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ABSTRACT

World-wide, sediment is the major water quality problem. The use of herbicides for
controllingcompeting vegetation during stand establishment can be heneficial to forest
ecosystem sustainability and water quality by minimising off-site soil loss, reducing (n-
site soil and organic matter displacement, and prevcnting deterioration of soil physical
properties. Sediment losses from sites where competing vegetation is controlled by
mechanical methods can be | to 2 orders of magnitude greater than natural losses from
undisturbed watersheds. On a watershed basis, vegetation management techniques in
general incrcase annual erosion by <7%. Herbicides do not increase natural crosion rates.
Organic matter and nutrients that are critical to long-term site productivity can be
removed off-site by mechanical vegetatien-management techniques and fire, or
redistributed on-site in a manner that reduces availability to the pext stand.

For several decades, research has becn conducted on the fate of forcitry-use
herbicides in various watersheds throughout thg southern and western [Jnited Statcs,
Canada, and Australia. This research has evaluated chemicals such as 2,4-D, glyphosate,
hexazinone, imazapyr, metsulfuron methy!, pictoram, sutfometuren methy], tebuthiuron,
and triclopyr. Losscs in streamilow, and leaching to groundwater have been evalugted,
Field study data indicate that residue concentrations tend to he low, except where direct
applications arc made to ephemeral channgls or streams, and do not persist for extended
periods of time. Regional environmental impact statements in the United States
demonstrate that forestry herbicide presence in surface and groundwater is not a
significant risk t0 watcr quality or human health. Thcy also clearly indicate that
herbicides can greatly reduce water quality deterioration that is produced by erosion and
scdimentation,

Keywords: herbicides; sediment; waterquality; environment; site productivity; forestry;
vegetation control.

INTRODUCTION

A critical component of inter-rotation forest management is the manipulation of

successional vegetation to ensure adequate survival and growth of the next forest crop.

New Zealand Joumal of Feresiry Science 26(1/2): 241- 264 (1996)
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Techniques such as manual removal, mechanical control, prescribed tire, and herbicide
application have been used to reduce competition from undesired vegetation. Herbicides
have been incorporated into vegetation management programmes on intensively managed
forests more frequently in the past two decades (USDA Forest Service 1989a, b, 1990).

In many countries with intensive forestry programmes, considerable controversy has
developed concerning the environmental impacts of herbicides. Human health risks of
commonly used forestry herbicides andother  vegetation management techniques have been
addressed by scveralintensive environmental impact analyses (USDA Forest Service 1989a,
b. 1990). On- and off-gte impacts on water quaity continue to bc the subject of much debate
and scientific analysis (Norris 19X 1; Neary et al. 1993). Other important parameters of water
quality such as sediments and nutrients have been mostly ignored in the continuing focus on
herbicide residues. Indeed, the major water quality problem inareas with intcnsive forest
management is sediment, not herbicides (Marion & Ursic 1993; Neary & Hombeck 1994).

Another issue relating to forest harvesting, vegetation managcment, andthe choice of
techniques for manipulating forest vegetation to enhance productivity, is long-tam
sustainability (Dyck & Skinner 1990; Powers et i/, 1990). Kimmins (1994) and Neary ef al.
(1990) identified somge of the key processes affecting long-term site productivity. These
include adequate root system development, sufficient soil moisture availability to maintain
nutrient flux to tree root systems, suitable sapplics of plant macro- and micro-nutrients in the
rhizosphere, fully functioning microbiological processes, and adequate hydrological
functioning. Some vegetation management techniques can adversely affect sitc organic
matter rescrves, nutrient pools, and soil physical properties. Improperly used vegetation
managcment techniques can effectively displace up to five times the amounts of nutrients
removed in whole-tree harvesting (Balard1978; Morriser a. 1983}. This situation occurs
when organic matterand topsoil gre concentrated into small portions of inter-rotation stands
treated to control unwanted vegctation.

Several hypotheses can be formulatcd about the role of herbicides in forestry. They are
considered by some sectors of international environmental interest groups tobe agents of
environmental degradation. Arguments can bc made that they produce “either positive
benefit nor adverse impact. Another hypothesis is that the proper use of herbicides actually
hasapositivcrolc inprotecting environmental quality. Herbicide usage during intcr-rotation
vegetation management of forest stands can do this by maintaining the commercial
sustainability of forest ecosystems and protecting water quality. The objective of this paper
isto synthcsisc scicntific information on both forest ecosystem sustainability and water
quality, focusing on the role of herbicides in keeping soil resources on-site without degrading
water quality.

METHODS AND MATERIALS

Thispaperisasynthesi sof manypublicationsdealing withherbicideresiduefate, erosion
andsedimentation, vegetation management, soil physical conditions, andnutricnt distributions
in forest ecosystems. Standard hydrological, soil physics and chemistry, erosion, vegctation
managcment, and herbicide residue methodologies were used inthe conduct ofthe research
reviewed in this paper. A detailed discussion of the specific methods and materials can hc
found in the references cited in this synthesis.
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RESULTS AND DISCUSSION
Sustainability

The concept of sustainability used in this paper only addresses whether a sitc can supply
sufficient water and nutrients to support successive rotations of commercial forcst stands.
Forest ecosystem sustainability is a much broader concept that encompasses the entirety of
the fauna and flora and associated ecological process occurring within forests. A narrow
definition of sustainability was selected because of the forum at which this paper was
presented.

Trees require adequate supplies of nutrients and water to grow, and roots need awell-
structured soil to develop large enough systems to support that growth (Neary et gf. 1990).
So, the keys to long-term sustainability are organic matter, nutrient supply, soil hydrologic
function. and soil physical conditions (Powers eral. 1990). Detrimental changes in the status
of any of these site characteristics can ¢ause a decline in forest productivity.

Inmost intensively managed forests, some form of site preparation is practised toimprove
microsite condition. control competing vegetation, or reduce logging slash to facilitate
planting (Cmtchfield & Martin 1982). However, it may produce adverse effects on site
characteristics which control productivity. Intense tires can consume much of the residual
organic matter in dash, litter, and the minerd soil. volatilising nitrogen and leaving nutrient-
rich ash susceptible to water or wind transport off-site {DeBano & Conrad 197X; Neary et
al 1978). Sails Icft bare by hot fires increase surface run-off and often develop water-
repellent horizons, thereby makingsites eroston-prone and drier (DeBano 1981). Mechanical
site preparation can redistribute organic matter, cffectively removing from seedlings many
times more nutrients than whole-tree harvesting (Neary er a. 1984; Balncaves et al. 199 1).
Soils arc often left bare and susceptible to surface run-off and erosion. Additional machinery
passes can increase bulk density in susceptible, mainly fine-textured soils, significantly
reducing both rooting volume and available moisture-holding capacity. Herbicides do not
produce the adverse effects associated with sgvere tire and mechanical site preparation, and
thercforc work to minimise impacts on site productivity and forest sustainability (Ncary et
al. 1990). Herbicideapplications to control competing vegetation do notdisturb the nutrient-
rich litter layer, do not create additional amounts of bare soil, and do not adversely affcct
watershed condition. Among other things, soils on recently harvested sites treated with
herbicides have better moisture contents due to the reduction of surface run-off and the
transpiration component of evapotranspiration. These soils are belter able to supply the
nutricnts needed for early growth of the succeeding forcst crop (Carter et al. 1984: Neary et
al. 1990; Smethurst ¢t af. 1993).

Direct evidence of declines in forest stand sustainability due to inter-rotation site
preparation and vegetation managment is scarce because intensive inter-rotation forestry/
management is relatively recent and there is a lack of good long-term databases (Powers et
a/. 1990). Productivity declines of 20% to 30% due to mechanical site preparation (Ballard
1978; Swindel et al.1986; Powers et al. 1988; Fox et d. 1989; Dyck & Skinner 1990) and
fire (Keeves 1966, Squire eral. 1985) have been documented. Incresses in the productivity
of pine stands after herbicide use in the south-eastern United Stateshave been noted by
Michacl (1980), Knowe et af. (1985), Neary ¢f g/, (1990), Bramlctt ¢t al. (19913, and Lauer
et al. (1993). Balncaves et af. (1991) reported similar results from New Zealand. A few
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aspects of'the sustainability question relative to organic matter, soil physical conditions, and
nutrient supply will be discussed here. Two other papers (Powers ¢t ¢f. 1995; Powers
&Ferrell 1996) cover these topics in more detall.

Organic matter and nutrient supply

Powers et !, (1990) discussed the importance of organic matter to forest productivity
through its function of supplying nutrients, augmenting cation exchange capacity, improving
soil structure, and chelating metal cations. After harvesting, the main losses of organic matter
result from decomposition. erosion, oxidation in tires, residuedisplacement by mechanical
site preparation, or a reduction in new organic matter recruitment (litterfall, fine root
turnover, etc.). Since organic matter in the forest floor and surtace horizons of the mincral
soil isthe major nutrient reservoir in forest ecosystems, especially for nitrogen and boron
{McColi & Powers 1984). additional [osses during vegetation management arc a concern,

Fire can have a major effect on organic malter, depending on its intensity and duration.
Organic matter oxidation in tires not only affects nutrient pools, but can also affect soil
moisture that is critical for ion flux to plant roots. nitrogen fixation, and mycotrhizal
development (Jurgensen ¢! /. 1990; Neary er al. 1990).

The main effect of mechanical sitc preparation relative to organic matter is displacement
in windrows or slash piles, or erosional losses. The impact of site preparation on nitrogen
balances in Coastal Plain and Piedmont sites ofthe south-eastern United States is illustrated
in Table1. Organic matter displacement in windrows can have amajor effect on nitrogen
balances. Ballard ( 1978) reported a 16% reduction in the volume of a second-rotation Pinus
radiata D.Don stand onthe central volcanic platcau of New Zealand after piling of logging
slash and topsoil into windrows. Balneaves et al. (1991) documented that root raking, piling
of slash, and burning in the Nelson district of New Zcaland removed greater quantities of
nitrogen and some macronutrients from portionsof P. radiata sites than harvesting of saw-
and chip-log material.

