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| NTRCDUCTI ON

The southern yel | ow pine and hardwood forests of the South constitute some of the
nost intensively managed forest ecosystens in the world (Stone 1983; Kellison and
Gngrich 1982). These forests also occur in a region with one of the fastest
growi ng human popul ations in the United States. Furthermore, future resource
demands in the South will certainly intensify as the popul ati on expands and the
forest land base shrinks. The whole mx of public and private forest resources
including wood, wildlife, recreation, range, and water wll need intensive
managenent to meet i ncreased demands. One crucial concern resulting fromthis
intensification of forest managenment is the potential effect of silvicultural
practices on water and soil resources.

Intensive forest vegetation managenment practices such as short rotations, clearcut
harvesting, mechanical site preparation, burning, drainage, and fertilization
created concerns in the early 1970's about possible adverse inpacts to soil and
water resources. Research during the past two decades has denonstrated the range

of environmental effects of these practices. |f properly prescribed, applied, and
gui ded, these practices can be conducted while conserving valuable soil and water
resour ces. I'n addition, over the past 5 to 10 years a further intensificatjion Of

vegetati on managenent has involved increased useof herbicides. These chemcals
are now used extensively across the South's nanaged forests to control weed
conpetition, reduce the useof soil-disturbing mechanical site preparation

techni ques, and increase tree growth. The driving force behind increased herbicide
use has been the need to inprove growh on a dimnishing forest land base at a

lower initial investment cost. In addition, herbicides are being used to mnimze
the soil displacenent and erosion | osses that adversely affect site productivity
and water quality. Ten years ago, herbicide usewas very scattered and mainly in a
testing node. MNowit is a widespread practice. Nearly all public and private
forestry organizations have operational programs for suitable stands.

The useof herbicides in the South is not new since agriculture has a long history
of pesticide applications. However, increased herbicide usein forest nanagenent
has occurred precisely when states within the region have recognized potential and
actual water pollution risks from agricultural pesticides. Thus, the genera

public and resource nanagers have questioned the use of herbicides for vegetation
management on forests which are sources for much of the South's streanflow and
ground water

The purpose of this paper is to review the effects of herbicides on soi
productivity and water quality. This is acconplished by discussion of herbicide

characteristics, applications, and environmental interactions as they influence
effects on soil productivity and surface and ground water quality. Soil
productivity effects are discussed in a general context. In regard to water

quality, specific information and research results from Southern studies are used,
where possible, for the individual herbicides considered in this EIS.

HERBI CI DE  USE
Forestry herbicides can affect non-target plants and animals, and surface and
ground water quality at several stages in the usecycle. These stages consist of

(1) storage, (2) transportation, (3) loading and mxing, (4) application, (5)
equi prent  cleanup, and (6) container disposal. During and after application,
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her bi ci de residues usually nove onto the |andscape in a diffused nonpoint source
pattern. It is during this phase that most public concerns for non-target
organisms and water quality arise. The other 5 stages of herbicide use usually
deal with concentrates which constitute potential point sources of environnenta
pol ['uti on. These stages have historically caused the nost environmental problens.
A nunber of publications are available which discuss safe handling of herbicides
during all phases of chem cal use (Neary and Taylor 1984; Singer 1980; USDA- USEPA

1975).

Most environmental fate and iqpapt studies conducted on forestry herbicides have
focused on off-site movement during and after application. It is during this stage
of herbicide use that nmost adverse public reactions and concerns for environmenta

quality occur. The bulk of this paper wll deal precisely with this aspect.
However, references will be mde to problems wth concentrated naterials

ECOSYSTEM  FATE

When herbicides are applied to forest ecosystems, a nunber of processes affect the
environnental fate and inpact of these chenicals. Understanding these processes is
important to determining the environmental inpact of herbicide use in vegetation
management  programs.  To reach such an understandi ng, we nust consider the
important zones and processes involved in herbicide application, novenent and
transformation (figure 1). The key environmental zones are the atnosphere,

above- ground vegetation, soil surface, soil rooting zone, unsaturated zone bel ow
the rooting depth, and ground water

Her bi ci des and their breakdown products are transported within ecosystems nainly
through the water cycle. Precipitation, evaporation, runoff, |eaching, and root
uptake are the major water pathways. Wthin the wunsaturated and saturated soi

zones and geologic strata, novement can be lateral, upward, or downward. These
processes, as they operate in forested watersheds, are discussed,in great detail by
Hew ett (1982), Anderson and others (1976), and Crossley and Swank (1987). Runoff,
| eaching, root uptake, and novenment in soil and ground water are the prinary

hydrol ogi ¢ processes governing herbicide novenent. Precipitation and evaporation
are the principal driving forces in the water cycle.

A variety of processes occur within the environmental zones which affect the gain
or loss of herbicide residues within the system (figure 1). The inportance of
these processes on' any given site is deternined by individual herbicide
characteristics, «climtic factors, soil-water properties, and indigenous

or gani sms. These processes have been analyzed and discussed in considerable detai
(Bance 1980; Grover 1988). The purpose of the discussion here is to give the
reader an overview of these key environnental fate processes

HERBI CI DE  CHARACTERI STI CS

The inportant characteristics which distinguish herbicides and their potentia
effects on the environment are listed in table 1. Formulation, solubility, and
vapor pressure are the key physical characteristics of herbicides which affect
environnental  fate. The other. characteristics listed in this table involve
interactions wth the environment and are discussed later.
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Table |.-Inportant environmental characteristics of the silvicultural herbicides in Region 8

Solubility Half-  Photo- M cr obi al Rydro- Adsorp.

Name %5 C Lifel Degradation Degradation lysis volatil. Coeff. LD50% o507

pem days ma/kg mg/kg
2,4-D 3,000,0002 28 M nor Yes ves  Yes ()8 0.59 375 168 (F)
2,4-DP 710 10 M nor Yes No Yes (r) 0.5 532 1
Dicamba 4,500 25 No Yes o N 0.1 757 135
Fosamine 1,790,000 <10 No Yes N No 20.0 24,400 670
Glyphosate 12,000 61 M nor Yes No Low 16.5 4,320 > 1,000
Hexazinone 33,000 30 Yes Yes No  Low 0.2 1,690 370
Imazapyr 15,000 30 Yes Yes No No 0.3 > 5,000 XlOO
LFol0 —3 5 No Yes No  Yes 0.8 > 28,0001 > 1

7,380

Picloram 430,000 63 Yes Yes Yes No 0.6 8,200 21
Sulfometuron 3005 10 No Yes Yes No 0.7 > 5,000 12
Tebuthiuron 2,500 392 No Yes No  Low 2.4 644 112
Triclopyr 430 46 Rapi d Yes No Low 1.5 630 148

1 Average half-life

2 Amne salt formulation

3 Light ruel GI is not water soluble

4\t er solubility fOr pocassium sal t

5 solubility at pH 7; 10 pom at pH 5

6 60, technical grade, for rats; for formiation
7 weso for bluegi Il sunfish, 96 hrs, see appendix A, tablesé-8t0 6-19
8 Formulated product

9 See appendix A, chapter 4

[.0 Light fuel oil

11 First figure kerosene and t he second di esel
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The formulation of a herbicide consists of the active ingredient and inert carrier
materials. Chem cal manufacturers mx these nmaterials into their trade fornulation
to provide easy application and efficient weed control. Variations in formulations
can be due to changes in either the active ingredient or the inert materials. The
whol e range of formul ations have been discussed in detail (sassman and others 1984).
The inert carrier materials are *"inert® only wth regard to their herbicidal
properties. They range fromclay to petrol eumsolvents. Like all chemcals, their
effects on plants and aninals can vary. Formulations are inportant since changes
by individual chem cal manufacturers can affect the other two physical
characteristics, solubility and vapor pressure. The most comonly used forestry
herbi cide formul ations are liquid concentratesi wettable powders, granules,

pel lets, enulsifiable concentrates, and soluble powders (Neary 1985b). The type of
formulation for a particular herbicide also affects the application systemand the
potential for off-site movenent.

