
Rolando et al. New Zealand Journal of Forestry Science 2013, 43:17
http://www.nzjforestryscience.com/content/43/1/17
RESEARCH ARTICLE Open Access
A survey of herbicide use and a review of
environmental fate in New Zealand planted
forests
Carol A Rolando1*, Loretta G Garrett1, Brenda R Baillie1 and Michael S Watt2
Abstract

Background: This paper examines current herbicide use in New Zealand planted forests. Compliance of key
herbicides with existing Forest Stewardship Council (FSC) standards, the key environmental certification body within
New Zealand, is also reviewed.

Methods: Information obtained from a survey of six forest companies operating in New Zealand was used to
identify major herbicides used by the New Zealand planted forest industry, estimate quantity of herbicides used on
an annual basis and also determine changes in weed management practices motivated by certification.

Results: Glyphosate was the most widely used active ingredient in pre-plant weed control with terbuthylazine and
hexazinone used most widely for post-plant weed control. Together these herbicides comprise 90% of the estimated
447 tonnes of active ingredient that is annually used. Average aerial application rates for these three active ingredients
were estimated at 3.3 kg ha-1, 7.0 kg ha-1 and 1.8 kg ha-1, respectively.
Use of terbuthylazine and hexazinone is restricted on FSC-certified forests subject to derogation. Environmental
certification has resulted in a shift from broadcast application of terbuthylazine and hexazinone to greater use of
spot weed control in the first year after tree planting. Spot weed control can reduce the amount of active ingredient
used by up to 89%. Non-chemical weed control is not widely used by the forest industry as it is not as cost-effective
as current herbicide regimes.
A review of the literature indicated that, when used operationally and according to label registrations, these
herbicides are unlikely to have any negative impacts on the planted forest environment. Although they have been
detected in groundwater, under multiple land uses, concentrations were at levels below documented safe drinking
standards. There are limited data for forest soil and no data on the effects of these herbicides on aquatic biota in
New Zealand.

Conclusions: At present time there is insufficient information to support or refute the prohibition of terbuthylazine
and hexazinone in New Zealand's planted forests. This has highlighted a need to conduct field studies to
determine the fate and behaviour of terbuthylazine and hexazinone in planted forests in New Zealand.
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Background
Control of competing vegetation during establishment of
forests planted for timber or fibre production is the single
most important treatment affecting tree growth and sur-
vival, and therefore crop productivity (Wagner et al. 2006).
In New Zealand, herbicides provide the most cost effective
means of controlling competing vegetation in commercially
planted forests and are currently used for both pre-plant
and post-plant vegetation control (Rolando et al. 2011).
Despite their importance for effective forest management,
there is limited information on the types and amount of
herbicide currently used in New Zealand planted forests. It
is not known whether shifts in the amount and type of
herbicide have occurred in response to pressure from certi-
fication bodies to reduce use of herbicides. This knowledge
gap has highlighted a requirement to examine more closely
the use of herbicides and their environmental fate within
planted forests in New Zealand.
Globally, there is a trend to reduce herbicide use in

forests (Thompson and Pitt 2003; Little et al. 2006;
McCarthy et al. 2011). The pressure to shift away from
herbicides is motivated by environmental policy operating
at a national or regional level as well as voluntary subscrip-
tion by forest growers to independent forest certification
schemes, such as the Forest Stewardship Council (FSC) or
the Programme for the Endorsement of Forest Certification
(PEFC). Such certification schemes act to endorse sus-
tainable forest management practices, often with a re-
quirement to reduce and eventually eliminate herbicide
use (Forest Stewardship Council 2007; Wilson 2012). This
mandate has resulted in widespread use of glyphosate for
forest weed control due to its low toxicity, residual ac-
tion and cost. (Thompson and Pitt 2003; Willoughby et al.
2009). Environmental concerns around off-site migration
and detrimental effects of herbicides on surface and
groundwater quality are key drivers behind the increasing
pressure to reduce herbicide use in planted forests. When
addressing the potential environmental effects associated
with herbicides, however, it is important that the context of
their use is considered in association with the impacts from
alternative management practices implemented to achieve
the same goal. For example, used correctly, herbicides
do not produce the adverse affects associated with severe
fire and mechanical site preparation and can therefore act
to minimise impacts on water quality, site productivity and
forest sustainability (Neary and Michael 1996). According
to Neary and Michael (1996) it could be argued that
herbicide applications work to protect water quality and
maintain site productivity by retaining nutrient-rich organic
matter and soil-surface horizons on site.
Management of the competing vegetation in New