TABLE 1-Effcets of stem havest, vegetation management, and fertiliser in the south-easiern United
States on nitrogen balances(Mg/ha) after | 5 years(from Neary ¢f al, 19%4,1990*,

Coastal Plain Piedmont
Site preparation Flatwoods Wet Flats Uplands
Chop, Herbicide +(,123 +0.147 +0.106
Chop, Burmn +0.063 +0.083 +0.045
Windrow (careful) —0.222 —.058 -0.264
Windrow {carcless) —}.449 —0.674 —.354

* Assumes application of 0.200 Mg Niha (50% ccosystem recovery), atmospheric inputs (0.005 Mgha/year), and
fixation (0.001 Mg/ha'veary, nutrients displaced by windrowing considered unavailable.

In combination with residual slash chopping, herbicides have the least impact on nitrogen
pools after 15 ycars (Table 1}. Although herbicides do not directly affect organic matter
status, theycanrcsultin somenutrient lossesvialeaching and run-off by reducing the amount
of successional vegetation available to take up nutrientsreleased through mincralisation
processes. Thiseffect is visible in increased nitrate-nitrogen losses sometimes measured
after herbicide applications for vegetation management after harvesting. This topic is
discussed in more detail in the section on water quality.
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Soil physical conditions

Vegetation management techniques can alter the physical characteristics of soils and in
turn affect both hydrologic function and site productivity. Fires can leave soils bare of forest
floor material and therefore subject to raindrop impact, run-off, and erosion. In some soils
and vegetation types, hydrophobic layersdevelop, causing excessive run-off and erosion
{DeBano 1981). Mechanical site preparation can have variable effects on soil physical
conditions (i.e., increasing porosity and infiltration rates in some locations and decrcasing
them elsewhcre through compaction) depending on soil texturcs and moisture, preparation
lechniques, the type of equipment, and the skills of operators. Vegetation control by
mechanical methods usually leaves larger areas of bare soil than harvesting, thus increasing
the amount of nin-off and crosion. Compaction associated with vehicle traffic on clay or silt-
textured soils, during either harvesting or site preparation. reduces soil macroporosity. The
result is reduced rooting volumes and moisture storage capacity. Both affect the ability of
plants to obtain water and nutricnts necessary to sustain productivity, thus reducing growth
in the subsequent rotation. Howcever, on sites with extremely coarse-textured soils the
opposite effect can occur. Herbicides do not increase the amount ofbare soil. and except for
some compaction from ground application equipment, do not adversely affect soil physical
properties.

Soil displacement

Large amounts ofthe forest floor and nutricnt-rich surface soil horizons can bc displaced
during mechanical site-preparation. Although this material is not rcmoved off-site,
digplacement into windrows or slash piles can result in net nutrient losses to 80% or 90% of
the stand. equivalent to 2 to 5 times that of whole-tree harvesting (Ballard 1978; Morris et
af 1983: Tew er &/. 1986). In astudy of soil and organic matter displacement after blading
and windrowing, Morriset ai. (I 9X3) found that 180 Mg soil and organic matter/hawere
displaced into the windrows. From 24% (nitrogen) to 64% (phosphorus) of the nutrient
rescrves remaining on-site were concentrated on to about 5% of the harvested stand’s arca
(Table 2). This type of nutricnt displacement (loss) is of particular cancern for intensive
plantation-forestry sustainability on nutrient-poor soils. Similarresults have been measured
elsewhere in the southern United States and New Zealand. Early effects on the productivity
of the next tree rotation may not be apparent due to compensating mechanisms such as the
control of herbaceous weeds, use of new genetic material, improved soil porosity, reduced
transpiration. However, distinct declines of 20% to 30% in the productivity of succeeding
stands have been documented after intensive mechanical site-preparation involving
windrowing (Balard 197X; Swindel et al. 1986; Tew ef al. 1986; Fox ef al. 198%; Dyck &
Skinner 1990).

‘TABLE Z-Effedts of harvests and windrowing on nutrient pools (Mg/ha) in @ 40-year-old Sash pine
forest (from Neary ef al. 1984, 1990}

Component N p K Cu Mg
Ecosystem 1otal * 1.550 0.028 0.080 0.303 0.104
Above-ground tree harvest 0110 0.010 0.036 0.118 0.027
Sterm-only harvest 0.066 0.006 0.022 0.090 0.020
Windrow 0.373 0.018 0.027 0.163 0.041

* Above 20 cm s0if depth
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Water Quality
Sediment

Sedimentation, or the erosion and transport of rocks, muneral soil, and organic debris to
streams, has long been the most obvious and important concern in forestry regarding water
quality (Neary & Hombeck 1994). Sediment yields from major river systems range from
0.2 Mg/ha/year (Wairau; New Zealand) to 1.2 Mg/ha/year (Columbia; United States), to
140.0 Mg/ha/year (Hnang Ho; China), and reflect the climate, hydrology, geology, soils,
vegetation, physiographic regions, and land-use history of each basin. Natural rates of
sediment yield from smaller, forested watersheds are normally low {<0. 100 Mg/ha/year) but
can vary tremendously (up to five orders of magnitude—-O’Loughlin & Ziemer 1982). Water
quality in strcams emanating from forested watersheds is very important since these streams
are typically used for water supplies throughout the world. In addition, these streams are
important as habitat and refugia for aquatic biota

Except during catastrophic mass wasting events, floods, or where bedrock is naturally
highly erosive { eg., Eel River, Caifornia; Snake River, ldaho; Waipaoa River, New
Zealand), sediment is usually not an important problem in undisturbed forest ecosystems.
Debris avalanches can cause major sediment problems in harvested forests of the Pacific Rim
and other stecplands. These episodic, spectacular events can account for much of the
sediment transporicd off harvested stands, and seriously affect forest resources and values
such as water quality, fish habitat, engincering structures, buildings, recreation areas,
reservoir capacity; downstream farmland, etc. The loss of soil strength on steep slopes duc
to tree root decay 4 to § years after cutting is usually the mechanism predisposing slopes to
avalanching (Zicmer 1981} Depending on soil type, geology, climate, and slope, forest
harvesting can increase both the erosion rate (factor of four) and frequency of debris
avalanches. but not necessarily the average size (Swanson ¢r al. 19X 1). Road construction
aggravates all debris avalanche hazard factors (erosion rate12( times that of undisturbed
steepland forests).

However, vegetation management after harvesting generally does notappearto aggravate
debris avalanching or other mass failures except on highly erosive soils or unstable geologic
formations. In these instances, spot spraying of herbicides rather than broadcast application
can reduce mass wasting hazards. Another technique used to reduce erosion after forest
harvesting on highly erosive stccplands is to oversow with grasses orherbaccous species that
can quickly colonise asire and stabilise the soils.

Sediment yiclds from disturbed and undisturbed forest watersheds have been measured
and documented in numerous studies throughout the world{Neary & Hombeck 1994). Itis
clearly evident that disturbances which ¢reate large areas of bare soil, aggravated by high
rainfall. unstable geologic formations. crosive soils, and steep terrain, produce the most
sediment yicld. Except for some unusual situations with highly erosive, fine-textured soils
(Marion & Ursic 1993), erosion losses from harvest-disturbed forested lands usually do not
approach those of agriculture (5 to 13 Mg/ha/year—Larsen et al. 1983). They also do not
persist from the same landscape units. as do sediment losses from agricultural land yscs, if
normal forest regeneration or n-establishment occurs.

The main impact on water quality from inter-rotation vegetation management is increascd
sedimentation (Neary & Hornbeck 1994). Next to roads and logging skid trails, the major
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source of sediment comes from any ground-disturbing activity. Off-site movement of
sediment frommechanical, burning, and hcrbicidcsitepreparationtechniquesreported in the
literature ranges from 97 t0 0.17 Mg/ha/year. Natural rates of sediment loss from undisturbed
forest watersheds are usually <0.! Mg/ha/year but in some locations can range up to 0.5 Mg/
halyear. Sediment yields during site preparation are affected by geology, soil, siopes,
vegetation and litter cover, and climate. They typically are atamaximum during the first year
after site preparation, and decline as vegetation recovers on the treated area (up to 4 years).
The highest losses have been documented in China (Lal 1984). Under intensive high-yield

forest management in the United States, the highest documented losses (14.25 Mg/ha/year)
have occurred on silt-textured soils in the upper coastal plain of Mississippi after cutting and

bedding. On clay-textured soils in the Piedmont of North Carolina, sediment losses of
0.97 Mg/ha/year have been reported after mechanical site-preparation (blading and
windrowing) to control competing vegetation. In New Zealand, maximum sediment yields
after clearfelling and site preparation were estimated to be 3.43 Mg/ha/year with skidder
logging and burning with a 20-m riparian buffer, but were much less (0.6 | Mg/halycar) with

cable logging and burning with no buffer strip (O’ Loughlin ¢¢ a. 1980).

Sediment and vegetation management—Southern United States

In the southern United States, natural erosion rates from forested watersheds are usually
low at <0, | | Mg/ha/year) but can range up to 0.22 Mg/ha/year (Maxwell & Neary 1991).
However, the disturbances that accompany forest harvesting and site preparation, especially
road construction, can caysc sediment yiclds to increase. In some physiographic regions with
highly erosive soils, sediment yiclds after cutting and site preparation for vegetation
management have increased temporarily by as much as278-fold up to the 9 tol4 Mg/ha
range (Riekerk ¢f al. 1989) (Tables 3 and 4).