Herbicide  formulation can directly affect solubility. An exanple is 2,4-D; the.
dimethylamne salt of 2,4-Dis totally water soluble while the butoxyethanol ester
of 2,4-D is essentially insoluble in water (WSSA 1986). The solubility of

herbi cide active ingredients in water is also one index of potential for off-site
movenent . In general, herbicides with high water solubility have the greatest
potential to move by stormrunoff into streans and |akes or by deep | eaching into
an aquifer. Some exceptions occur when herbicides interact strongly with the soil
cheni cal / bi ol ogi cal system Al of the herbicides discussed in this EIS are fairly
soluble (table 1), and some are very soluble (fosam ne, hexazinone, inazapyr,
picloram and tebuthiuron). @Qyphosate is an exception to the solubility -
transport rule-of-thumb. Although it is readily solunlein water, its potential to
move is very lowsince it is strongly adsorbed onto organic matter in the soil.

Most of the forestry herbicides have | ow vapor pressures and thus are not prone to
vol atilization losses (table 1). In addition, many are in stable solid
formulations (i.e. pellets, granules, solunle powders, and wettable powders).
Herbicides in liquid formulations are mainly non-volatile salts or lowvolatile
esters.

APPLI CATI ON

Application systems for forestry herbicides are discussed in some detail in the

Ri sk Assessment (appendix A chapter 11) and el sewhere (Cantrell 1985 MIler and
W 1liamson 1987). The environnmental effects of herbicides are influenced strongly
by application conditions including placement, system fornulation, rate, tining,
use pattern, and buffers. CQther things being equal, it is minly the prescription,
application, and execution which determine the severity of environmental inpacts.
There are almost infinite combinations of these factors to consider. Qur purpose
is to briefly discuss someof the inportant concepts and conparisons.

PLACEMENT: Her bi ci des can be placed on the foliage or stens of target plants, on
the soil, or directly into stems. Foliar application generally involves a greater
hazard because herbicides are spread through the air. They can be noved around by
aerial drift, washed off plant |eaf surfaces, or physically dislodged. Soil
applications may result in a |ower hazard of off-site novement, but introduce
additional problenms of runoff and leaching. Soil-active herbicides usualy do not
enter the target plants as rapidly as foliar ones. Drift potential is reduced to
near zero if solid formulations are used. The least potential hazard comesfrom
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direct injection into the target plant since nearly all the herbicide is placed
where washoff, runoff, and drift does not occur. However, careless cleanup of
equi pment nay result in water contam nation by direct runoff into streams or_
leaching into wells.

SYSTEMS.  various herbicide-application systens are conmercially available
(Cantrell 1985). The choice of system affects the potential environmental inpact
and fate of a herbicide. For instance, ground spray systens are not subject to the
same drift problems as aerial ones although drift can still occur. Anong aerial
application methods, helicopters give a greater degree of placement control than
fixed-wing aircraft. The type of nozzles selected for spray equipment and the
operating pressure of the system directly affect droplet size, distribution pattern
and drift potential. A nore conplete discussion of this topic is found in chapter
[, section D of the EIS.

FORVULATI ONS: The chemcal fornulation of a herbicide can also affect

environnental  fate. For instance, hexazinone is available in a solid as well as a
liquid formulation. For aerial application, the solid formulation is much easier
to control. Except for short-distance dust novenent, drift is not a hazard with
aerial application of solid formulations. Also, differences in the chemcal , ,
properties of different liquid formulations can affect environnental fate and
movenent .

RATE:  Herbicide application rate strongly affects environnental inpact and fate.
Rates can vary from0.1 to 5.0 kg/ha (1 oz/ac to 5 1b/ac) active ingredient,
depending on the herbicide and target vegetation. Cobviously, with a low rate of
herbicide application, residues wll dissipate faster, potential exposure of
non-target organisms wll Dbe lower, and the amount of chemcal available for
off-site transport into surface water or ground water wll be less. Selecting
herbicides which wll effectively control target weeds at low application rates
reduces potential adverse environmental inpact.

TIMNG  Timng of herbicide applications in relation to climtic conditions and
the growing condition of vegetation is inportant. Cften timing is the difference
between safe and unsafe use of the same herbicide. This difference can be a mtter
of seasonal, daily, or hourly timng. Application of a highly soluble herbicide
during a dry period with few and low intensity storms presents a far different
hazard to water quality than during a rainy season. The sanme contrast occurs
between clear versus rainy or foggy days. Herbicide applications during early
norning hours wth light wnds, or md-day when wnds are gusty, present two
different hazard Ilevels.

USE PATTERN. ~ Another inportant factor determning the environmental inpact of
herbicides 1s their use pattern. Cenerally, forestry use of herbicides is of low
intensity conpared with agricultural wuse. Forestry herbicides are normally applied
once or twice in a 25-to 75-year rotation. Agricultural usage is yearly or even
nmonthly during the growing season. The current level of herbicide use on national
forests in Region 8 (appendix A chapter 1) involves annual applications to only 1
percent of the national forest land base. The two types of special use areas that
have herbicide use patterns simlar to agriculture are seed orchards and

nurseri es. They occupy very small land areas and are being handled with separate
environmental  inpact  statenents.
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BUFFERS:  The presence and size of buffers has a |arge effect on the potential
inpact of herbicides on water quality. Buffers are used as a mtigation neasure to
reduce or prevent herbicide novement into water. The size of buffer needed is a
function of the chemstry of each herbicide , the application system and the
sensitivity of the water resource. FEffect of buffer size is discussed in later
sections and in the R sk Assessnent (appendix A).

Dl SAPPEARANCE OF HERBI Cl DE RES| DUES

Once a herbicide is applied to a site, it is subjected to natural processes
eventual |y resulting in its disappearance. The herbicides-initially are retained
on-site by being deposited on foliage and litter surfaces, placed directly into
vegetation, applied within an inert granule carrier, or adsorbed onto so

surfaces.  Their disappearance is a conbination of two groups of processes,
transport and degradation

RETENTION  PROCESSES.  These processes are inportant in assuring either that the
herbicide gets to its target or is kept on the treated site. Foliar penetration is
a key process in getting herbicides through the waxy |eaf surface and into the
target plant. There are many kinds of adjuvants or herbicide fornulations which
aid this process. Injecting herbicides directly into trees is one obvious way of
easily getting herbicides to the target. Herbicides applied in granular
formulations are easily placed on-site and then held there until rainfall can
disperse the active ingredient. Once herbicides enter the soil, adsorption is an
inportant  process. Organic matter content is very inportant in determning
adsorption as it relates directly to the soil's ability to retain chemca
residues.  The higher the organic matter content of the soil the greater the
potential to retain herbicide residues.

TRANSPORT ~ PROCESSES:  Herbicide transport processes include drift, foliar and stem
washoff (al so physi cal dislodgment), volatilization, plant uptake, [eaching,
surface runoff, and subsurface flow  Through these processes, herbicides nove
within a treated area and fromtarget vegetation to water or non-target organisns.
Al'l these nmovenment processes are affected by a conplex set of chemcal, physical
climtic, hydrologic, edaphic, and biologic factors.

Drift is the novenent of herbicides in air as suspended droplets or dust. Rainfal
can cause foliar and stem washoff after herbicide application, removing herbicide
residues from plant surface-s and transporting them to the soil.  volatilization
occurs while herbicides are still exposed to sunlight and air, and involves

chemical nmovement in the vapor phase in air. Plant uptake renoves herbicides from
foliage and bark surfaces or from the soil, and tenporarily or permanently,
depending on the herbicide, removes them from transport. Leaching rmoves herbicides
through litter, soil, and out of the plant rooting zone. Surface runoff rapidly
transports residues off-site either in solution or adsorbed to sedinent

Subsurface flow of water renmoves herbicides in solution fromthe treatnment site in
slower ground water flow.

