Mi c r o n a i r spinner atomizer, 102f 
Mist blower d r i v e r , monitoring 

exposure, 323-29 
M i s t l e t o e management, 73 
Mixing and turbulence i n a e r i a l 

a p p l i c a t i o n , 83f 
Moisture and degradation, 254-75 
Moisture content 

of s o i l and p e s t i c i d e v o l a t i l i z a t i o n 
process, 195-96,201-8 

of pine and weed c o n t r o l , 19-21 
Molin a t e , photodegradation, 233,235f 
Monkey, l e t h a l doses of 2,4-D, 339t 

using B a c u l o v i r u s , 55-66 
using pheromone-baited t r a p s , 35-45 

Mount S t . Helens volcano and f o r e s t 
r e h a b i t a t i o n , 377-79 

Mountain pine b e e t l e outbreaks and 
management, 70-73 

Mountain winds, 179-83 
Mouse, l e t h a l doses of 2,4-D, 339t 
Myriophyllum, e c o t o x i c i t y of 

adjuvants, 353-61 

Ν 

Needles 
balsam f i r , f e n i t r o t h i o n concentra­

t i o n and d r o p l e t d e p o s i t i o n , 147f 
c o n i f e r 

p e s t i c i d e d r o p l e t d e n s i t y , 134-35 
p e s t i c i d e d r o p l e t 

d e p o s i t i o n , 142-49 
Douglas-fir*, p e s t i c i d e 

d e p o s i t i o n , 127,130-32 
Neodiprion s e r t i f e r and nuclear 

polyhedrosis v i r u s e s , 61-66 
N i t r i c a c i d i n atmosphere, 231t 
Nitrogen d i o x i d e i n atmosphere, 231t 
Noble f i r , r e h a b i t a t i o n a f t e r Mount St. 

Helens e r u p t i o n s , 379 
Nonylphenol, e c o t o x i c i t y , 354-61 
Norwegian spruce and bark b e e t l e con­

t r o l using pheromone-baited 
t r a p s , 49-53 

Nozzle design, 85-115,155-58 
Nuclear polyhedrosis v i r u s e s , i n f e c t i o n 

and propagation, 57-63 

0 

Oak r e s p r o u t i n g prevention, 14-15 
Oak l e a f shredder, pheromone 

chemistry, 35-39 
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Ocala sand pine and spray 
d e p o s i t i o n , 124t 

O i l - b a s e sprays, 100,104f,119 
Oregon, p e s t i c i d e use, 332-34 
Organic carbon p a r t i t i o n c o e f f i c i e n t 

f o r p e s t i c i d e s , 201 
Organophosphate i n s e c t i c i d e s , e n v i r o n ­

mental impact assessments, 369-71 
Orgyia pseudotsugata and n u c l e a r 

p o l y h e d r o s i s v i r u s e s , 61-66 
Orthene F S — S e e Acephate 
O x i d a t i v e d e g r a d a t i o n , 216-22,229-36 
Oxygen and ozone i n atmosphere, 231t 

Ρ 

P a c i f i c coast wood p r o d u c t i o n , 11-12 
Paper b i r c h , e c o t o x i c i t y o f 

a d j u v a n t s , 353-61 
P a r a t h i o n emulsion 

spray d i s t r i b u t i o n , 228,230
UV degradation p r o d u c t s , 232f 

P a r t i c l e Measuring Systems ruby l a s e r 
f o r d r o p l e t s i z e s t u d i e s , 99-100 

P a r t i c l e s i z e d i s t r i b u t i o n i n wind 
t u n n e l , a e r i a l a p p l i c a t i o n , 87f 

Pathogens, i n s e c t , B a c u l o v i r u s , 55-66 
Pectinophora g o s s y p i e l l a , s y n t h e t i c sex 

pheromone, 38 
P e r m e a b i l i t y o f c e l l u l a r membranes and 

s u r f a c t a n t s , 357 
Permethrin 

b i o c o n c e n t r a t i o n i n f i s h and 
p l a n t s , 299-314 

environmental impact 
assessment, 372-73 

P e s t i c i d e use i n Oregon, 332-34 
Phenoxy a c e t i c a c i d s 

See a l s o 2,4-D and 2,4,5-T 
exposure m o n i t o r i n g , 319-29 
i n i t i a l use, 4-5 

Pheromone technology 
f o r bark b e e t l e c o n t r o l , 31-32,49-53 
f o r budworm c o n t r o l , 35-45 
t r a p d e s i g n , 39-45,50-53 