A comprchensive analysis of sediment production from forests of the southern United
States was conducted by Marion & Ursic (1993). They examined data sets from 37

TABLE 3-Effect of forest harvesting and  vegetation management on sediment yield, United States,

Location Treatment Sediment Reference
yield
(Mg/ha)

Hubbard  Brook Uncut 0.042 Hornbeck er al. (1987)
New Hampshire, USA Clearcut 3.650

Moonshine Creek Uncut 0.067 Neary et al. (1986}
Georgia, USA Herbicide, cut 0.170

Ciemson Forest uncut 0.020 Van Lear e af. (1985)
S. Carolina USA Cut'burn 0.151

Piedmont Uncut 0.035 Douglass & Godwin {1980}
N. Caroling, USA Cut/blade 9.730

Gulf Coast Uncut 0.620 Beasley (1979)
Mississippi, USA Cut/bed 14.250

Bradford Forest Uncut 0.003 Rickerk (1 983)
Florida, USA Cut/windrow 0.036

(uachita Mountains uncut 0.071 Beasley er a. (19%6)

Arkansas. USA Cut/herbicide 0.251
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TABLE &Effect of forest harvesting and site preparation on sediment yield, Europe, South America,
Asa Audrdia New Zedand.

Location Treatment Sedg&cnt Refercnce
yi
(Mg/hafvear)
Wales . Undisturbed 0.037 Francis & Taylor (I 989)
United  Kingdom Drainage 0.0%0
Oxaparmnpa Uncut 0.121 Plamondon er d. (1991)
Peru Cut/pasture 0.542
Hong Kong Uncut 2.000 Lal (1984)
China Partid  cut 67.000
Clearcut 97.000
Koolau Uncut 0.536 Doty et al. (1981)
Hawaii, USA Cut/Ag. 2.090
Tawhai Forest Uncut 0.429 O’Loughlin et al. (1980}
New Zealand Cut, burn* 0.6¢ |
Cut, burnt 3.432

* Cable logged and bumed, no riparian buffer

T Skidder logged and burned, 20-m riparian buffer.

watershedsranging inareafrom 1 to 2266 haandrepresenting 1X9 years ofrecords (Table 5).

Sediment data were transformed to concentrations (g/m’) to eliminate variations caused by

high rainfall variability in the region (1000 to 2000 mm). Natural background rates of
individual watershed average annual sediment concentrations ranged from 1§ to 106 g/m?

(potential range of 0.18 to 2.12 Mg/ha/year), and for undisturbed watersheds as a group
averaged 62 g/im?. Marion & Ursic (1993) concluded that post-harvest vegetation control

with herbicides did not clevate sediment losses above natural rates of erosion (Table 6).

Burning created a sediment 10ss problem only in Coastal Uplands. The main source of

sediment from vegetation control techniques in the region originated from soil-disturbing

mechanical methods on previously eroded soils or steep terain, This was particularly true in

the Piedmont and Coastal Uplands where average annual sediment concentrations from
mechanical site-preparation were 17- to 43-fold greater than natural background
concentrations.

TABLE 5-Summary of average annual sediment concentrations (2/m*) in streamflow from 37
walersheds throughout the southern United States (adapted from Marion & Ursic 1993).

Location Natura Harvest Site  preparation
Burning or Mechanical
herbicides

Interior  highlands 16 22 53 91
Piedmont 37 212 35 1617
Coastal Uplands 98 109 1357 1725
Coastal Lowlands I <1{) <0 18

As part of a regional vegetation managcment cnvironmental impact analysis, 27
representative watersheds in different National Forests of the southern United States,
covering al physiographic regions, were evaluated to determine the effect of vegetation
managcment on sediment yields (Maxwell & Neary 1991). Within each physiographic



TABLE 6-Cumulative 1(-ycar sediment yields (Mg) from typical watersheds in the Coastal Plain and Piedmont, southern United States (from USDA Forest

Service 1989a).
Soutce Brushy 2 Payne Cottonwood Hager Red Buck Nine TWO Indian 2 Patterson
Prong Mile Barrel
Natural 12 987 | 432 1 542 944 2 55x 736 399 417 9907 1 161
USFS
Roads 96 34 13 33 79 15 8 6 4 264 3%
Harvest 244 19 209 2s 3 4 4 4 266 32
Veg. mat 375 24 9 6X 58 9 7 8 494 59
Private 385 I 15 83 2 5 \ 2 2012 131
Roads
Forest 3 175 46 25 88 442 6 3 2 8 169 343
Crops | 333 0 71 47 0 53 0 0 25 354 1 065
Pasture 61l 0 659 139 128 17 0 0 7676 161
Total increase 6219 134 1 001 486 767 109 23 22 48 223 2187
Percentage increase 48 9 65 | 30 15 6 5 487 188
Veg. mgt percentage increase 3 2 1 7 2 | 2 2 5 5

swys{s000 152104 Bmyoaoid sapoiqusl] —javyaly % AvaN

6+T
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region, watersheds representing arangc of areas (1781 to 22 096 ha), land types(1( in the
Coastal Plain and Piedmont alenc), and ownerships (United States Federal Government,
State, and private, ranging from 56% to 99% Federal) were analysed. Modelling of sediment

yields over a 1O-year period indicated that the cumulative ¢ffect gf all land management
activities (forestry, agriculture, grazing, road maintenance, etc.) within the studied watersheds
would be an elevation of natural scdimentyields(0.022 to (). 134 Mg/hatyear) by 5% to 487%
(Table 6). In forest watersheds with mixed land uses, agriculture usually results in the
greatest increase in sediment yield (487%). Forest harvesting has the potential to increase
sediment production--13%; above natural rates.

Current low-intensity, post-harvest vegetation management operations required on
United States National Forest lands (moderate fire, light mechanical, herbicides, or
combination treatments) can increase sediment loss by another <1% to 7% (Maxwell &
Neary 1991). Use of high-impact mechanical vegetation control methods could increase
sediment loss on portions of watershed units by one or two orders of magnitude (Table 7).
By comparison, roads (usually the largest and most constant source of sediment) on both
National Forgst and private lands, account for sediment yield increases from 2% to 156% of
the natural erosion rate. S0, Maxwell & Neary (1991} concludedthat theimpactofvcgetation
management techniques on erosion and sedimentation of water resources is
herbicides<fire<mechanical. They also concluded that sediment losses during inter-rotation
vegetation management could be sharply reduced by using herbicides and moderate burning
instead of mechanical methods andheavy burning.

TABLE 7—FEstimates of sediment loss (Mg/ha/year) by landscape type and vegetation management
treatment in intensively managed forests of the southern United States (from Maxwel1&

Neary 1991).
Landtype Vegetation management erosion rates—First year only
Moderate Severe
Natural Bumor Chop Burn Heavy
eroston herbicides pile rake/bed disk
A. Coastal Plain
Rolling  uplands 0.045 0.040 0.061 0.303 1.211
Upper  hills 0.024 0.090 0.134 0.672 2.691
Loess uplands 0.134 0.133 0.296 0.999 3.994
Flatwoods 0.022 0.010 0.015 0.074 0.296
Sand  ridges 0.022 0.017 0.025 0.123 0.492
B. Piedmont
Piedmont 0.044 0.165 0.247 1.237 4.949

Sediment and vegetation management—Western United States

In the forests of the westernt United States, fire and herbicides have traditionally beenused
as post-harvesting vegetation management tools because of the frequency of steep and
dissected terrain. Mechanical methods such as chopping, and chaining were onge used
extensively for vegetation management on low-gradient terrain. Results of these practices
and of wildfires aresummarised in Table X. These natural disturbances aggravate erosion
justabout anywhere in the western United States. On some geologically unstable terrain with
erosive soils, prescribed tire can dramatically increase sediment yield, but not to the extent
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TABLE §-Estimatcs of sediment loss (Mg/ha/year) from vegetation management in the wesiern

United States.
Location Treatment Sediment yield Reference
Control Treated
1. Vegetation management
Montana Clearcut <0.001 0.168 DeByle & Packer (1972)
Texas Control - bum <0.001 0.028 Wells ez al. {1 979)
Cdifornia Control  burn <(.001 <{.001 Wells (1979}
California Control  burn 0.210 7.340 Dechang & Conrad (1 976)
Arizona Herbicide 0.019 0.002 Ingebo & Hibbert (1974)
Arizona Herbicide 2565 2049 Renard et al. (1991)
2. Wildfire
Arizona Wildfire 2.200 50.500 Hibhert (1985}
California Wildfire 5530 55.300 Krammes (I 9n0)
Washington Wildfire 0.013 2.353 Helvey (1983)

that wildfires do (Debano & Conrad 1976). On the whole. light control bums and herbicides
do not accelerate erosion. Fast regrowth of sediment-trapping grasses and herbaccous plants
is usually responsible for this phenomenon (Ingebo & Hibben 1974).

Sediment: In-stream physical effects and nutrients

Unlike organic chemicals and plant nutrients originating from fire or chemical vegetation
control techniques, physical sediment added to strcam systems does not degrade, and
becomes part of normal fluvial sediment trapsport and storage processes. The residence time
of this sediment in fluvial geomorphic systems can range from months to hundreds of years
(Heede et af. 1988). The residence time of chemicals is much shorter and their persistence
in storage sinksisrelated tothe intrinsic rate of degradation of each chemical.

Sediment losses resulting from inter-rotation vegetation management affect both on- and
off-site environmental quality. Mechanical site preparation, whichproducesthelargestmass
of sediment loss, can result in nitrogen and phosphorus losses 20 to 30 timces the normal
annual rate ofundisturbed forest watersheds (Neary et af. 1984). While these losscs arc low
compared to agriculture-related nutrient losses ( Larsenef af. 19X3), they do presenta concern
for long-term forest management. For example, some forests in the southern United States
now under intensive forest management were highly eroded during abusive agriculture in the
late ninetecnth and early twentieth centuries. Because of 1oss ofnutricnt-rich A horizons,
these forests remain sensitive to potential productivity decline unless augmented with
fertilisers or vegetation control.