DECRADATION ~ PROCESSES:  Processes that break down herbicide chemcal structures
include phot odeconposi tion, mi crobial and plant netabolism thermal degradation,

and hydrolysis. These processes, along with those that transport herbicides
determ ne the degree to which a herbicide persists in the environment. Herbicide
persistence is advanta?eous for controlling target vegetation, but can be a

di sadvant age because of novement off-site or toxicity to subsequently planted trees.
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Some herbicides readily photodegrade, some do not, and some do so only in water
There are many micro-organisms in the soil that can utilize herbicides as energy
sources and break down these chemicals into sinpler structures. In addition
plants can alter herbicide structures while the herbicides are affecting the
plant's  physiology. Herbicides are also degraded into sinpler conpounds by
physical -chemical  processes like hydrolysis

SaOL  PRODUCTIVITY

|SSUE.  One concern about herbicide use in southern forests is their |ong-term
effect on soil productivity. Does introduction of synthetic chenicals into the
forest vegetation and soil system produce adverse, advantageous, or neutra
changes?  This question can be answered, in part, by exanmning tree growh
responses, erosion effects, and soil micro-organism inpacts

TREE GROWTH

Many studies clearly denonstrate that tree growh responds positively to herbicide
applications in the South (Bacon and Zedaker 1987; Knowe and others 1985; Nelson

and others 1981; Swindel and others In Press). Application mstakes can cause tree
mortality, but the vast majority of experience is with successful treatnent

results.  Elimnation of conpeting plants early in a stand's rotation can have
significant inpact on short-termand | ong-term productivity (glover 1985, M chae
1980, 1985; Swindel and others In Press). Plant nutrients are in short supply in
many soil types of the South due to past |and useabuses or pedogenic factors. The
body of information available now indicates that herbicide usecan significantly
increase forest productivity (Neary and others In Press).

ERGSI ON

Excessive erosion is currently degrading the productivity of mny agricultura
soils in the South (Larsen and others 1983). Many forest stands in this region
were established on sites that were eroded and inpoverished by abusive agricultura
practi ces. Qur present forests stabilized eroding soils and have been rebuil ding
productivity over the past 50 - 80 years.

Erosion and soil dislocations wthin sites have been identified as potentia
negative inpacts on future forest productivity in the South (Neary and others
1984). The litter and surface soil horizons are crucial for the maintenance of
site productivity. The bulk of the nutrients that pronote good tree growh are
found in these surface layers. Any activities which remove or redistribute these
horizons can be potentially damaging to forest productivity. Mechanical site
preparation (Beasley 1979; pouglass and Goodwi n 1980) and burning (pouglass and Van
Lear 1980) have been traditionally practiced to remove obstructions, elimnate
competition, and prepare sites for planting. However, intensive nechanical site
preparation has been identified as a major factor adversely affecting site
productivity.

Herbicide use for site preparation, even in steeper terrain, causesvery little
erosion and maintains good hydrologic conditions. Herbicides do not disturb the
soil and usually | eave a good litter layer which mtigates raindrop inpact,
promotes  infiltration, and greatly reduces erosion. Examining erosion from a
variety of site preparation techniques and locations in the South, it is evident
that herbicide use resultsin sediment yields more similar to undisturbed
wat er sheds than mechanically prepared ones (able 2).
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Table 2.--Sedinent yields from
after site preparation
Ref erence Treat ment
Neary and Control
others 1986 Her bi ci de
Douglass and Control
Van Lear Burned
1983
Dougl ass and Control
Goodwi n Kg, D sk, G ass
1980 Kg
Kg,Disk
Beasl ey 1979 Contro
chop
Shear
Bed
Beasl ey and Control
ot hers Shear, Wnd.
1986 Her bi ci de
Ri ekerk, 1982; Contr ol
and Neary Burn, Bed
and others Windrow & Bed
1982

forest watersheds
Sedi ment  Loss
8 of
Mass Control
kg/ha
67 ——
170 254
39 -—=
44 113
35 —
720 2,057
3,501 10,000
9,730 28,700
620 —_—
12, 540 2,023
12, 800 2,065
14, 250 2,298
1472 -
1, 005 684
205 139
3 S
7 233
36 1,200

ace

uce

LCP
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1P-= Piedent; UCP = Upper Coastal Plain: and LCP = Lower
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2 Second year data used due to very high stornflow
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Evi dence on erosion clearly points to the benefits of herbicide use in southern
forestry.  This is true first fromthe viewoint of reducing adverse site
productivity by maintaining scarce nutrients. It is also true regarding water
quality inpacts. Sedinment is the higgest water quality problem in the region
(Larsen and others 19831 and herbici des show a very positive effect (veary and
others 1986).

SO L  CRGANI SMV5

Does herbicide use adversely affect soil flora and fauna? Certainly the renoval of
a live vegetation canopy has significant effects on the thermal and noisture

regimes of the forest floor and soil horizons. But the resulting changes in soi
organisms are due more to physical than chemical effects (Mwyack and others 1982).

The micro- and macro-organisms found in the forest floor and soil horizons play
very inportant roles in the functioning of forest ecosystems. They are inportant
in processes such as organic mtter deconposition, nutrient nineralization,
nitrogen transformations,  respiration, soil structure and porosity formation, etc.
Overviews of herbicide effects on soil organisns are provided by Eijasackers and
van de Bund (1980), G eaves and Mal koney (1980), Greaves and others (1976), and
Martin (1963). Although stinulatory as well as inhibitory responses have been
observed in mcro-organisms, much remains to be |earned about the conplex
interactions between soil organisnms and herbicides. Effects are very nmuch
dependent on the herbicide, application rate, and soil environment factors. \here
adverse effects have been observed, herbicide concentrations exceeded those
measured under actual operational conditions (Fletcher and Friedman 1986). There
is, however, a general consensus that herbicide usage at nornal forestry rates does
not reduce the activity of mcro-organisns.

CONCLUSI ONS: There is no evidence that the herbicides currently used in forest
managenent in the South produce any adverse effects on site and soil productivity.
There is substantial evidence that herbicide usage asa.Silvicultural tool can
increase site productivity.

WATKR QUALI TY

The occurrence and significance of herbicide residues in surface waters result from
a complex set of factors. Occurrence depends on the type and |ocation of surface
water, mixing and dilution of streanflow, herbicide properties such as solubility
and degradation potential, nmethod and timng of application, timng and amunt of
rainfall, site characteristics, and soil properties. The biological significance
of a residue concentration depends upon water usage, toxicity levels, and

exposure. The legal significance depends upon water quality standards

OCCURRENCE

The concentrations of herbicides in surface waters depend largely on the type of
water and location in relation to the application area. Streans generally have the
nost  variable concentrations, and surface flow fromfirst-order drainages contains
the highest residue concentrations. Streans receiving herbicide residues in flow
from ephemeral channels generally have concentrations one to two orders of

magnitude higher than those receiving only subsurface flow Wtlands close to
treatment areas may contain higher residue levels because of their smll size and
lack of flushing. Herbicide concentrations in |akes depend on residue inputs, |ake
size, and recharge by ground water or streanflow.
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M xing and dilution are very inportant in determ ning anount and duration of
her bi ci de residues in surface waters. Neary and others (1983) neasured hexazi none
concentrations that averaged 0.442 ppm (mg/L)} in stornflow from 2.5 ac (1 ha)
ephener al wat ersheds, but were less than 0.002 ppm during the sanme storm downstream
at a 250 ac (100 ha) wat er shed. This resulted in an actual dilution factor of 221
conpared to a straight area ratio of 100. Wthin |arge watersheds (50,000 ac or
about 20,000 ha) entirely under intensive silviculture, dilution factors for
forestry herbicide residues could range from30 to 45,000 tinmes. The former value
is a straight area ratio based on herbicide treatnent of each unit area of |and
once in a 30 year rotation. The latter value is based on only one unit area (1 ha
or 2.5 ac) of the large watershed being treated with one particular herbicide and
application of the field-measured dilution factor (221).

Her bi ci de properties such as use rate, solubility, adsorption coefficient, and
half-life are very significant in determning the amounts of residues which enter
into surface waters. Herbicides with a typical use rate of greater than 4.0 kg/ha
(greater than 3.6 1b/ac) are nore likely to be detected in surface flow than those
used at less than 0.40 kg/ha (less than 0.36 1b/ac). Solubility is a general index
of potential to nmove in water, but there are exceptions. Posi tively charged

gl yphosate is highly soluble in water but generally does not nove off-site to any
appreciable extent since it is quickly adsorbed to organic matter in the soil and

i mobi | i zed. Negatively charged picloramis highly soluble and easily nobile.

Al t hough pi cl oram can be adsorbed to the soil it is readily desorbed and

mobilized. A herbicide |ike sulformeturon nethyl, with a short half-life of |ess
than 10 days, is less likely to nove into surface water than tebuthiuron (half-life
of 392 days)(table 1). Herbicides subject to photodegradation are also less likely

to be found in surface water

The method and timng of applications is extrenely inportant. GCenerally, the risk
of water pollution is less with ground applications than aerial ones, and granul ar
forrmul ations are easier to control than liquid formulations. The type of equipnent..
used and the timing in relation to climtic and vegetation--variables are also
critical.