Phosphamidon 
environmental impact assessment, 370 
r e s i d u e s 

i n s o i l , 248 
on spruce and f i r , 243 

use i n Canada, 244t,245t 
Phosphorothionate i n s e c t i c i d e s , 

photodegradation, 233 
Photochemistry o f p e s t i c i d e s , 227-37 

photodegradation, 229-36 
ph o t o s y n t h e s i s o f s u r f a c t a n t s , 357-58 

P i c e a g l a u c a , f a t e o f p e s t i c i d e s , 243 
P i c l o r a m 

p r o p e r t i e s , chemical and 
p h y s i c a l , 201 -3 

f o r t r e e i n j e c t i o n , 17-18 

P i c l o r a m — C o n t i n u e d 
v o l a t i l i z a t i o n and d e g r a d a t i o n , 201-8 

P i l o t s , exposure m o n i t o r i n g , 323-29 
Pine b e e t l e c o n t r o l , 25-32,70-73 
Pine f o r e s t s 

adjuvant e c o t o x i c i t y , 353-61 
brush c o n t r o l , 16-17 
hardwood e l i m i n a t i o n , 14-17 
herbaceous weed c o n t r o l , 18-21 
s i t e p r e p a r a t i o n , 12-14 
spray d e p o s i t i o n on 

canopy, 124t,169-72 
Pink bollworm, s y n t h e t i c sex 

pheromone, 38 
Pinus banksiana and e c o t o x i c i t y o f 

a d j u v a n t s , 353-61 
Pinus s t r o b u s and Gardona f a t e , 246 
P l a n t 

p e s t i c i d e s , 309t 
r e h a b i t a t i o n a f t e r Mount S t . Helens 

e r u p t i o n s , 379 
P o l a r i t y 

and adjuvant e c o t o x i c i t y , 352-61 
and p e s t i c i d e v o l a t i l i z a t i o n 

p r o c e s s , 195-96 
P o l y e t h y l e n e bag pheromone t r a p f o r 1^ 

typographus, 49-53 
Polymer a d d i t i v e i n spray, swath 

p a t t e r n , 107-10 
Ponds and f a t e o f f e n i t r o t h i o n , 277-94 
Potassium membrane pump and 

s u r f a c t a n t s , 357 
P r e p a r a t i o n o f s i t e i n southern United 

S t a t e s , 12-15 
P r i n c e p f o r herbaceous weed 

c o n t r o l , 19-21 
P r o d u c t i o n o f wood i n U.S. 

r e g i o n s , 11-12 
Pseudotsuga m e n z e i s i i — S e e D o u g l a s - f i r 
P y d r i n i n p e s t i c i d e s p r a y s , 110t,111t 
P y r e t h r o i d i n s e c t i c i d e s , s y n t h e t i c , 

environmental impact 
assessment, 372-73 

R 

R a b b i t , l e t h a l doses o f 2,4-D, 339t 
Rainbow t r o u t , b i o a c c u m u l a t i o n o f 

p e s t i c i d e s , 298-314 
Rat, l e t h a l doses o f 2,4-D, 339t 
Reduction o f p e s t i c i d e s , 233 
R e g i s t e r e d h e r b i c i d e s i n the U n i t e d 

S t a t e s 
f o r brush c o n t r o l , 16-17 
f o r herbaceous weed c o n t r o l , 19-21 
f o r s i t e p r e p a r a t i o n , 14t 
f o r t r e e i n j e c t i o n , 17-18 

R egulatory agencies and human r i s k , 337 
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R e h a b i t a t i o n a f t e r Mount S t . Helens 
e r u p t i o n s , 377-79 

Reproduction processes 
o f l e p i d o p t e r a , d i s r u p t i o n , 38-45 
of spruce budworm, 39-45 

Residue accumulation 
of adjuvants, 354-55 
i n a q u a t i c p l a n t s and f i s h , 299-314 
of aminocarb and t r a n s f o r m a t i o n 

p r o d u c t s , 220t,248-49,267,295-314 
of DDT, 247-50 
i n D r o s o p h i l a , 249-50 
i n sediment, 267 
i n s o i l , 247-49 

Risk assessment o f d i r e c t and i n d i r e c t 
t a c t i c s , t e s t i n g method­
ology, 381-92 

Rubidium l a b e l i n g i n C. o c c i d e n t a l i s by 
i n j e c t i o n i n t o Douglas f i r