Since herbicide applications do not disturb the forest floor and slash material from the
previous stand, herbicides work toprotect water quality and maintain site productivity by
retaining nutrient-rich organic matter and soil surface horizons on-site. Sediments retained
on-site do not contribute to additional nutrient loadings or physical deterioration of aquatic
ecosystems and waltcr resources.

Herbicide residues
Environmental fute: A large number of herbicides are used for vegetation management
in forest ecosystems throughout the world, but a dozen account for the majority of'the usage,
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in both frequency and total amounts applied. These herbicides are 2,4-D, 2.4-DP, dicamba,
fosamine, glyphosate, hexazinone, imazapyr, metsulfuron methyl, pi&ram, sulfomcturon
methyl, tebuthiuron, and triclopyr. This discussion will focus on those herbicides which are
in wide-spread use for inter-rotation vegetation managment in forest stands.

Norris {1981), USDA Forest Service (1989a), Michael & Neary (1993), Neary ¢ .
(1993), Rashin & Graber (1993), and Neary & Hombeck (1994) discussed herbicide fate
studies in North American forest ecosystems. They listed numerous studies that examined
sampling matrices such as water, soil, and vegetation, and measured peak concentrations in
some detail.

Maximum obscrved concentrations of hexazinone, imazapyr, sulfometuron methyl,
picloram, triclopyr, and 2,4-D measured in strcamilow in a large number of studies in North
America are summarised in Tables 9-1 3. There arc several common features of these data.
Firstly, measured peak concentrations were of short duration. Secondly, the highest
concentrations (>130 mg/m?) occurred where buffer strips were not used or streamswere
accidentally overflown during a herbicide application.

Instantaneous and 24-hour average water quality standards have been recommended by
toxicologists or set by either Canadian or the United States regulatory agencies based on
human or plant toxicology concerns. A standard process has not been developed for setting
water quality standards for herbicides, So some disagreements exist. The most commonly
used Imstantancous water quality standards in the United States are: glyphosate 700 mg/m?,
hexazinone 200 mg/m?, imazapyr 10 000 mg/m’, picloram 500 mg/m’, triclopyr ester
30 mg/m?, and 2,4-D ester 70 mg/m?. Standards for Canada are currently lower, being 190,
280, and 100 mg/m’ for picloram, glyphosate, and 2,4-D, respectively. Except for those
instances where buffer strips were not used or streams were overflown, water quality
standards have not been exceeded by forestry chemical vegetation management operations.

Ofthe newer silvicultural herbicides (<20 years old), hexazinone has the largest database
on residues in strcamflow or standing water. There are three instances reported in the

TABLE 9-Maximurm obseved hexazinone residues in sreamflow or surface water from trested Sites
in North America

Location Rate Buffer  Concentration Reference
(kg/ha) (mg/m?)

Quebec, Canada 36 Ycs 15 Legris  (1987)
Quebec, Canada 36 Yes 5 Legris (I 988)
Quebec, Canada 36 NO 820 Legris (1988)
Georgia, USA 17 NO 442 Neary ef af. (1983)
Georgia, USA 16 Yes 6 Michael & Neary (1993)
Georgia, USA 16 Yes 9 Michael & Neary (I 993)
Tennessee, USA 17 NO 0 Neary (1983)
Arkansas, USA 2.0 Yes 20 Bouchard ¢ . (1985)
West Virginia, USA 14 Yes 9 Lavy ef al. (1989)
Alabama, USA 29 ycs 37 Michael & Neary (1993)
Alabama, USA 2.9 Yes 24 Michael & Neary (1993)
Alabama, USA 29 Yes 23 Michael & Neay (1993)
Alabama, USA 29 Yes 8 Michael & Neary (1993)

Alabama, USA 08 NO 2400 Miller & Bace (1980)
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literature where the water quality standard (200 mg:’m3) was exceeded during operational
use. The two highest concentrations measured, 2400 and X20 mg/m3 (Table 9). occurred
when herbicide pellets were placed directly into adry channel, and when applicationaircraft
overflew surface Water. In the third (442 mg/m3), hexazinone pellets were distributed
uniformly across small watersheds containing many ephemeral, first-order channels. In all
other instances, hexazinone residucs did nor exceed 37 mg/m?,

Imazapyr and sulfometuron methyl show a similar pattern to hexazinone, withthehighest
concentration {imazapyr 680 mgfm-‘) associated with an aerial application on areas having
no buffer strip (Table 10}, A concentration of 130 mg imazapyr/m3, well below the 10 000
mgfm3 water quality standard, was measuied in Alabama. even with a buffer strip in use,
because of surface run-off. Sulfometuron methyl, which hydrolyses readily in acidic water,
has not been detected above 44 mg/m3 in streamflow.

Clyphosate has been used frequently in forest ecosystems because of its low mobility. It
is readily immobiliscd by organic matter in the forest floor. Most studies (Table Il) have
measured peak glyphosate concentrations in streamflow at or below [( mg/m? (more than
an order of magnitude below the 700 mg/m3 water quality standard). As seen with other
herbicide data, the highcst glyphosatc peak concentration (270 mg/m3) occurred where a
buffer strip was no+ used as a Best Management Practice.

TABLE |(—Maximum observed imazapyr and sulfometuron methyl residues in streamflow or surface
water from treated sites.

Location Rate Buffer Concentration Reference
(kg/ha) (ma/m%)
I. Imazapyr
Alabama. GSA 22 NO 680 Michael & Neary (1993)
Alabama, USA 22 Yes 130 Michael & Neary (1993)
Washington, USA 0.1 YCS I Rashin & Graber {1993)
Washington, USA 0.1 Yes Rashin & Graber (1993)
2. Sulfometurcn methyl
Mississippi, USA 0.4 Yes 23 Michael & Neary (1993)
Mississippi, ~ USA 04 Yes 44 Michacl & Neary (1993)
Florida, USA 0.4 Yes 5 Neary & Michacl {198%)
Florida.  LISA 0.4 Yes 7 Neary & Michael {1989)

TABLE | I-Maximum observed glyphosate residues in streamflow or surface water from treated sites.

Location Rate Buffer Concentration Reference
{ke/ha) (mg/m?)

Quebec, Canada 1.5 Yes 5 Legris ef al. {1985)
Quebee, Canada 1.5 Yes 5 Legris (1987}
Quebec, Canada 1.5 Yes ] Legris (1988)
Quebec, Canada 15 Yes 0 Legris &Couture (1989)
Washington 13 Yes 2 Rashin & Graber (1993)
Washington 17 Yes 8 Rashin & Graber {1993}
Washington 13 Yes 4 Rashin & Graber (1993)
Oregon 1.3 NO 270 Newton et gl. (1984)
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Maximum measured concentrations of picloram, triclopyr, and 2,4-D are listed in Tables
12 and 13. The pattern in the data is the same as observed in the other herbicides, namely that
high concentrations (80620 mg/m?) arc associated with a lack of buffer strips. Otherwise,
peak concentrations of these three herbicides did not exceed 40 mg/m’. The only exception
is the picloram concentration of 370 mg/m? reported by Davis& Ingebo (1973). That study
mvolved a very high application rate (10.4 kg/ha) of a persistent herbicide in a desert
environment which has alow herbicide residue degradation rate as aresultof the arid climate.
Evenunder these conditions. the human health water quality standard for picloram (500 mg/
m? in the United States) was not exceeded. Some agricultural crops can be affected by
picloram levels <10% of that standard.

Where buffer strips are used or other mitigatory techniques are employed, forestry
herbicidcsgcnerallydonotposeathreat to waterquality. Peak concentrations are usually low
(<100 mg/m*) and do not persist for long periods of time (< months) (Michael & Neary
1993).

TABLE 12-Maximum observed picloram and triclopyr residucs in streamflow or surface water from
treated sites.

Location Rate Buffer Concentration Reference
(kg/ha) (mg/m?)
Picloram
Georgia, USA 0.3 Yes 0 Michacl & Neary (1993)
Georgia, USA 0.3 Yes 0 Michael & Neary (1993)
Gceorgia, USA 0.3 Yes 6 Michael & Neary (1993}
Kentucky, USA 1.3 Yes 21 Michacl & Neary (1993)
Kentucky. USA 0.3 Yes 10 Michael & Neary (1993)
Tennessee, USA 0.6 Yes 4 Michael & Neary (1993)
Alabama, USA 5.6 NO 442 Michael e af. {1989)
N.Carolina, USA 5.0 Yes 10 Neary er al. (1985)
Arizona. USA 10.4 Yes 370 Davis & Ingebo (1973)
Arizona, USA 2.x NO 320 Johnsen ( 1980)
Triclopyr
Florida, USA 2.0 Yes 2 Neary & Michacl (1989)
W. Virginia. USA 1.2 NO 80 McKellar et of. (1982)
Brit, Columbia, Canada 0.9 No 620 wan (1987)
Ontario. Canada 3.9 NO 350 Thompson ef al. (199) |

TABLE 13~Maximum obscrved 2,4-D residues in streamflow or surface water from treated sites,

Location Ratc Buffer Concentration Reference
{kgha) (mg/m?)
Washington, USA 2.1 Yes 2 Rashin & Graber (1993)
Oregon, USA 2.2 NO 132 Norris (1967)
Oregon, USA 4.6 Yes 22 Norris ef af. {1982)
Oregon, USA 6.7 Yes 10 Norris et g/, (1982)
Pacific NW, USA* VT YIN 40 USDA Forest Service (1984)

* 133 separate sprayings | 17 with no detected residues, 13 with 2.4-I3 < § mg/m?, and 2 with 24D of 5-10 mg/
m’.
T Various rates were used.
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Buffer strips: Zones of undisturbed vegetation alongside riparian areas and other surface
waters. arc frequently employed as “ Best Management Practices” toreduce the impact of
herbicides on aguatic ecosystems. The efficacy of buffer strips in mitigating pesticide
transport into wetlands or riparian zones isquitc varied due to the many factors which can
affect pesticide transport (Comerford et al. 1992). Except for the work of Rashin & Graber
(1993), none of thc environmental fate studies summarised in Tables] (—13 was designed
to investigate the effects and functions of differing buffer strip sizes. Wherc buffer strips
were uscd, other criteria determined the buffer strip size or orientation.