Zealand’s planted forests, predominantly comprised of
Pinus radiata D. Don, is achieved primarily through the
use of herbicides (Rolando et al. 2011). As over 60% of the
planted forest land is certified by the FSC (New Zealand
Forest Owners Association 2011/2012), there is a need for
the forest industry to critically examine herbicide use and,
where possible, consider a reduction in application there-
of. Certification allows New Zealand forest companies
access to value-added markets and also offers a means of
attracting investment from the global financial sector. A
20% increase in the percentage of forest area certified over
the past decade is a clear indication that certification is
likely to remain a management preference. Moreover, the
New Zealand forest industry is committed to the princi-
ples of sustainable forest management which is supported
by the New Zealand Environmental Code of Practice
for Plantation Forestry (New Zealand Forest Owners
Association 2012) and the national initiative to develop
the National Standard for Certification of Plantation
Forest Management in New Zealand.
Using information obtained from a survey of forest

vegetation management practices across forest companies
in New Zealand, this paper summarises current herbicide
use in New Zealand planted forests. Compliance of these
herbicides with FSC principles and criteria is examined.
The environmental fate of key herbicides identified in the
survey is also reviewed to evaluate potential risks posed
to the environment from their continued use for forest
weed control.

Methods
Survey of herbicide use in New Zealand’s planted forests
A survey of forest vegetation management practices across
New Zealand forest management companies was used to
identify the major herbicides in use by the forest industry,
estimate the quantity of herbicides being applied to forest
land on an annual basis and also determine changes in
weed control regimes (chemicals and application method)
motivated by certification with FSC over the past decade.
Over the period January to March 2012, a sub-set of
six companies operating in the New Zealand planted
forest industry was surveyed to benchmark current
pre- and post-plant vegetation control practices. The
survey was emailed to forest managers of the major
forest companies requesting details of their vegetation
control operations (Table 1).
An estimate of the annual herbicide inputs for New

Zealand plantation forests was made using two sources
of information. Results from the survey were used to
define typical use of herbicides. This information was
combined with data from the New Zealand Forest Owners
Association (http:www.nzfoa.org.nz; accessed February
2013) that quantified the restocked and newly planted
area. For the estimation of annual herbicide use, it was as-
sumed that: 1) average annual restocked and newly
planted area is 50,000 ha (based on the average calculated
for the period 2001 to 2009), 2) all newly planted and
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Table 1 Summary of the information requested from
regional staff of New Zealand forest companies surveyed
on forest vegetation management operations

Topic Information

General Region of operation.

Major weed species.

Pre-plant vegetation control Details of chemicals, rates, frequency
and method of application.

Post-plant vegetation control Details of chemicals, rates, frequency
and method of application.

Certification Details of any changes in vegetation
control motivated by certification.

Details of any non-chemical methods
employed in forest vegetation
management operations.
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restocked areas get an aerial pre-plant spray and first-year
post-plant control (release), 3) first-year release oper-
ation is 40% aerial and 60% spot weed control, and 4)
50% of the restocked and newly planted area receives
repeat aerial release between year 2 and year 4.

Results
Fifteen questionnaires were received from six forest
companies representing approximately 41% of the New
Zealand planted forest area. The regions covered by
the responses broadly spanned the range of site types
(as determined by mean annual air temperature and
rainfall) on which plantation forests occur throughout
New Zealand (Table 2).