Rainfall timng, anount, and intensity affect herbicide concentrations in

streanf| ow. These effects are very nuch a result of the type of hydrol ogic

response (surface runoff versus subsurface flow). Very large storns (greater than
25 year return period) generally do not result in high herbicide concentrations
because of ~ dilution by large flow vol unes. Likewise, small storns (less than 1
nmonth return period) rmay not produce sufficient stornflow It is the intermediate
storns that produce the higher concentrations.

Site characteristics |ike topography, treatnent-area size in relation to watershed
area, and distance to nearest perennial streamare other factors affecting
occurrence of herbicide residues in surface waters. Soil characteristics are al so
i nportant. Oganic matter is the nost inportant factor. Soils high in organic
matter have a large potential to retain herbicide residues in an adsorbed condition
while soils lowin organic matter |ike sands have a | ow capacity to hol d herbicide
residues wthin the soil profile.

S| GNI FI CANCE

I f herbicide residues enter surface or ground water, their significance is
determ ned by residue duration, water usage, chemical toxicity, and potenti al
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exposure of humans, animals, or plants. gor many herbicides there are no water
quality standards because of their low toxicity, the infrequency of their
occurrence in drinking water supplies, and the recent nature of their use in
forests.  Herbicides such as 2,4-p (0.100 ppm) and picloram (1.050 ppm) have
established drinking water quality standards (NRC 1983)

One inportant isieto consider is the distinction between contan nation and
pollution. Al water is contaninated. That is, no surface or ground water is
pure. Al water contains varying levels of other elements or conpounds. On the
other hand, water is normally considered polluted only when concentrations of
contamnants exceed a water quality standard and threaten some use of the water.
In the case of herbicide residues in water, the scientific  contam nation/pollution
distinction often conflicts with individual perceptions of risk. As analytica
instrumentation and techniques inprove, herbicide residues are being measured at
lower  concentrations. Detection of herbicide residues, other conmpounds, or

el enents does not inply that pollution has occurred or that a health risk exists.
Thus, objective evaluations of the significance of short-duration, |owleve
concentrations of herbicides in water mustbe Made

HERBI Cl DE RESI DUES in SURFACE WATERS

The remainder of this section will discuss the occurrence of herbicide residues in
surface water. Data from the South will be used where they are available
References from other forest ecosystens will be used to augnment thesedata where
information on particular chemcals is |acking

2,4-D.  This is one of the phenoxy herbicides that functions as a plant growth
regufator.  Since its introduction into forestry in the late 1940's, it has become
the nost widely used and intensively studied forestry herbicide still in use
(Norris 1981a). A large variety of fornulations are available comercially

. (Sassman and others 1984). Salt formulations are readily absorbed through the
roots of weeds, and ester formulations are nost easily-absorbed through the foliage

Toxi col ogi cal studies indicate that most formulations are mldly toxic to manmals
and birds (table 1). 2,4-D does not bioaccunulate to any appreciable extent. It
is highly soluble in water and is translocated and metabolized readily within
plants.  Persistence of 2,4-Din forest soils is rather short (less than 4 weeks)
as it is degraded by mcrobes, translocated into plants, and photodegraded to a
limted extent (Norris 1981b). Volatilization is dependent on formulation.
Transport |osses fromsoils to water are nediated by organic matter, |ow surface
runoff in nost forest soils, and moderately rapid nicrobiological degradation.

A review of 2,4-Dresidues in water after forestry applications in the Pacific

Nort hwest indicated that 90 percent of the streanflow sanples contained no 2,4-D
and the remainder had an average concentration of |ess than 0.040 ppm (sassman and
others 1984). 2,4-D was applied to all but a narrow (less than 5 m) buffer strip
of Watershed 6 (9 ha or 22 ac) at the Coweeta Hydrol ogic Laboratory in western
North Carolina (pouglassand others 1969). Application of 3.4 kg/ha (3.0 1b/ac) in
760 L of water carrier by a ground spray systemdid not result in any detectable
2,4-D in the stream

Throughout the South, 2,4-D is used for injection of hardwood stems. This
application nethod is |ess hazardous than spraying and is the commonest 2,4-D
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application method in national forests. A recent operational monitoring of 2,4-D
injections in A abama, Ceorgia, Tennessee, and Kentucky did not detect residues of
this herbicide in streanflow fromtreated watersheds. In nost of these
applications, mnimmbuffers of 9.1 m(30 ft) were maintained

2,4-pp: This herbicide is also a phenoxyacetic acid chemcal and very closely
related to 2,4-D (Norris 1981a). It is available in a variety of formulations Iike
2,4-D ntis less soluble and degrades faster (table 1). There is virtually no
information on the fate of 2,4-DP residues in forest watersheds in the South.

DICAMBA:  This herbicide is a benzoic acid derivative used as a pre- and
post - energence treatment on broad | eaved weeds and brush resistant to phenoxy

conpounds. It is available in several formulations including water soluble salt
and granular formulations. Dicanba is readily absorbed by |eaves and roots and
translocated wthin plants. It is an auxin-like growh regulator for plants but is

only slightly toxic to aquatic and terrestrial animals (table 1). Dicanba does not
bioaccunulate nor  photodegrade, but is readily netabolized by plants and
mcro-organisms (Smith and Cullinore 1975). It has a noderate half-life in soi
(table 1).

Because of its high solubility and |ow soil adsorption (table 1), dicanba is a
fairly nobile herbicide (Norris and Montgonery 1975). Spray application of 1.12
kg/ha (1.0 1bsac) to about 25 percent of a watershed in Oregon produced a maxi mum
stream concentration of only 0.037 ppmwhich was attributed to spray drift.
Concentrations of dicanba in streanflow did not persist nuch beyond 2 days. Ot her
studi es have only neasured low (less than 0.001 ppm) and infrequent concentrations
of dicanba. Mcro-organisms in water are veyinportant in dicanba dissipation in
surface waters (Scifres and others 1973). As with 2,4-DP there is virtually no
information on dicanba movenent in forest watersheds of the South. Based on data
fromthe Pacific Northwest, dicanba residues woul d not be expected to be very high
nor persist |ong because of mcrobiological activity (Norris 1981b).

FOSAMNE:  This herbicide is a selective chemcal that is absorbed, translocated
and netabolized within plants. Fosamine does not photodegrade, but degrades
rapidly in soil due to mcrobial activity (table 1). [Its short half-life is a
function of rapid mcro-organi smnetabolismand strong adsorption in soils.
Fosam ne does not bi oaccunul ate because of the ease and speed with which it is

net abol i zed. In Water, fosanfne is subject to adsorption onto sedinents and rapid
mcro-organism  attack. There is virtually nothing in the [iterature to indicate
expected fosam ne concentrations in surface waters under operational use
conditions, and no data exist for southern forest watersheds.

GLYPHOSATE: This is a broad spectrum herbicide that is very effective on a nunber
of forest weed species. The isopropylamne salt fornulation is soluble in water
but glyphosate is strongly adsorbed in the soil (table 1). This herbicide is
readi |y absorbed and translocated within plants but is not metabolized. The ngjor
degradation pathway is mcrobial breakdown in the soil although varying rates
result in a longer half-life than some of the other herbicides (table 1).

d yphosat e does not photodeconpose to any extent and does not volatilize (Rueppe
and others 1977). It is low in toxicity to aquatic and terrestrial organisns.

d yphosate residues up to 5.2 ppm have been neasured in runoff fromagricultura
fields wth high transport of sedinent. Residues in canals from weed control wth
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gl yphosate on ditchbanks were considerably | ower (0.010 ppm) (Sacher 1978). Aerial
application of glyphosate to a forested watershed resulted in low initial
concentrations in streanflow (0.070 ppm). No buffer strips between the perennial
stream and the herbicide-treated area were used. A peak concentration of 0.550 ppm
occurred 14 days after application with a rapid decline in concentrations because
of mcro-organism degradation (Newton and-others 1984). No data are available
from applications in southern forest watersheds.

HEXAZI NONE: Hexazinone is a selective triazine herbicide that controls nany
annuals and perennials. It is a very effective and wdely used forestry herbicide
because many conifers can tolerate it at rates that control conpetition. Ganular
and liquid fornulations are available.