Herbicide chemistry, application rate, distribution method, buffer size, and weather
conditions are very important indetermining how well buffer strips work (Comcrfordet f,
1992). In all studies listed in Tables!0-13 where resulting streamflow concentrations were
high (=130 mg/m?), no buffer stripswere used or the buffer was violated during herbicidc
application. Generally speaking, buffer strips of |5 m or larger are effective in minimising
pesticide residue contamination of streamtlow (Neary et a. 1993). The use ef buffer strips
can keep herbicide residue concentrations within water quality standards. They are not
absolute and one as large as 140 m did notkeep residues out of aperennial stream in North
Carolina (Neary et al. 1985). However, the measured peak concentration was SO times lower
than the water quality standard.

Groundwater: Herbicide contamination of groundwater has become a priority environmental
issue inthe past few years because of growing incidents of agricultural herbicide residues
being detected in well samples. In most rural areas, residences are dependent upon
groundwater fora walersupply, Also, significantareas of North America utilise groundwater
for major municipal water sources. A major contamination of an aquifer system would not
be easily reversed because of long residence times of water in aquifer systems. Thusitis
important to address the issue of potential groundwater pollution from operational use of
forestry herbicides.

In generalterms. forestry use of herbicides poses alow pollution risk to groundwater
because of its use pattern For instance, herbicide use in forestry is only 10% of agricultural
usage and likely to occur only once or twice in rotations of 25 to 75 years. Application rates
are generdly low (<2 kg/ha) and animal toxicities arc low. Some of the silvicultural
herbicides can affect non-target plants at low concentrations (<20 mg/m?®) and could affect
the quality of water for irrigation purposes. Within large watersheds where extensive
groundwater recharge occurs, intensive use of silvilcultural herbicides would affect <5% of
the areain any one ycar. The greatcst potential hazard to groundwater comes from stored
concentrates, not operational application of diluted mixtures.

Regional, confined, groundwater aquifers are not likely to be affected by silvicuitural
herbicides{Neary 1985}. Surface, unconfined aquifersinthe immediatevicinityofherbicide
application zones have the most potential for contamination. |t is these aquifers which arc
directly exposed to leaching of residues from the root zone. Several examples are given.

In Georgia, United States, hexarinone was applied at arate of | .68 kg/hato four small
{<] ha) first-order watersheds (Neary et al. 1983). Hexazinone concentrations in groundwater
entering perennial stream channels as baseflow were very low (<24 mg/m?), and did not
persist for more than 30 days. Bouchard et /. (1985) reported a very different situation with
hexarinone applied to an |1 .5-ha watershed in Arkansas at 2.0 kg/ha. Hexazinone residues
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( 14 mg/m®) were consistently measured in groundwater entering perennial stream channels
for over ayear after application. In South Carolina, application of hexazinone at 2.8 kg/ha
did not produce any groundwater contamination in sandy soils where the water table ranged
from 2 to 14 m below surface (Bush er a. 1990). On a Florida site with similar soils and
a lower application rate (1.7 kg/ha), hexazinone was detected in groundwater (17 to
35 mg/m?), but not until ayear later.

Sulfometuron methyl was applied at a rate of 0.4 kg/ha to 4-ha watersheds in Florida
(Neary & Michael 1989). Residues of this herbicide did not penetrate to shallow groundwater
(<1 m deep). A structurally similar herbicide, metsulfuron methyl, applied to a similar site
in Florida also did not leach into shallow (<1 m) groundwater (Michael & Neary 1991).

Triclopyr was applied to small watersheds (4 ha) in Florida in both the amine (2.0 kg/ha)
and ester (I .6 kg/ha) formulations by ground sprayer. Monitoring of both streamflow and
surface groundwater (<1 m deep) for 5 months following application did not detect any
residues of triclopyr (Bush et al. 1988). Application of picloram (5.0 kg/ha) to steep
watersheds of the Appalachian Mountains produced ephemeral groundwater contamination
(Ncary et g/ 1985). A 140-m buffer strip between the application area and a first-order
perennial stream reduced picloram concentrations in baseflow down to sporadic peaks of
<10mg/m? duringa 17-month monitoring period. Intensive sampling of aspring immediately
below the picloram-treated area measured only trace concentrations.

The only known groundwater contamination incidents of any importance (contamination
of bedrock aquifers, persistence >6 months, concentrations in excess of the water quality
standard, etc.) in the southern United States, where significant amounts of forestry herbicides
are used, involved (1) use of extremely high rates, or (2) spills of concentrates. Becausc of
the high concentrations in these instances, herbicide residues were detected in groundwater
4 1o 5 years after the contamination. These situations arc definitely not typical of operational
use of forestry herbicides. Proper handling precautions during herbicide transport, storage,
mixing-loading, and clean-up are extremely important for preventing groundwater
contamination.

Water guality—Nutrienis

Any disturbance to a forest ecosystem (tire, insects, windthrow, harvesting) can alter the
equilibrium in biogeochemical cycling, and ultimately produce changes in surface and
groundwater quality. Nitrogen is the element most sensitive to biogeochemical changes
since it can be volatilisedby tire and mineralisedby decomposition into highly mobile forms
(nitrate-nitrogen; N(O;-N). Vitousek & Mellilo (1979) examined the patterns and processes
of nitrate-nitrogen losses from disturbed forest ecosystems throughout the world. The only
instances where nitrate-nitrogen levels exceeded the 10 mg/m* water quality standard
involved additions of herbicides or use of other techniques to inhibit the regrowth of
vegetation.

A representative range of nitrate-nitrogen peak concentrations in streamflow is given in
Tables [4-16. As indicated by Vitousek & Mellilo (1979), dl the studies listedin these tables
with streamflow concentrations >5.3 mg/m3 involved herbicides. In the studies where peak
concentrations exceeded the water quality standard, either repeated applications were used
or rates of application were high. Most operational applications of forestry herbicides
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TABLE 14-Effect of vegetation management on maximum nitrate-nitrogen concentrations in streamflow
(“astern United States).

Location Forest Treatment  Maximum Reference
type NO,-N
(mg/t)
Hubbard  Brook Northern Cut 6.1 Hornbeck er al. (1987)
New Hampshire, USA hardwoods
Hubbard  Brook Northern Cut 17.8% Pierce et al. (1970)
New Hampshire, USA hardwoods herbicide
Fernow Forest Mixed cut 14 Aubertin & Patric (1 974)
W. Virginia, USA hardwoods
Coweeta Lab Convert to Cut 0.7 Swank {1988)
N, Carolina, USA grass herbicide
Coweeta Lab Mixed Cut 0.2 Swank {1988)
N. Carolina, USA hardwoods
Moonshine  Creek Hardwoods Herbicide 53 Neary et al. (1986)
Georgia, USA

* Treated i consceutive years with bromaeil to stop regrowth

TABLE 13-Effectof vegetation management on maximurn nitrate-nitrogen concentrations in stteamflow
(western United States).

Location Forest Treatment ~ Maximum Reference
type NO,-N
{mg/e)
Andrew Forest Douglas-fir Cut 06 Fredricksen et al. (1975)
Oregon, USA burn
Alsea Basin Douglas-fir Cut 2.1 Brown et al. (1973)
Oregon, USA
Three Bar Chaparral Herbicide 15.3 Davis (I 984)
Arizona, USA grass
Three Bar Chaparral Herbicide 1 x4 Davis (1987)
Arizona, USA grass bum

involve rclatively low rates and are not likely t” be repeated in successive years, Total mass
losses of nutrients from watersheds in streamflow are not usually large relative to other
processes {Neary & Hornbeck 1994). Therefore, the impact of additional nitrogen losses
from herbicide use is minimal.

CONCLUSIONS

Inseveral decades of research on the fate and environmental effects ofherbicides on forest
watersheds, sufficient progress has been made to support several regional environmental
impact statements (USDA Forest Service 1989a, b, 1990). Additiona research will be

necessary in the next decade to examine the environmental fate of new pesticides as well as
determine indirect effects and cumultive effects of forestry herbicide use.

Numerous research and monitoring studies have documented low concentrations and
short persistence of forestry herbicides in surface waters. In the southern United States,
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TABLE 16-Effectof vegetation managementon maximum nitrate-nitrogen concentrations in streamflow
(Canada, Europe, New Zealand)

Location Forest Treatment Maximum Reference
type NO,-N
{mg/e)
Narows Mtn Hardwoods 16 Krause (1982)
N.B., Canada & conifers
Haney Western Cut 05 Feller & Kimmons (1984)
BC, Canada hemlock bum
Okanagan Spruce-fir Cut 04 Hetherington (I 976)
B.C, Canada
Totenasen Spruce, Cut 91 Ogner (I 993)
Norway alder herbicide
Tawhai Forest Beech- Cut 02 Neary ¢f al. (1978)
New Zealand podocarp
Tawhai Forest Beech- Cut 0.4% Neary el al. (1978)
New Zealand podocarp
* Post-burn )

applications of hexazinone, imazapyr, metsulfuron methyl, picloram, sulfometuron methyl,
and triclopyr at rates of 0.3 to 5.6 kg/ha produced peak stream concentrations <130 mg/m?
when buffer strips were maintained (Michael & Neary 1993; Neary ¢f d. 1993). Aerid
applications to entire watcrsheds in both the United States and Canada have resulted in peak
streamflow concentrationsin the 442680 mg/m? range wherc buffer stripswere not used
or maintained. Higher concentrations (up to 2400 mg/m?) have been reported in short
sections of streams after accidental overflights. These types of peak streamflow concentrations
do not persist and rapidly attenuate. Although water quality standards do not exist for all
forestry herbicides or the standards are under debate, monitoring experience clearly indicates
that the rates and use patterns of these chemicals do not pose any problem for surface water
quality For instance, the suggested water quality standard for hexazinone has only been
exceeded for a short time where ephemeral or perennial channels were treated, Where
forestry herbicides have beendetected in streamflow, the residues usually dissipate within
afew months, and persist mainly in low concentrations(<44 mg/m?).