S 

S a f e t y margin, comparison w i t h 
m e d i c i n a l s , 346t 

Salmo g a i r d n e r i , bioaccumulation o f 
p e s t i c i d e s , 298-314 

Salmon, impact assessment 
methodologies, 372-73 

Salvage removal f o r bark b e e t l e popula­
t i o n c o n t r o l , 28 

Sawfly, European p i n e , and n u c l e a r 
p o l y h e d r o s i s v i r u s e s , 61-66 

Scenedesmus obtu s u s c u l u s and 
e c o t o x i c i t y o f adj u v a n t s , 353-61 

Sediment, a b s o r p t i o n o f p e s t i c i d e s , 267 
Sevin 4 - o i l , d e p o s i t i o n , 126t 
Sex pheromones o f f o r e s t 

l e p i d o p t e r a , 35-45 
Short l e a f p i n e , 26,27f 
S i l v i c u l t u r a l t reatments, 32 
Simazine f o r herbaceous weed 

c o n t r o l , 19-21 
S i t e p r e p a r a t i o n , 12-15 
S i z e o f d r o p l e t s i n a e r i a l 

a p p l i c a t i o n , 79-85,95-97,99-115 
S l a s h d i s p o s a l and engraver b e e t l e , 70 
S l a s h pine canopy, spray 

d e p o s i t i o n , 169-72 
S o i l 

DDT r e s i d u e s , 247-48 
water content and p e s t i c i d e 

v o l a t i l i z a t i o n 
p rocess, 195-96,199-208 

S o l u b i l i t y , 203t 
S p e c t r a l energy d i s t r i b u t i o n , 

s u n l i g h t , 230f 
Spray a p p l i c a t i o n , p h y s i c a l 

parameters, 79-115 
Spray d e p o s i t i o n , 29 

d i s p e r s i o n model, 154-55 
on f o r e s t f l o o r , 118-26 

Spray d e p o s i t i o n — C o n t i n u e d 
p a r a t h i o n emulsion, 

d i s t r i b u t i o n , 228,230f 
t a r g e t c h a r a c t e r i s t i c s , 160 

Sprayer, exposure m o n i t o r i n g , 323-29 
Sprays, o i l - and water-base, 100,104f 
Spruce bark b e e t l e , pheromone-baited 

t r a p s , 49-53 
Spruce budworm c o n t r o l 

by pheromone chemistry, 35-45 
egg mass, 70,71f 
s y n t h e t i c sex a t t r a c t a n t , a e r i a l 

a p p l i c a t i o n , 41 
by i n s e c t i c i d e s , 244t, 245t 
rubidium l a b e l i n g , i n j e c t i o n i n t o 

Douglas f i r , 44 
Spruce 

and bark b e e t l e p o p u l a t i o n c o n t r o l 

d e p o s i t i o n o f p e s t i c i d e s , 127,130-32 
f a t e o f i n s e c t i c i d e s , 242-43 

S u n l i g h t , s p e c t r a l energy 
d i s t r i b u t i o n , 230f 

S u r f a c t a n t s 
c o n d u c t i v i t y and i o n leakage, 357 
and p h o t o s y n t h e s i s , 357-58 

Swath d e p o s i t i n a e r i a l 
a p p l i c a t i o n , 97 

Swath d e p o s i t and human r i s k , 343 
Sweetgum r e s p r o u t i n g p r e v e n t i o n , 61-66 
S y n t h e t i c p y r e t h r o i d i n s e c t i c i d e s , 

environmental impact 
assessment, 372-73 

S y n t h e t i c sex pheromone, 38,41 

Τ 

2,4,5-T, 4-5,12 
l e t h a l doses f o r animals, 339t 
p r o p e r t i e s , chemical and 

p h y s i c a l , 201-3 
human exposure mon i t o r i n g , 319-29 
photodegradation, 233 
v o l a t i l i z a t i o n and d e g r a d a t i o n , 201-8 

2,4,5-T e s t e r s 
photodegradation, 233 
and v o l a t i l i z a t i o n r a t e , 199, 201-8 

TCDD—See 2,3,7,8-tetrachlorodibenzo-£-
d i o x i n 

2,4,5-TP, acute o r a l LD50 v a l u e s , 339t 
Taxonomy o f v i r u s e s , 56t 
Temperature 

and eva p o r a t i o n r a t e d u r i n g a e r i a l 
a p p l i c a t i o n , 85-115 

and spray d e p o s i t i o n , 161-63 
Temperature p r o f i l e s 

c o n i c a l - s h a p e d mountain, 178f 
D o u g l a s - f i r f o r e s t , 185f 

T e s t i n g methodologies f o r environmental 
impact, 366-73 
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Thanasimus dubius and bark b e e t l e 
p o p u l a t i o n c o n t r o l , 25-32 