Hexazinone is practically non-toxic to aquatic and terrestrial organisnms and
established toxicity thresholds are not experienced in the environment (table 1).
Since hexazinone is readily soluble in water, it is susceptible to off-site
movenent by surface runoff and |eaching. It is degraded by mcrobial action and
phot odeconposition (Rhodes 1980). Hexazinone is not prone to loss by
volatilization. Its half-life is generally less than 30 days, but varies between 2
weeks and 6 nonths, depending on soil and climtic conditions. SOME phytotoxic
met abol ites are produced by microbial degradation buthey are generally
short-|ived.

Hexazinone fate and transport in southern forested watersheds is better docunented
than any of the other herbicides. Mller and Bace (1980) reported high
concentrations (up to 2.400 ppm) fromdirect fall of hexazinone pellets into a
perennial  stream  The pellets were accidentally dropped when a helicopter overflew
a streamside buffer zone on one pass. Concentrations fell wthin 24 hours to 0.110
ppm and by 10 days were down to less than 0.010 ppm In another aerial application
in Tennessee, pellets were applied to less than 20% of a large watershed but no
streans were overflown (Neary 1983). Consequently, hexazinone was never detected
in streanflow during a 7 nonth period following application.

In a more detailed study in the upper Piedmont of Georgia, four small epheneral
wat ersheds (1.0 ha or 2.5 ac) were broadcast-treated with hexazinone pellets at a
rate of 1.68 kg/ha (1.5 1b/ac) (Neary and others 1983). For the next year surface
runoff from 26 storms was collected to determne hexazinone transport in

streanf | ow. Resi dues peaked in the first storm (0.442 ppnm) and declined steadily
thereafter. Loss of hexazinone fromthe treated sites averaged 0.53 percent with
two storms accounting for nearly 60 percent of the off-site transport. subsurface
movenent in baseflow occurred 2 nonths after the hexazinone pellet application,
lasted for less than 2 weeks, and produced a short-term pulse with a peak of 0.024

ppm.

Hexazi none was applied to a 11.5 ha (28 ac) watershed in Arkansas as a liquid spot
application with sonewhat different results (Bouchard and others 1985). The
aﬁplication rate for this study was slightly higher than in the Georgia study, but
the ephemeral channels were not treated. As a result, hexazinone residues were
never detected in surface storm runoff. Baseflow fromthis watershed continued to
carry low |l evels of hexazinone (less than 0.014 ppm) for over a year. Simlar
concentrations (0.006 to 0.036 ppm) were neasured in streanflow in another set of
spot treatnents in Aabama and Georgia.
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| MAZAPYR ~ This herbicide is newto southern forestry. Inmazapyr conmes from the
imdazolinone fam |y of chemicals and is a very effective, broad-spectrum

her bi ci de. It is practically non-toxic to aquatic and terrestrial organisns (table
1). |mazapyr has a | ow adsorption coefficient and intermediate half-life of 19-34
days. It is degraded by m cro-organisns, photodeconposes, and does not

bi oaccunul at e. I mazapyr is readily absorbed through foliar and root surfaces and
easily translocates to meristemtissues.

Application of imazapyr by air to 40 to 121 ha (99 to 299 ac) watersheds in Al abama
produced peak streanflow concentrations of 0.130 ppm where a streansi de managenent
zone was enployed (M chael 1986). However, this concentration lasted less than 4
hours, and daily average peak stream concentrations did not exceed 0.030 ppm In
180 days of nonitoring after treatnent only 4 of 184 stream sanples contai ned
quantifiabl e residues of imazapyr.

| mzapyr half-life was determned in treated vegetation and soil in Alabama. The
half-1ife for vegetation under field conditions ranged from12 to 35 days and in
soil from 19 to 34 days.

LIGHT FUEL QL: There are no data in the literature on the concentrati ons and
movement of [ight fuel oil in forested watersheds of the South.

Pl CLORAM Thi's herbicide belongs to the picolinic acid famly of chemcals and
functions simlarly to the phenoxyacetic acid herbicides in mmcking growh

hor nones. It is very effective on many resistant woody weeds (Nrcc 1974) and is
used nost frequently as a salt formulation in conbination wth 2,64-D

Picloramand its salts are relatively nontoxic to nbst non-target organisns

i ncl uding mcro-organisns, fish, and birds (table 1). Since picloram is fornulated
as a potassiumor isopropanolamne salt, it has a high water solubility. That
combined-with a relatively | ow adsorption coefficient nakes water contanmnation a
concern with the use of piclotam This is particularly-the case since many
vegetabl e crops are sensitive to picloramat concentrations as |ow as 0.010 ppm
(Baur and others 1972).

Losses of picloramdue to volatilization are | ow and photodegradation occurs only
in direct sunlight. Picloramis only slowy degraded by m cro-organisns which is
why it has one of the longer half-lives (table 1), Half-life of picloramis
climte and soil dependent and can be as short as 30 days in hunid-warm climates
and as long as 180 days in cold-dry ones (Nrcc 1974).

Pi cl oram concentrations in streanflow have been studied extensively in a nunber of
ecosystems (NRCC 1974 ). Applications to rangelands in Texas have produced peak
concentrations of up to 2.170 ppm usually this involves surface runoff shortly
after application with no buffer strip

Pi cl oramwas manual |y broadcast at a rate of 5.0 kg/ha (4.5 1b/ac) to 17% of a 30
ha (74 ac) watershed in the Appal achian Muntains (Neary and others 1985).

Resi dues of the herbicide were neasured in soil solution on the treatnment site at
concentrations up to 0.350 ppm A 100 m (328 ft) buffer strip between the
application area and a first-order perennial steam reduced picloram concentrations
down to sporadic peaks of |ess than 0.010 ppm during 17 nonths of nonitoring.
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Piclorampellets were also applied to an Upper Coastal Plain site in A abama. on
that watershed, picloram was applied at a slightly higher rate by air (Mchael and
others 1987). Buffer strips for perennial streanms were established but ]
demarcation difficulties resulted in some of the stream areas being overflown.
Streanflow at site of the overflight contained a maximm of 0.241 ppm Picloram
concentrations downstream were diluted down to a maximum of 0.077 ppm but persisted
for over 475 days in the 0.020 to 0.030 ppm range.

SULFOVETURON ~ METHYL: This herbicide belongs to the substituted-urea class of

chem cal s. [t s very low in toxicity to aquatic and terrestrial organisns.

Sul fometuron nethyl is readily absorbed and translocated by roots and foliage. 1Its
solubility in the soil is py dependent, decreasing as acidity rises. Hydrolysis

and mcrobial metabolism are the mmjor degradation pathways which produce a short
hal f-1ife (Anderson and Dulka 1985). Sulfometuron methyl is available in two
formulations, and applied at very low rates (approximtely 0.2 kg/ha or 4 oz/ac).

Sulfoneturon methyl is a fairly new herbicide. [Its environmental fate has been
studied at two sites in the South (Mchael and Neary 1987. The herbicide was
applied as water-dispersible granules and pellets to large (450 ha) watersheds in
Mssissippi, and small (4 ha) watersheds in Florida. A 15m @49 ft) Streanside,
buffer strip was used in the Mssissippi study and a sm@6ft) one in Florida.

At both sites, residues of this herbicide in streanflow were intermttent and did
not persist beyond 7 days (Florida) to 63 days (Mssissippi). The long persistence
in Mssissippi was attributed to low soil tenperatures at the time of application
which slowed hydrolysis and mcrobial degradation. Mst  movenent of sul fometuron
met hyl occurred during the first two storns and the herbicide was not detectable
beyond 150 m downstream  The peak concentrations were very low at 0.007 ppm
(Florida) and 0.044 ppm (M ssissippi).

TEBUTHI URON: Tebuthiuron is another herbicide belonging to the substituted-urea
group.  Unlike sulfometuron nethyl, it has a very long half-life (table 1) and is
more strongly adsorbed in the soil. Tebuthiuron accunulates in plants where it is
subject to netabolic breakdown. It leaches slowy in the soil due to its |ower
solubility and its adsorption tendency. In water, tebuthiuron does not hydrolyze,
and photodegradation losses are negligible.