Forestry herbicides have been detected in shallow, surficial groundwater (unconfined
aguifer of soil, colluvium, or saprolite) only from broadcast applications and then only in
about half the studies that monitored for them. Innone of these situations were the herbicide
residue concentrations of any toxicological significance. No cases exist ofa bedrock aquifer
being contaminated on localised or landscape scales by operational use of forestry herbicides.
Transport and storage of concentrated herbicide products are the only activities with any risk
for localised contamination of major aquifers.

From both the water quality and sustainability perspectives, herbicides have a real
advantage for stand establishment and inter-rotation vegetation management. By keeping
soil on site and not in streams, long-term forest sustainability is protected and water quality
is not adversely affected. Considerable research and monitoring studies have shown that
operational use of forestry herbicides for inter-rotation vegetation management does not
create asignificant risk to water quality asfar as herbicide residues arc concerned.
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HOWEVEI’, when the scientific evidence of risks and benefits is carefully analysed,
herbicides actually have a positive role in protecting environmental quality. They do this by
maintaining thc sustainability of forest ecosystems and protecting water quality.

REFERENCES

AUBERTIN, G.M.,PATRIC, J.H. 1974: Water quality after clearcuiting a small watershed in West
Virginia. Jowrnal of Environmental Quality 3: 243-9.

BALLARD; R. | 978: Effect of slash and soil removal on the productivity of second rotation radiata
pine on a pumice soil. New Zealand Journal of Forestry Science 1] 24x-58.

BALNEAVES, | M.; SKINNER, M.F.; LOWE, A.T. 1991: Improving th¢ re-establishment of radiata
pinc on impoverished soils in Nelson, New Zealand. Pp. 1375042 Dyck, w.J.; Mees, C.A.(Ed.)
“Long-lerm Field Trials to Assess Environmental Impacts of Harvesting”. Proceedings, IEA/
BE Té6/A6 Workshop, Florida, USA, February 1990.IEA/BE T6/A6 Report No, 5. New Zealand
Ministry of Forestry, FRI Bulletin No. 161

BEASLEY, RS. 1979: Intensive site preparation and sediment loss on steep watersheds in the Gulf
Coastal Plain. Seil Science Society of America Jvurnn14.7: 412-7.

BEASLEY, R.S.; GRANILLO, A.B.; ZILLMER, V. 1986: Sedimcnt losses from forest management:
mechanical v§. chemical site preparation after cutting. Journaf of Environmental Quality 15
413-6.

BOUCHARD, D.C.; LAVY, J.L.: LAWSON; E.R. 1985: Mobility and persistence of hexazinone in
a forested watershed. Journal of Environmental Quality [4; 229-33.

BRAMLETT, D.L.; JONES, E.P.: WADE; D.C. 1991: Herbicide and bum site preparation in the
Georgia Piedmont. Pp,138-46 in Coleman, §.S.; Neary, D).(i. (Ed.) Proceedings of the Sixth
Biennial Southern Silviculturc Research Conference, Memphis, TN, 30 October- | November
1990, Southeastern Foresi Experiment Station General Technical Report SE-70.

BROWN. G.W.; GAHLER, A.R.: MARSTON, R.B. 1973: Nutrient losses after ¢learcut logging and
slash burning in the Oregon Coast Range. Water Resources Research 9:1450-3.

BUSH, P.B.; NEARY. D.G.; TAYLOR, J.W. 1988: Effect of triclopyr amine and ¢ster formulations
on groundwatcr and surface runoff water quality in the Coastal Plain. Pi’oceedmg.s‘ Of ke
Southern Weed Science Sociery 39: 26270,

BUSH, P.B.; MICHAEL. J.L; NEARY, D.G.; MILLER, K.v. 1990: Effect of hexazinone on
groundwater quality in the Coasta Plain. Proceedings of the Southern Weed Science Society 43.
18494,

CARTER, G.A.; MILLER, J.H.; DAVIS, D.E.; PATTERSON, R.M. |984; Effcct of vegetative
competition on the mojsturc and nutrient status of loblolly pinc. Canadian Journal of Fovest
Research 147 1-Y.

COMERFORD, N.B.; NEARY, D.G.; MANSELL, R.S. 1992: The effectiveneess of buffer strips for
ameliorating offsite transport of sediment, nutrients, and pesticides from silvicultural operations.
National Council of the Paper Industry jor Air and Stream Improvement, New York, Technical
Bulletin No. 63 /.

CRUTCHFIELD, D.M.;MARTIN,LP. 1982:Sitcpreparation—Coastal Plain. Pp.49-57 i Proceedings
of Lub]()lly Pine Ecosystem (East Region) Symposium, North Carolina State University and
USDA Forest Service Southeastern Forest Experiment Statiom.

DAVIS, E.A.1984: Conversion of Arizona chaparral increases water yield and nitrate loss. Water
Resources Research 23: 2 1524,

——|987: Chaparral conversion to increase strgamflow in Arizona: sequential treatments extend
duration of nitrate loss to stream water, Forest Science 33 89-103.

DAVIS,E.A; INGEBQ, P A. 1973: Picloram movement from achaparral watershed. Water Resources
Research 9: 13041 3.

DeBANO, L.F. 1981: Waterrepellentsoils; astate-of-the-art. USDA Forest Service, Pacific Southwest
Forest and Range Experiment Station General Technical Report PSW-46.



260 New Zealand Journal of Forestry Science 26{ 1/2)

DeBANOQ, L.F.; CONRAD, C.E. 1976: Nutrients lost in dcbris and runoff water from 4 burned
chaparral watershed. Pp.3-13 to 3-27 in Proceedings of the 3rd Interagency Sedimentation

Conference, Denver, CO, March.

———197X: The effect of fire on nutrients in 4 chaparral ecosystem. Ecology 59: 48%97.

DEBYLE, N.V.; PACKER, P.E. |972: Plant nutrient and soil losses in overland flow from burned
forestelearcuts, Pp.296-307 in Proceedings, National Symposiumon*Watersheds in Transition™,
Fort Collins, Colorado, | 9—22 June. American Watcr Resources Association, Urbana, lllinois.

DOTY, R.D.; WOOD, H.B.; MERRIAM, R.A. 1981: Suspended sediment production from forested
watersheds on Qahu, Hawaii. Water Resources Bulletin 17: 399405,

DOUGLASS. J.E.; GODWIN, R.C. 1980: Runoffand soil grosion from site preparation practices. Pp.
51-73in “U.S. Forestry and Water Quality: What Course in the 8()'s7" Richmond, Virginia,
Water Pollution Control Federation. Washington, D.C.

DYCK, W.J.; SKINNER, M.F. 199(; Potential for productivity decline in New Zcaland radiata pinc
foresis. Pp.3 18=32in “Sustained Productivity of Forest Sods”. Proceedings of the 7th North
American Forest Soils Conference, Vancouver, British Columbia, July 1988, University of
British  Columbia, Vancouver. 524 p.

FELLER, M.C.; KIMMONS, J.P. 1984: Effects of clearcutting and slash burning on streamwater
chemistry and watershed nutricnt budgets in southwestern British Columbia. Water Resources
Research 20; 29-40.

FOX, T.R.; MORRIS, L.A; MAIMONE, R.A. [989: Windrowing reduces growth in & loblolly pine
plantation in the North Carolina Piedmont. Pp. 133-Y in Miller, JH. {Comp.} Proceedings of the
Fifth Biennial Southern Silviculture Research Conference, Memphis, TN, 1-3Novembcer 1988,
USDA Forest Service, Southern Forest Experiment Station, New Orleans, General Technical
Report 50-74.

FRANCIS, 1.5.; TAYLOR, J.A. | 989: The effect of forestry drainage operations on upland sediment
yields: a study of twp peat-covered catchments. Earth Surface Processes and Landforms 14:
73-83.

FREDRICKSEN, R.L.; MOORE, D.G.;NORRIS, L.A. 1975: The impact of timber harvest, fertilization,
and herbicide treatments on streamwater quality in western Oregon and Washington. Pp.283
314 iy Bcmier, B.; Winget, C.H. (Ed,) “Forest Soils and Forest Land Management”. Laval
University Press, Quebec, Canada. 675 p.

HEEDE, B.H.; HARVEY, M.D.; LAIRD, J.R. 1988: Sediment delivery linkages in a chaparral
watershed following a wildfire. Environmenta! Management /2 349-58.

HELVEY, J.D. 1980 Effects of a porth central Washington wildfire on runoff and sediment
production. Water Resources Bullelin 16: 627-34;

HETHERINGTON, E.D. [976: “Dennis Creek: A Look at Water Quality Following Logging in the
Okanagan Basin”. Environment Canada Forest Service. 2X p.

HIBBERT, A.R. 1985: Storm runoff and sediment production after wildfire in chaparral, Pp.3142 in
“Hydrology and Water Resourccs in Arizona and the Southwest”, Proceedings of the 1985
Meeting of the Arizona-Nevada Academy of Science, Las Vegas, NV, 21 April.