Weed spectrum
Broom (Cytisus scoparius L.), gorse (Ulex europeaus L.),
pine regeneration (Pinus radiata) and various species of
grasses (Table 2) dominated the spectrum of key problem-
atic weeds described by respondents. Responses described
a greater diversity of weeds for the warm and wet central
North Island and Northland regions than forest growing
regions in the cooler South Island (Nelson, Marlborough,
Table 2 Regions covered by the survey and the major weeds

Region (Number of responses) Major weeds

Northland (2) Ulex europaeus (gorse), Cortad
(woolly nighshade), Gahnia sp
gardneranium (ginger)

Taupo/Bay of Plenty (Central North Island) (2) Buddleia davidii (buddleia), Co
hardwoods (native), Pinus rad
Cytisus scoparius (Scotch broo

Hawkes Bay/Gisborne (East Coast) (3) Ulex europaeus (gorse), Cytisus
regeneration, native woody v

Nelson and Marlborough (4) Various grass species, Ulex euro
(bracken) and Rubus spp. (blac

Canterbury (2) Ulex europaeus (gorse), Cytisus

West Coast South Island and Southland (2) Ulex europaeus (gorse), Cytisus
Canterbury, West Coast and Southland) or in drier North
Island regions (Hawkes Bay and Gisborne).

Pre-plant control
All forest companies conducted pre-plant vegetation
control, with the majority targeting this operation during
late summer and autumn (between February and April).
Pre-plant operations consisted of aerial applications of
glyphosate (N-(phosphonomethyl) glycine) and metsulfuron
methyl (methyl 2-(4-methoxy-6-methyl-1,3,5-triazin-2-
ylcarbamoylsulfamoyl)benzoate), applied at average respect-
ive rates of 3.3 ± 0.68 kg ha-1 active ingredient (a.i.) and
0.12 ± 0.04 kg ha-1 a.i. in 150 ± 55 L water.
Certification has not affected the type and quantities

of herbicide used, per se, in pre-plant vegetation control
operations. However, an increasing awareness of the vol-
umes of herbicide applied has resulted in some degree of
change. This has included minimising the time between
harvest and replant and adjusting herbicide rates to match
the weed types present on the site. In some instances this
may have resulted in increased herbicide use. For example
rates of metsulfuron in the herbicide mixes were increased
up to 0.18 kg ha-1 a.i. where a higher proportion of scrub
and woody weeds were expected on the site.

Post-plant control
All forest managers carried out one post-plant vegetation
control operation in the spring (September to December)
following planting. Most, 11/15 (73%), conducted a second
control operation one to four years after planting, with
8/15 (53%) of the responses indicating the operation was
carried out only if necessary (to target the re-growth of
broom or to reduce height of weeds when overtopping the
trees). The method of application for the first post plant-
control operation was either spot or aerial. The percentage
split between application method ranged widely across
companies and regions depending on weed load, soil type
and terrain (Table 3). Terbuthylazine (N2-tert-butyl-6-
chloro-N4-ethyl-1,3,5-triazine-2,4-diamine) and hexazinone
species identified (common name shown in brackets)

eria selloana (pampas), Astelia trinervia (kauri grass), Solanum mauritianum
p., Senecio spp. (fire weed), Phytolacca octandra (ink weed), Hedychium

rtaderia selloana (pampas), Ulex europaeus (gorse) Acacia spp. (wattle),
iata (radiata pine) and eucalypt regeneration, various grass species,
m), Rubus spp. (blackberry)

scoparius (Scotch broom), various grass species, P. radiata (radiata pine)
egetation

paeus (gorse) Cytisus scoparius (Scotch broom), Pteridium esculentum
kberry).

scoparius (Scotch broom) and P. radiata (radiata pine) regeneration

scoparius (Scotch broom), various grass species, native woody vegetation
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Table 3 Summary of first-year vegetation control operations by each respondent for different regions showing: 1) the
method of application (% of area managed with either aerial application or spot weed control), 2) the use rate per hectare
of major active ingredients assuming broadcast (aerial) application to keep equivalence across regions and, 3) the
diameter of the spot, where applicable

Region Application method Quantity of herbicide used Spot
diameter (m)#Aerial Spot terbuthylazine hexazinone

(% area) (% area) (kg ha-1) (kg ha-1)