The movement of tebuthiuron in surface water has been studied mainly on grasslands
of the southwest. Its transport and appearance in streanflow is a function of
sedi nent movement Since the herbicide is strongly adsorbed onto soil surfaces. A
study of tebuthiuron novement (sassman and Jacobs 1986) reported a peak streanflow
concentration of 0.180 ppmfroma 2.2 kg/ha (2.0 1b/ac) application, but residues
were still detectable at low levels (0.007 ppn) 2 years later. Bovey and others
(1978) simulated rainfall on small plots and produced a runoff concentration of
2.230 ppm after application of the same rate of tebuthiuron. However, after 3
months concentrations were down to 0.040 ppm and were not detectable after 13
months.  Emmerich and others (1984) reported | ow anounts of tebuthiuron loss (Iess
than 0.5 percent) from rangelands in Arizona. There are no data available on
tebuthiuron novenent elsewhere in forested watersheds.

TRICLOPYR: This herbicide is a picolinic acid conpound available in anine salt or
ester formulations. It is readily absorbed by roots and foliage and translocates
easily to meristems. Triclopyr is netabolized by bacteria and photodegrades

rapidly. Its half life is less than 10 hours in water but it is nore persistent in
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soils (table 1), It is nmoderately soluble and not strongly adsorbed in the soil,
but studies indicate that it should not be a |eaching problem under normal use(Lee
and others 1986). Triclopyr, like mostof the other forestry herbicides, is lowin
toxicity to wldlife and fish.

In a westVirginia study, triclopyr applied at a rate of 11.2 kg/ha (10 1b/ac) to
smal | watersheds resulted in peak streanflow concentrations of only 0.080 ppm
(McKellar and others 1982). Triclopyr was applied to small watersheds (4 ha or 10
ac) in Florida in both the amne (2.0 kg/ha or 1.8 1b/ac) and ester (1.6 kg/ha or
1.4 1b/ac) formulations. Buffers of 5 mwere left next to epheneral stream
channel s. Monitoring of streanflow for 5 nonths follow ng application did not
detect any residues of triclopyr (Neary and others 1987).

HERBI Cl DE RESI DUES | N GROUND WATER

Contam nation of ground water has become a national priority environmental issue in
the past few years because of grow ng incidents of herbicide residues being
detected in wells. In mostof the South, rural residences depend on ground water
for a water supply. Also, significant areas of the Coastal Plain utilize ground
water for major nunicipal water sources. For the region as a whole, 98 to -100
percent of the rural population relies on ground water while 14 to 89 percent of
the urban population does (Canter and others 1987). Thus it is inportant to
address the issue of potential ground water pollution from operational use of
forestry  herbicides.

In general, forestry herbicides pose a |ow pollution risk to ground water because
of their usepattern. Herbicide use in forestry is only 10 percent of agricultural
usage and likely to occur only once or twice in rotations of 30 to 100 years.
Application rates are generally low (less than 2 kg/ha) and animal toxicities are
low. someof the silvicultural herbicides can affect non-target plants at |ow
concentrations (less than 0.020 ppm) and could affect water quality for

irrigation. ~ Wthin |arge watersheds where extensive ground water recharge occurs,
intensive useof silvilcultural herbicides would occur in a dispersed pattern on
less than 5% of the area in any one vyear. Thus the potential for dilution of
herbicide residues is enornous.

Regi onal , confined ground water aquifers are not likely to be affected by forestry
her bi ci des (Neary 1985a).  Unconfined surface aquifers in the immediate vicinity
of herbicide application zones have the highest risk of contam nation. These
aquifers are directly exposed to |eaching of residues fromthe root zone.
Discussion will focus on these surface aquifers.

SOURCES: In the operational useof silvicultural herbicides there are two types of
sources of herbicide contamnants in ground water. These are point sources which
occur as a result of spills in the transportation, storage, mxing, and |oading
phases of herbicide use. Point source pollution is a hazard with the useof any
chem cal not just forestry herbicides, and accounts for someof the worst cases of
localized ground water pollution. During and after the application of herbicides
in forest ecosystems, movenent of residues into ground water could occur on a
landscape scale. This type of pollution is non-point in nature and will be the
focus of this discussion.
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The data base on ground water contamnation from forestry herbicide use in the
South is very limted. Few studies have focused on the non-point source aspect of
forestry herbicide fate and transport. alseo, because of the infrequent use, and
low application rate of forestry herbicides, few aquifer contamnation problens
have arisen from operational application of forestry herbicides. Some information
for typical operational conditions is available for hexazinone, picloram
sulfoneturon nethyl, triclopyr, and 2,4-D. al1l of these data are from unconfined
surface aquifers within 1 to 6 m(3 to 20 £t) of the soil surface.

HEXAZI NONE: In a study in the Ceorgia Piednont, this herbicide was applied in a
-pellet formulation at a rate of 1.68 kg/ha (1.5 1b/ac) to four small (1ha)
first-order watersheds (Neary and others 19831.  Subsurface nmovement of hexazinone
I n baseflow Was detected 3 to 4 months after application of the herbicide during
dry weather. concentrations of ground water entering perennial stream channels
were very low (less than 0.024 ppm), and were short in duration (less than 30

days).  The peak hexazinone concentration was 25 times |ower than one suggested
water quality standard for hexazinone (0.600 ppm Leitch and Flinn 1983), and 20
percent of a published Health Guidance Level for agricultural chemcals in ground
water (0.125 ppm NACA 1985). These hexazinone concentrations were never high
enough to adversely inpact even the nost sensitive aquatic species nuch |ess higher
organisms (Mayack and others 1982). s

In an Arkansas study, hexazinone was applied as a liquid formulation in a spot
treatnent (2.0 kg/ha) to an 11.5 ha watershed (Bouchard and others 1985).
Hexazinone residues were neasured consistently in ground water entering perennia
stream channel s as baseflow for over a year after the application. But
concentrations never exceeded 0.014 ppm and were below a suggested water quality
standard by a factor of 42

PICLORAM ~ Use of this herbicide at low rates (less than 1.0 kg/ha) with 2,4-D for
injection has not produced any significant ground water contamination. Monitoring
of a number of watersheds in GCeorgia, Tennessee, and Alabama did not detect

pi cl oramresidues in baseflow originating fromshallow ground water.  Application
of 5.0 kg/ha (4.5 1b/ac) of picloramas a pelleted fornulation for site preparation
was nmonitored inthe Appal achian Muntains (Neary and others 1985). Picloram
residues were detected in baseflow Which fed a spring systemof a first-order

wat ershed for only 18 days and wereless than 0.001 ppm  Infrequent and short
duration pul ses of picloram(less than 0.010 ppm occurred over a 17-month period
ina 10 ha (25 acf first-order perennial stream Peak concentrations were 1
percent of the suggested drinking water standard, 'but close to levels which m ght
affect sensitive agricultural crops. In-channel dilutions between the treated
wat er shed and any potential irrigation intakes were of such a |arge magnitude to
preclude deterioration in irrigation water quality.

SULFOVETURON ~ METHYL: A study of sul fometuron nethyl inpact on shallow ground
water was recenily conpleted in the Coastal Plain of north Florida (Mchael and
Neary 1987). Application of 0.42 kg/ha (0.37 1bs/ac) active ingredient by ground
spray and granule spreading systems to two flatwoods watersheds did not affect
ground water quality. Sanples were collected from 14 wells for a year. \éter in
this highly sensitive ground water system (less than 1 m below the ground surface)
never contained detected herhicide residues. The rate of sulfometuron nethyl
application was relatively low conpared to other forestry herbicides, but high for
this particular chemcal
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TRICLOPYR: Another study of herbicide residue fate and movenent into shal |l ow
ground water was conducted in the Coastal Plain flatwoods. Triclopyr was applied
to small watersheds (4 ha - 10 ac) in both the amne (2.0 kg/ha or 1.8 1b/ac) and
ester (1.6 kg/ha or 1.4 1b/ac) formulations. Mnitoring of 14 surface ground water
wells for 5 nonths follow ng application did not detect any residues of triclopyr
(Neary and ot hers 1987).

OTHER HERBICIDES. G ound water data on the other herbicides analyzed in this
environmental 1npact statement are not available for typical forestry situations.
Additional research is planned to fill these data gaps. The topic of ground water
contami nation by pesticides has becone a national priority research issue. Most
probl ens have resulted fromrepeated applications of agricultural pesticides.