2,3,7,8-tetr achlorodibenzo-ja-dioxin 
s u n l i g h t degradation p r o d u c t s , 234f 
t o x i c i t y , 384 

Thermal b e l t , v a l l e y , 184f 
T h u r i c i d e d e p o s i t i o n , 126t 
Tobacco budworm and n u c l e a r 

p o l y h e d r o s i s v i r u s e s , 61-66 
Topography and a i r c i r c u l a t i o n , 176-78 
Tordon c o s t s , 14t 
T o r t r i c i d sex pheromones, 35-45 
Toxaphene, v o l a t i l i z a t i o n r a t e , 198 
T o x i c i t y 

o f aminocarb, 218-20 
of 2,4-D, 338 
o f TCDD, 384 
t e s t i n g , methodology, 383 

Transmission e l e c t r o n microscop
s u r f a c t a n t s , 358 

Trap d e s i g n , pheromone, 39-45,50-5
Trap out, bark b e e t l e c o n t r o l , 31 
Tree i n j e c t i o n , 17-18 
T r i c h l o r f o n , 205 

d e p o s i t i o n , 141 
p r o p e r t i e s , chemical and 

p h y s i c a l , 201-3 
use i n Canada, 244t,245t 
v o l a t i l i z a t i o n and d e g r a d a t i o n , 201-8 

2 , 4 , 5 - T r i c h l o r o p h e n o x y a c e t i c a c i d — S e e 
2,4,5-T 

T r i c l o p y r 
a p p l i c a t i o n by t r e e i n j e c t i o n , 17-18 
f o r hardwood r e s p r o u t i n g 

p r e v e n t i o n , 14-15 
T r i f l u r a l i n 

i n h i b i t i o n o f p e s t i c i d e v o l a t i l i z a ­
t i o n r a t e , 198 

photodegradation, 233,235f 
T r i t o n X-100 a d d i t i v e , f a t e i n a q u a t i c 

environments, 258t 
T r o u t , p e s t i c i d e 

accumulation, 272,298-314 
Turbo th r u s h a i r c r a f t , 123t 
Turbulence and spray 

d e p o s i t i o n , 79-85,95-115,163 
Tussock moth c o n t r o l u sing 

B a c u l o v i r u s , 55-66 

U 

U.S. agencies 
Environmental P r o t e c t i o n Agency and 

human r i s k assessment, 337 
F o r e s t S e r v i c e 

management, 69-76 
use o f p e s t i c i d e s i n 

Oregon, 333t,334t 
U.S. r e g i o n s , wood p r o d u c t i o n , 11-12 
UV r a d i a t i o n and p e s t i c i d e 

photochemistry, 229-36 

Urine a n a l y s i s , m o n i t o r i n g 
exposure, 319-29 

V 

V a l i s n e r i a , e c o t o x i c i t y o f 
a d j u v a n t s , 353-61 

V a l l e y i n v e r s i o n s and a i r 
c i r c u l a t i o n , 179-83 

Vapor d e n s i t y and 
v o l a t i l i z a t i o n , 196,197f,203t 

Vapor phase r e d i s t r i b u t i o n o f 
aminocarb, 216-24 

Vapor p r e s s u r e and 
v o l a t i l i z a t i o n , 195-96 

Vegetable o i l - b a s e s p r a y s , 100 
V e l o c i t y o f a i r c r a f t 

and a t o m i z a t i o n p r o c e s s , 96 

V e r b e n o l , s t r u c t u r e and 
v o l a t i l i t y , 49-52 

Verbenone p l u s b r e v i c o m i n , 32 
V i r u s , entomopathogenic, f a m i l i e s and 

groups, 56t 
V o l a t i l i t y , aminocarb t r a n s f o r m a t i o n 

p r o d u c t s , 216-18 
V o l a t i l i z a t i o n 

p r o c e s s , 195-208,212,214-15 
V o l a t i l i z a t i o n r a t e s , 

a t t e n u a t i o n , 213-14 

W 

Wake t u r b u l e n c e and a e r i a l 
a p p l i c a t i o n , 79-115,155-58 

Water-based s p r a y s , 100,104f,119 
Water c h e m i s t r y — S e e Aquatic e n v i r o n ­

ments 
Water content i n s o i l and p e s t i c i d e 

v o l a t i l i z a t i o n p rocess, 195-96 
Water d e g r a d a t i o n , 254-75 
Water ev a p o r a t i o n and v o l a t i l i z a t i o n 
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