HORNBECK, J.W.; MARTIN, C.W.; PIERCE, R.S.; BORMANN, F. H.; LIKENS, G.E.; EATON,
J.S. 1987: The northern hardwood forest ecosystem: 1{) years of recovery from clearcutting.
USDA Forest Service, Northeastern Forest Experiment Station, Broomall, Research Paper NE-
596. 30 p.

INGEBO, P.A.; HIBBERT, A.R. 1974: Runoff and erosion after brush suppression on the natural
drainage watersheds in central Arizona. USDA Forest Service Research Nole RM-275. 6 p.

JOHNSEN, T.N. Jr 1980: Picloram in water and soil from a semi-arid pinyon-juniper watershed.
Journal of Envirenmental Quality 9: 601-95.

JURGENSEN, M.F., HARVEY, A.E.. GRAHAM, R/T. LARSEN, M.}; TONN, JR.; PAGE-
DUMBROSE, D.S. 1990: Soil organic matter, timber harvesting, and forest productivity in the
inland northwest. Pp. 392-415 in Gcsscl, S.A. (Ed.) Proceedings of the Seventh North



Neary & Michael-Herbicides protecting forest ecosystems 261

American Forest Soils Conference, Vancouver, B.C., July 1988. University of British Columbia,
Vancouver.

KEEVES, A. 1966; Some evidcnce of loss of productivity with successive rotations of Pinus radiata
in the south-east of Australia. Australian Forestr_v 30: 51-63.

KIMMINS, I.P. 1994: Forest manipulation impacts on forest ecosystem sustainability. Pp,23-31in
Mahcndrappa, M.K.; Simpson, C.M.; Smith, C.T. (Ed.) Proceedingsofthe IEAIBE Workshop,
Fredrickten, N.B., 16-22 May [993, Canadian Forest Service - Maritimes Region, Information
Report M-X-191E.9 1p.

KNOWE, S.A.; NELSON, L.R.; GJERSTAD, D.H.; ZUTTER, B.R.. CLOVER, G.R.; MINOGUE,
P.J.; DUKES, J.H. Jr 1985: Four-yeargrowth and development of planted loblolly pine on sites
with competition control. Spathern Journal of Applied Forestry 9: [1-14.

KRAMMES, J.S. 196(}; Erosion from mountain side slopes after {ire in southern California. USDA
Forest Service, Pacific Southwest Forest and Range Fxperiment Station, Berkeley, Research
Noie PSW-171. 8 p.

KRAUSE, H.H, 1982: Nitrate formation and movement before and after clear-cutting ofa monitored
watershed in central New Brunswick, Canada. Canudian Journal of Forest Research 12: 922—
30,

LAL, R.[984: Soil erosion from tropical arable lands and its control. Advances in Agroronty 2 7:183—
248.

LARSEN, V,E,,; PIERCE, F.J.; DOWDY, R.H. 1983: The threat of soil erosion to long-term crop
production. Science 279:458-63,

LAUER, D.K.; CLOVER, G.R.; GJERSTAD, D.H. 1993: Comparison of duration and method of
hetbaccous weed control on loblolly pine response through midrotation. Canadian Journal of
Forest Research 23: 211625,

LAVY, T.L.; MATTICE, J.D.; KOCHENDERFER, J.N. 19§9: Hexazinone persistencc and mobility
in a stecp forested watershed. Journal of Environmental Quality 1X: 50714,

LEGRIS, J. 1987 Concentrations residuelies dc glyphosate dans I’eau de surface ¢n milieg forestier
suite & des pulverisations terrestres, | 983, Gouvernement de Quebee, Ministére de I'Energie ct
des Ressourccs, Service des Etudes Environmentales, Progress Report. 34 p,

———1988: Projets de suivi cnvironmental des pulverisations de phytocides cn milieu foresticr sur les
terres publiques Quebecoises en 1988. Gouvernement de Quebec, Ministére de I'Energic et des
Ressources, Service des Etudes Environmentales, Progress Report. 16 p,

LEGRIS, J.; COUTURE, (5.1989: Residus de glyphosate dans }'eauet les sediments suite § des
U]VQFISAUOI’IS terrestres en milieu forestier en 1986. Gouvernement de Quebec, Ministére de
['Energie et des Ressources, Service des Etudes Environmentales, Publication 3322. 26 p.

LECRIS, J.; COUTRE, G.; LABERGE, L.; MAMARBACHI, G. 1985: Concentrations residuelles de
glyphosate dans ]’cau surface en milieu foresticr suite a des pulverisations terrestres, 1985,
Gouvernement de Quebec, Ministére de !'Energie et des Ressources, Service des Etudes
Environmentales, Publication 33 15. 35 p.

MARION, D.A.; URSIC, S.J. 1993: Sediment production in forests of the Coastal Plain, Piedmont, and
Interior Highlands. Pp. 19-28 in Proceedings of a Technical Workshop on Sediments, Terrene
Institute, Washington, D.C. 14] p.

MAXWELL, J.R.; NEARY, D.G. 1991: Vegetation management effects on sediment yields. Pp.1 2-
55 to 12-63 in Shou-Shou, T.; Yung-Huang, K. {Ed.} Proceedings of the 5th Federal Interagency
Sedimentation Conference, Volume 2, [§~Z | March, Las Vegas, NV. Federal Energy Regulatory
Commission, Washington, D.C.

McCOLL, 1.G; POWERS, RF. 1984: Consequences of forest managment on soil-tree relationships.
Pp.379-412 inBowen, GD; Nambiar, EKS. (Ed.)"Nutritionof Plantation Forests”. Academic
Press, NY.

McKELLAR, RL.; SCHUBERT, O.E.; BYRD, B.C.; STEVENS, L.P.; NORTON, E.J. 1982: Aerial
application of GARLON 3a to a West Virginia watershed. Down To Eqyth 38(2); 15-19.



262 New Zealand Journal of Forestry Science 26(1/2)

MICHAEL, J.L. 198(: Long-term impact of aerial application of 2,4,5-T to longleal’ pine {Pinus
palusiris). Weed Science 28(3): 255-75.

MICHAEL, J.L.: NEARY, D.G. 1991: Metsulfuron in surface groundwater of a north Florida
flatwoods, Proceedings of the Southern Weed Science Sociery 44: 244,

-——1993: Herhicidc dissipation studies in southern forest ecosystems. Environmental Toxico[ogv
and Chemistry 12: 405-1(,

MICHAEL. J.L.; NEARY, D.G.; WELLS, M.J.M. 1989: Picloram movement in soil solution and
streamnflow from a Coastal Plain forest. Journal of Environmental Ouality 18; §9-95,
MILLER, J.H.; BACE, A.C. 198() Streamwater contamination after acrial application of pelletized
herbicide. UUSDA Forest Service, Southern Forest Experiment Station, Research Nofe S0-25.5.

4p.

MORRIS, L.A.; PRITCHETT, W.L.; SWINDEL, B.F. 1983: Displacemcnt of nutrients in windrows
during site preparation of a flatwoods forest. Soil Science Seciefy of America Journal 47. 59 1-
4,

NEARY, D.G. 1983; Monitoring herbicide residues in springflow after an operational application of
hexazinonc. Southern Journal of Applied Forestry 7:211-23.

— 1985 Fate of pesticides in Florida’'s forests: An gyerview of potential impacts on watcr quality.
Soil and Crop scence Seciety of Florida Proceedings 44: 1823,

NEARY, I).G.; HORNBECK, J.W. 1994: Chapter 4: Impacts ofharvesting and gassociated practices
onoff-site envirenmental quality, Pp.81-118 in Dyck, w.J,; Cole, 3. W_; Comerford, N.B. (Ed.)
“Impacts of Forest Harvesting on Long-Term Sijt¢ Productivity”. Chapman & Hall, London

NEARY, D.(G.; MICHAEL, J.L. 1989: Effect of sulfometuron methyl on ground water and stream
quality in coaslal plain forest watersheds. Water Resources Bulietin 25: 617-23.

NEARY, I0.G,; BUSH, P.B.; DOUGLASS, J.E. 1983: Qffsite movement of hexazinone in stormflow
and baseflow from forest watersheds. Weed Science 31 5435 1.

NEARY,D.G.; BUSH, P.B.; GRANT, M. A, 1986: Watcrquality of cphemeral forest streams after site
preparation with the herbicide hexazinone. Forest Ecology and Management 4. 23-40.
NEARY, D.G.; BUSH, P.B.; MICHAEL, J.L. 1993: Fate, dissipation. and environmental effects of
pesticides in southern forests; areview of a decade of progress. Environmental Toxicology and

Chemistry 12 41128,

NEARY, [).G.; MORRIS, L.A.: SWINDEL, B.F. |984: Site preparatien and nutrient management in
southern pine forests. Pp.12144 in Stone, E.L. (Ed.) “Forest Soils and Treatment Impacts”,
Proceedings ofthe 6th North American Forest Soils Conference, University of Tennessee, June
1983.454 p,

NEARY, D.G.; BUSH, P.B.: DOUGI.ASS, J.E; TODD, R.L. 1985: Picloram movement in an
Appalachian hardwood forest watershed. Journal of Environmenial Quality 14: 585-92

NEARY, D.G.: PEARCE, AJ.: O'LOUGHLIN, (.L., ROWE, L.K. 1978: Managcmcnt impacts on
nutrient fluxes in beech-podocarp hardwood forests. New Zealand Jowrnal of Ecology 11 19—
26.