Based on the limted forestry data, which include a very soluble chenical applied
at a high rate (picloram), normal use of the' other herbicides shouié®not pose a
ground water contamnation problem nuch less a pollution one

suMMARY AND CONCLUSI ONS

Thi s paper has exam ned the patterns and types of herbicides used on nationa
forests in the South. These forest ecosystens often overlie major ground water
recharge zones and contain streams often wused for domestic water supplies. W have
discussed the limted herbicide fate and novement data fromtypical forestry uses
to indicate some of the potential inpacts on water quality. The followng

concl usions can be made regarding the inpacts of silvicultural herbicides on the
quality of surface waters and ground water:

1. The majority of herbicide usein intensive forestry will involve lowtoxicity
chem cals applied infrequently (once or twice in 30- to 100-year rotations) over
extensive land areas.

2. Current herbicide application technology exists to mnimze herbicide residue
novenent into sensitive surface waters. Short-duration-residue concentrations of
0.5 to 1.0 ppm mght occur during stornflow On-site degradation processes and
in-streamdilution and degradation result in quick dissipation of herbicide
residues.  Short-termwater quality effects are mninal, and |ong-term water
quality is not adversely affected. Long-termwater quality can be inproved by
herbi ci de usesince stream sedimentation is reduced.

3. Site productivity in southern forests can be increased significantly by
herbicide wuse. There is no docunentation or indication of adverse biological -
effects fromuseof the silvicultural chemcals, examined in this environnenta
inpact  statenent.

4, At currently registered herbicide application rates, sone short duration, |ow
| evel (less than 0.024 ppm) pul ses of herbicide residues could enter unconfined
surface aquifers. Detectable residues would not persist for a long tine and woul d
not be likely to exceed water quality standards. Contam nation of regional ground

ﬁatgrlgquifers is not likely with even intensive operational useof silvicultural
erbi ci des

5. The greatest hazards to surface and ground water quality arise froma possible
accident or mshandling of concentrates during transportation, storage, mxing and
| oading, equipnment cleaning, and container disposal phases of the herbicide use
cycle.

c-19



LITERATURE CITED

Anderson, H W Hoover, M p., Reinhart, k. G 1976. Forest and water: effects
of forest managenent on floods, sedimentation, and water supply. Gen. Tech.
Rep. PSW18. Davis, CA U S Dep. Agric., For. Serv., Pac. Southwest. For.
& Range Exp. Stn. 115 p.

Anderson, J. J.; Dulka, J. J. 1985. Environmental fate of sulfoneturon nethyl in
aerobic soils. J. Agric. Food Chem 33: 597-602.

Bacon, C G; Zedaker, S. M 1987. Third-year growth response of 1loblolly pine to
eight levels of conpetition control. south. J. Appl. For. 11 91-95,

Baur, J. R; Bovey, R W; Mrkle, M G 1972. Concentration of picloram in runoff
water. Weed Sci. 20: 309-313.

Beasley, R S, 1979. Intensive site preparation and sediment loss on steep
watersheds in the Qulf coastal Plain. Soil Sci. Soc. Am  Pproc. 43: 412-417.

Beasley, R S.; Ganillo, A B; Zllner, V. 1986. Sedinent |osses fromforest .
managenent:  mechanical vs. chemical site preparation after clearcutting. J.
Env. qual. 15: 413-416.

Bouehard, D. C; Lavy, J. L.; Lawson, E. R 1985 Mobility and persistence of
hexazinone in a forested watershed. J. Env. oqual. 14. 229-233.

Bovey, R W, Burnett, E; Myer, R E; Rchardson, C; Lon, A 1978. Persistence
of tebuthiuron in surface water runoff water, soil, and vegetation in the Texas
Blacklands Prairie. J. Environ. oqual. 7: 233-236.

Canter, L. W; Knox, R C; Fairchild, D M 1987. Gound water quality
protection. Chelsea, M: Lewis Publ., Inc. 562 p. :

Cantrell, R L. 1985 A guide to silvicultural herbicide use in the southern
United States. Auburn, AL: Auburn Univ. Sch. For. 575 p.

Crossley, D. A; Swank, W T., eds. 1987. Forest hydrology and ecology at Coweeta.
New York, NY: Springer-Verlag. 469 p.

Douglass, J. E.; Cochrane, D. R; Bailey, G W; Teasley, J. I.; HIIl, D. W 1969.
Low herbicide concentration found in streanflow after a grass cover is Kkilled.
Res. Note SE-108. Asheville, NC. u. S. Dep. Agric., For. Serv., Southeast.
For. Exp. stn. 3 p.

Douglass, J. E; Goodwin, 0. C 1980. Runoff and soil erosion from forest site
preparation  practices. In: U S Forestry and water quality: what course in the
1980s? Richnond, VA: Water Pollut. Control Fed. 22 p.

pouglass, J. E.; Van Lear, D. H 1983. Prescribed burning and water quality of
epheneral streams in the piedmont of South Carolina. For. Sci. 29: 181-189.

c-20



Eijasackers, H; Bund, C. F. wvan de. 1980. Chapter 10: Effects on soil fauna. In:
Hance, R J., ed. 1980. Interactions between herbicides and the soil. New York,
NY: Academ c Press: 255-305.

Emmerich, W E.; Helmer, J. D.; Renard, K G; Lane, J. L. 1984. Fate and
effectiveness of tebuthiuron applied to a rangeland watershed. J. Environ.
Qual, 13: 382-386.

Fletcher, K.; Friedman, B. 1986. Effects of the herbicides glyphosate, 2,4, 5-T,
and 2,4-D on forest litter deconposition. Can. J. For. Res. 16: 6-9

Gover, G R 1985. Gowth response of southern pines to control of conpeting
veget ation. In: Pywell, N A: Neary, D G; Law, B., eds. 1985 Herbicides for
sout hern forestry, proceedings of the 1985 annual spring synposium School of
Forest Resources and Conservation. Gainesville, G.: Univ. Fla, 212-222.

G eaves, M.P.; Davies, H A ; Marsh, J. A P.; Wngfield, G |. 1976. Herbhicides
and soil mcro-organisns. CRC Critical Rev. Microbiol. 5@ [-38. .

G eaves, M. P.; Ml koney, H P. 1980. Chapter 9. Effects soil mcroflora. In:
Hance, R J., ed. 1980. Interactions between herbicides and the soil. New York,
NY: Academic Press: 223-253.

Gover, R, ed  1988. Environnental chemstry of herbicides. Boca Raton, FL: CRC
Press. 208 p.

Hance, R J., ed. 1980. Interactions between herbicides and the soil. New Yor K,
NY: Acadenmic Press. 349 p.

Hewett, J. R 1982. Principles of forest hydrology. Athens, GA Univ. Ga.  Press.
183 p.

Kellison, R C; Gngrich, S. 1982. Proceedings of the synmposiumon the loblolly
pine ecosystem (East region); Decenber 8-10, 1982; Raleigh, NC  Raleigh, NC N
C. State Univ., Sch. For. Resour. 335 p.

Knowe, S. A ; Nelson, L. R; Jerstad, D. H; zutter, B. R; dover, G R; Mnogue,
P. J.; Dukes, J. H, Jr. 1985. Four year growth and devel opnent of planted
loblolly pine on sites wth conpetition control. Sout h. J. appl. For. 9
11-15.

Larsen, W E; Pierce, F. J.: Dowdy, R H 1983. The threat of soil erosion to
long-term crop production. Science 219. 458-465.

Lee, C H; doffs, P, C; Szeto, S. Y. 1986. Persistence, degradation, and nmovenent
of triclopyr and its ethylene glycol butyl ester in a forest soil. J. Agric.
Food Chem 34: 1075-1079.

Leitch, C J.: Flinn, D. W 1983. Residues of hexazinone in stream wash after
aerial application to an experinmental catchnent planted with radi ata pine.
Austr. For. 46: 126-131.

c-21



Martin, J. P 1963. Influence of pesticide residues on soil mcrobiological and
chemical  properties. Residue Rev. 4: 98-129.

Mayack, D. T.; Bush, P. B.; Neary, D. G; pouglass,J. E. 1982. Inpact of hexazinone
on invetebrates after application to forested watersheds. Arch. Env. Contam.
Toxi col . 11:  209-217.

McKellar, R L.; Schubert, 0. E; Byrd, B. C; Stevens, L. P.; Norton, E J. 1982.
Aerial application of Garlon 3A herbicide to a Wst Virginia watershed. Down to
Earth 38(2): 15-109.

M chael, J. 1. 1980. Long-terminpact of aerial application of 2,4,5-T to longleaf
pine. \Wed Sci. 28 255-257.

Mchael, J. L1985 Gowh of loblolly pine treated wth hexazinone, sulfometuron
methyl, and netsulfuron methyl for herbaceous weed control. south. J. appl.
For., 9 20-26.

Mchael, J. L. 1986. Fate of Arsenal in forest watersheds after aerial application
for forest weed control. Final Rep. Auburn, AL: u.S. Dep. Agric., For.
Serv., South. For. Exp. Stn.

Mchael, J. L.; Neary, D 6. 1987. Mvement of sulfometuron nmethyl in forest
watersheds after aerial application of Qust for herbaceous weed control.  Final
Rep. Auburn, AL: u, S. Dep. Agric., For. Serv., South. For. Exp. Stn. 39 p.

Mchael, J. 1.; Neary, D. G; Wlls, M J. M 1987. Picloram novenent in soil
solution and streanflow from a coastal plain forest. J. Environ. Qual.
(subnitted)

Mller, J. H; Bace, A c. 1980, Streamnater contam nation after aerial application
of pelletized herbicide. Res. Note SO255. New Orleans, LA U S Dep. Agric.,
ror, Serv., South. For. Exp. Stn. 4 p.

MIler, J. H: WIliamson, ™ 1987. Weeds in your weedlot? Aner. Tree Farmer 3: 8-9.

National Research Council. 1983. Dri nki ng water and health, vol. 5. Wshington,
DC.  National Acadeny Press.

National Research Council of Canada. 1974. Picloram The effects qf its use as a
herbicide on environmental quality. Publ, 13684. Qtawa, Ontario, Can.: Nat.

Res. Counc., Can. 128 p.

Neary, D. G 1983. Monitoring herbicide residues in springflow after an operational
application of hexazinone. south. J. Appl. For. 7. 217-223.

Neary, D. G 1985. Fate of pesticides in Florida' s forests: an overview of
potential inpacts on water quality. Soil Crop Sci. Soc. Fla. Proc. 44: 18-23.

Neary, p, G 19850. New and ol d herbicides for weed control in Florida's forests--
an introduction. In: Pywell, N A: Neary, D G.; Law, B. 1985. Proceedings of
the 1985 spring synposi umon herbicides for southern forestry: April 23-24,.1985;
Gainesville, FL. Gainesville, FL: Univ. rla., Sch. For. Resour. & Conserv.;

1-15.

c-22



Neary, D. G 1987. Hydrol ogic inpacts of forest pesticide use. [In: Carpenter,- S. B
1987.  Proceedings: southern forestry synposium November 19-21, 1985, Atlanta,
GA. Atlanta, GA Nat. Assoc. Prof. For. Sch. & coll., South. Reg.; 288-310.
Neary, p. G; Bush, P. B.; pouglass, J. E 1983. offsite nmovement of hexazinone in

stornfl ow and basefiow fromforest watersheds. Wed Sci. 31 543-551.

Neary, D. G; Bush, P. B.; pouglass, J. E.; Todd, r. . 1985. Picloram novenent in
an Appalachian hardwood forest watershed. J. Env. Qual. 14: 585-592.

Neary, D. G; Bush, p. B.; Gant, M A 1986. Water quality of ephemeral forest
streans after site preparation with the herbicide hexazinone. For. Ecol.
Manage.  14: 23-40.

Neary, D. G; Bush, P. B.; Taylor, J. w., Jr. 1987. Triclopyr fate and novenent
in a coastal plain flatwoods forest ecosystem Prog. Rep. Gainesville, FL: U
S. Dep. Agric., For. Serv., Southeast. For. Exp. Stn. 6 p.

Neary, D. G; Mrris, L. A; Swindel, B F 1984, Site preparation and nutrient
managenent in southern pine forests. In: Stone, E L., ed. Forest soils and
treatment  inpacts:  proceedings, 6th North American forest soils conference; June
1983; Knoxville, TN Knoxville, TN Univ. Tenn.; 121-144,

Neary, D. G; Rockwood, D. L.; Conerford, N. B.; Swindel, B. F.; cooksey,T. C
[1988]. Inportance of water, nutrients, and genetics in slash and loblolly pine
growth potential on poorly-drained spodosols. For. Ecol. & Manage. (In press).

Neary, D. G; Taylor, J. W 1984. Herbicide use: safety, environnental, and
political considerations in forestry. In: Kurt, F. R, coord. Proceedings: 4th
annual forestry forum herbicides: prescription and application; Mirch 21, 1984;
Oenson, SC. Censon, SC.  Coop. Extens.  Serv.: 45-65.

Nel son, L. R; Peterson, R C; Autry, C. L.; Dudley, S.; Walstad, J. D. 1981.
Inmpacts of herbaceous weeds in young loblolly pine plantations. South. J.
appl. For. 5. 153-158.

Newton, M; Howard, K Mm;Kelpsas, B. R ; Danhaus, R; Lottman, C. M; Dubleman, S.
1984. Fate of glyphosate in an Oegon forest ecosystem J. Agric. Food Chem 32
1144-1151.

Norris, L. A 198la. The behavior of herbicides in the forest environment and risk
assessnent. In: Holt, H H: Fischer, B. ¢c., eds. 1981. Wed control in forest
managenent; Feb. 3-5, 1981; Chanpaign-Ubana, IL. Chanpaign-Ubana, IL: Purdue
Univ.: 192-216.

Norris, L. A 1981bh. The movenent, persistence, and fate of phenoxy herbicides
and TCDD in the forest. Res. Rev. 80: 65-135.

Norris, L. A; Mntgomery, m L. 1975. Dicanmba residues in streams after forest
sprayi ng. Bull.  Environ. contam. Toxicol. 13: [-8.

Rhodes, R C. 1980. Soil studies with cl4 1abelled hexazinone. J. Agric. Food Chem
28:  311-315.

G 23



Rueppel, M L.; Brightwell, B. B.; Schafer, J.; Mrvel, J. T. 1977. Metabolism and
degradation of glyphosate in soil and water. J. Agric. Food Chem 25: 517-523.

Ssacher, R m1978. Safety of Roundup in the aquatic environment. In: Proceedings

of
the EWRS b5th synposium on aquatic weeds. Ansterdam  315-322.

sassman, J. F.; Jacobs, M M 1986. Pesticides background statements. Vol. I.
Herbicides (supplement). Agric. Handb. 633. Washington,-DC. U S. Dep. Agric.,
For.  Serv. 88 p.

sassman, J. F.; Pienta, r.; Jacobs, M; Coffi, J. 1984. Pesticides background
stat enents. vol. |. Herbicides. Agric. Handb. 633. Wshington, DC. U S Dep.
Agric., For. Serv. 1075 p.

Scifres, C. J.; Allen, T. J.; Leinweber, C wu.; Pearson, k. H 1973. Dissipation

and phytotoxicity of dicamba residues in water. J. Environ. Qual. 2: 360-309.
Sibr;ger, J. 1980. Pesticide safety guidelines for personnel protection. Unnumb.

publ .

pavis, CA U S Dep. Agric., For. Serv., For. Ins. & Disease Manage., Meth.

Appl. Goup. 45 p.

Snith, A E; CQullinmre, D. R 1975 Mcrobiological degradation of the herbicide
dicamba in noist soils at different tenperatures. \Wed Res. 15: 59-62

Stone, E L. 1983. The mnaged slash pine ecosystem  Unnunb.  publ. Gainesville,
FL:
Univ. Fla., Sch. For. Resour. & Conserv. 434 p.

Swindel, B. F.; Neary, D. G; Conmerford, N. B.; Rockwood, D. L.; Blakeslee, G M
Fertilization and conpetition control accelerate early southern pine growh.

South. J. Appl. For. (In press).

United States Department of Agriculture and Environmental Protection Agency.  197s.
Apply pesticides correctly. Washington, DC. U S Gwv. Print. ofc. 26 p.

Wed Science Society of America. 1986. Herbicide handbook, 6th Ed. Chanpaign, IL:
weed Sci. Soc. Am 515 p.

G 24