NEARY, D.G.; JOKELA, E.J.; COMERFORD, N.B.; COLBERT, S.R; COOI\SEY, T.E. 1990:
Understanding competition for soil nutrients-the kcy to site productivity on southcastern
Coastal Plain spodosols. Pp.432-5( in Gessel, S.A. (Ed.) “Sustained Productivity of Forest
Soils™. Proceedings of the 7th North American Forest Soils Conference, Vancouver, B.C., July
1988. University of British Columbia, Vancouver. 524 p.

NEWTON, M.: HOWARD, K.M.; KELPAS, B.R.: UANHAUS, R.; LOTTMAN, C.M,
DUBELMAN, 5.1984: FateofglyphosateinanOrcgon forest ecosystem. Journal of Agricultural
and Food Chemistry 32:1144-5],

NORRIS, L.A. 1967: Chemical brush control and herbicide residues in the forest environment.
Pp.103-23 in “Herbicides and Vegetation Management”, Oregon State Lniversity Press,
Corvallis, OR.

——198&[: The movement, persistence, and fate of phenoxy herbicides and TCDD in the forest.
Residue Reviews 81): 65—135.

S—



Neary & Michael-Herbicides protecting forest ecosystems 263

NORRIS, L.A.; MONTGOMERY, M.L. 1975: Dicamba residues in streams after forest spraying.
Bulletin of Environmental Contamination and Toxicology 13:1-8.

NORRIS, L.A; MONTGOMERY,M.L.; WARREN, L.E.;MOSHER,W.D. 1982: Brushcontrol with
herbicides on hill pasture sites in southern Oregon. Joumal of Range Management 35. 7580,

OGNER, G. 1993: The effect of glyphosate application on brook water quality in a nugricnt-rich forest.
Meddelelsa fra Skogforsk 46(3). 1-14.

O'LOUGHLIN, c.L.: ZIEMER, R.R. 1982: The importance of root strength and deterioration rates
upon edaphic stability in stecpland forests. Pp.70-8 in Waring, R.H. (Ed.) Proceedings of
[UFRO Workshop P.1.07-00 Ecology of Subalpine Zongs, 2-3 August, Cervallis, Oregon.

O'LOUGHLIN, C.L.; ROWE, L.K.; PEARCE, A.J. 194(): Sediment yield and water quality responscs
to clearfelling of cvergreen mixed forests in western New Zealand. Pp.285-92 in Proceedings
of the Helsinki Symposium, “The Influence of Man on the Hydrological Regime With Special
Reference to Representative and Experimental Basins”, June, [nternational Association of
Hydrological Science. Gentbrugge, Belgium, Publication 131},

PIERCE, R.S.; HORNBECK, J.W.; LIKENS, G.E.; BORMANN, F.H. 197(: Effect ofelimination of
vegetation on stream water quality and quantity. fnterrational Association of Hydrolological
Science Publication 96: 311-28,

PLAMONDON, A P.; RUIZ, RA.; MORALES, C.F.;, GONZALEZ, M.C. 1991: Influence of
protection forests on soil and water conservation {Oxapampa, Peru). Forest Ecology and
Management 3ti: 22738,

POWERS, R.F.; FERRELL, G.T. 1996: Moisture, nutrient, and insect constrain& on plantation
growth; The *Garden of Eden” study. New Zealand Journal of Forestry Science 2601/2): 122
44,

POWERS, R.F.; TIARKS, A.E.; BUFQORD, M.A. 1995: Influence of site disturbance on fupdamental
productivity and soil processes in pine plantations of the US:The “LTSP™ Expcriment. Pp.68—
70 in Gaskin, R.E.; Zabkiewicz, J.A. (Comp.) “Popular Summarics from Second International
Conference on Forest Vegctali()n Management”, 20-24 March. New Zealand Forest Research
Institute, FRI Bulletin No. 192,

POWERS, R.F.: WEBSTER, §.R.; COCHRAN, P.H. 1988: Estimating response ofponderosa pinc
forests to fertilization. Pp.219-25 in Schmitt, W.C. (Comp.) “Future Forests in the Mountain
West: A Stand Culture Symposium”, Missoula, MT, 29 September- 3 October 1986. [/SPA
Foresi Service, Intermouniain Research Station, Ogden, General Technical Report INT-243.

POWERS, R.F.; ALBAN, D.H; MILLER, R.E.; TIARKS, A.E; WELLS, C.(G.; AVERS, P.E;
CLINE, R.G.: FITZGERALD, R.O.; LOFTUS, N.S. 1990: Sustaining site productivity in North
American forests: problemsand prospects. Pp.49--79 in Gessel, S. A (Ed.)"Sustaincd Productivity
of Forest Soils”, Proceedings ofthe 7th North American Forest Soils Conference, Vancouver,
B.C., July !988,Univcrsity of British Columbia, Vancouver. 524 p.

RASHIN, E; GRABER, C. 1993: Effectiveness ofhcstmanagment practices for aerial application of
forest pesticides. Washington Stare Department of Ecology Report TFW-WQ1-93-001, X3 p.

RIEKCRK, H. 1983: Impacts of silvicylture on flatwoods runoff, water quality, and nutricnt budgets.
Wafer Resources Bulletin 19 73-9.

RIEKERK, H.. NEARY, D.G.; SWANK, W.T. 1989: Magnitude of upland silvicultural nonpoint
source poliutionin the South. Pp.&—18:n Hook, D.D.; Lea, R. (Ed.) Proceedings ofa Symposium
“The Forested Wetlands of the Southern United States”, 12-14 July 1988, Orlando, FL. L/S1}4
Forest Service, Southeastern Forest Experiment Siation, Asheville, General Technical Report
SE-50 16§ p.

RENARD, K.G.; LOPEZ, F.A.; SIMANTON, J.R. 1991: Brush control and sediment yield. Pp.12-38
to 12-45in Shou-Shou, T.; Yung-Huang, K. (Ed.) Proceedings of the Fifth Federal Interagency
Sedimentation Conference, Volume2, | 821 March, LasVegas,NV. Federal Energy Regulatory
Commission, Washington, DC.

SMETHURST, P.J.: COMERFORD, N.B.; NEARY, D.G. 1993: Weed effects on early K and P
nutrition and growth of slash pine on a spodosul, Forest Eco[ogy and Managemgm 60 1526,



264 New Zealand Journal of Forestry Science 26( 1/2)

SQUIRE, R.O.; FARRELL, P.W.; FLINN, D.W.; AEBERLI, B.C. 1985: Productivity of first and
second rotation stands of radiata pine on sandy soils. I1. Heightand volume growth at five years.
Australian Forestry 48: 127-37.

SWANK, W.T. 1988: Chapter 25 Stream chemistry responses to disturbances. Pp.339-57 in Swank,
W.T,; Crossley, DA. (Ed.)“Forest Hydrology and Ecology a Coweeta”. Springer-Verlag, New
York. 469 p.

SWANSON, F.I.; SWANSO, MM, WOODS,C. 1981: Analysis of debris-avalanche erosion in steep
forested lands: an example from Mapleton, Oregon. Pp.67-75 in Davies, TRH,; Peace, AJ
(Ed.) Proceedings of the Christchurch Symposium, “Erosion and Sediment Transport in Pecific
Rim Steeplands’. International Association of Hydrological Science, Publication 132. 654 p.

SWINDEL, B.F; CONDE, LF; SMITH, JE. 1986 Windrowing affects early growth of dash pine.
Southern Journal of Applied Foresry 10: 81-4.

TEW, D.T.; MORRIS, L.A.; ALLEN, H.L.; WELLS, C.G. 1986: Estimates of nutrient removal,
displacement, and loss resulting from havest and ste preparation of a Pinus tgeda plantation
in the Piedmont of North Carolina. Forest Ecology and Management 15: 257-67.

THOMPSON, D.G; STAZNIK, B.; FONTAINE, D.D. MACKAY, T, OLIVER. GR.; TROTH, J
199 1: Fate of triclopyr ester (RELEASE) in aboreal forest stream. Exnvironmental Toxicology
and Chemistry 10. 619-32.

USDA FOREST SERVICE 1984: “Pegticide Background Statements: VVolume I. Herbicides’. [/, 8.
Government Printing Office, Washjng[on, D.C, Agricu!ture Handbook 633.

— 19893: Finad environmental impact statement, vegetation management in the Piedmont and
Coastal Plain. Southern Region Management Bulletin R&MB-23. 1248 p.

—1989b: Final environmental impact statement, vegetation management in the Appalachian
Mountains. Seuthern Region Management Bulletin RR-MB-38. 1638 p,

———1990; Fina ¢nvironmental impact statement, vegetation management in the Ozark/Ouachita
Mountains. Southern Region Management Bulletin R8-MB-45.1787 p.

VAN LEAR; DOUGLASS, JE.; FOX, SK.; AUGSPURGER, M K. 1985: Sediment and nutrient
expost in runoff from burned and harvested pine watersheds in the South Carolina Piedmont.
Journal of Envirommental Quality 14: 16974,

VITOUSEK, P.M.; MELILLO, JM. 1979: Nitrate losses from disturbed forests: patterns and
processes. Forest Science 25: 60519,

WAN, M.T. 19§7: The persistence of triclopyr and its pyridinol metabolite in a coastal British
Columbiastream. Department of the Environment, Conservarionand Protection, Environmental
Protection, Pacific and Yukon Region. Regional Program Report No. 86-24. 21 p.

WELLS, C.G.; CAMPBELL, R.E.; DeBANO, L.F. 1979: Effects of fire on soil: a state-of-the-
knowledge review. USDA Forest Service, Washington, General Technical Report WO-7.34 p.

ZIEMER, RR. 1981: Rootsand the stability of forested dopes. Pp.343-61 in Davies T.RH,; Pearce,
A.J. (Ed.) Proceedings of the Christchurch Symposium, “Erosion and Sediment Transportin
Pecific Rim Steeplands’. international Association of Hydrological Science, Publication /32,
654 p.