Northland 50 50 7.0 1.8 2.0

Bay of Plenty 0 100 7.2 1.8 1.8

Taupo 100 0 6.8 1.7 -

Gisborne 100 0 6.0 1.5 -

Hawkes Bay 50 50 7.0 1.8 1.4

Hawkes Bay 0 100 6.0 1.5 1.3

Nelson 40 60 6.0 1.5 1.5

Nelson 0 100 8.0 2.0 1.8

Nelson 0 100 9.2 2.3 2.0

Marlborough 20 80 8.0 2.0 2.0

Canterbury 0 100 6.0 1.5 2.0

Canterbury 94 6 7.0 1.8 -

Southland 70 30 8.0 2.0 1.4

Average 42 57 7.0 1.8 1.7
#The amount of active ingredients applied for an area where spot weed control is used would be reduced proportionately (see Table 4).
Note: two responses were excluded from the table as they were related to regions where terbuthylazine and hexazinone were not used exclusively.
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(3-cyclohexyl-6-dimethylamino-1-methyl-1,3,5-triazine-2,4-
(1H,3H)-dione) were the principal herbicides used for the
first-year release operations (spot or aerial), and the only
two actives cited for release operations in 13 out of the 15
questionnaires. The average application rate was 7 kg ha-1

active ingredient (a.i.) terbuthylazine and 1.8 kg ha-1 a.i.
hexazinone, which approximately equates to an application
of 17.5 L ha-1 of the most widely used products Agpro Val-
zine® 500 (Agpro NZ Ltd, Auckland) or Release KT™
(Orion Crop protection Limited, Auckland) (Table 3). One
respondent indicated that, on sites with a predominance of
grass weeds in Northland, haloxyfop-P-methyl (R-2-
[4-[[3-chloro-5-(trifluoromethyl)-2-pyridinyloxy]phe-
noxy]-propionic acid), was used on sandy soils and
hexazinone was used on clay soils during first-year release.
Two respondents indicated use of clopyralid in combination
with terbuthylazine during first-year release operations.
Four out of the fifteen responses (27%) indicated that

certification has directly affected first-year release op-
erations. This was described as either a shift towards
use of spot weed control, a reduction in spot size or a
change in the active ingredients used. Assuming a planting
density of 833 stems ha-1 and an aerial application rate of
17.5 L ha-1 Valzine®, spot application reduces herbicide
use by 74% and 89%, for spots with diameters of 2.0 m
and 1.3 m respectively (Table 4). Besides using spot weed
control to meet certification requirements, this method
of application is also routinely used to manage competitive
vegetation on steep slopes prone to erosion and sensi-
tive areas close to neighbouring land use boundaries or
wetlands. Spot weed control is used in sensitive areas
as it removes the risk of herbicide drift, sometimes as-
sociated with aerial application. Spot weed control was
also preferred where the level of competition was not
expected to be severe.
Where a second weed control operation was carried

out this was predominantly (60%) aerial application of
the active ingredients clopyralid (3,6-dichloro-2-pyridine
carboxlic acid), picloram (4-amino-3,5,6-trichloro-2-
pyridinecarboxylic acid) and/or triclopyr (3,5,6-trichloro-
2-pyridyloxyacetic acid) (applied as various formulated
products) in 150 to 200 L ha-1 water. Application rates of
these active ingredients in second year release opera-
tions were variations around 1.5 kg ha-1 a.i. clopyralid,
0.15 kg ha-1 a.i. triclopyr and 0.05 kg ha-1 a.i. picloram and
were only applied when necessary (scrub weeds such
as broom or gorse start to overtop the trees). A repeat
application of terbuthylazine and hexazinone was used in
one region only at rates shown in Table 3. In Northland
where the difficult to kill sedges (Gahnia spp.) and grasses
(such as Cortaderia selloana) occur hexazinone was also
used in second release operations.
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Table 4 The calculated quantity of the herbicide (Valzine®) and its active ingredients (terbuthylazine and hexazinone)
applied for a range of spot diameters for an idealised stand established at a stand density of 833 stems ha-1 and
treated at an equivalent standard broadcast application rate of 17.5 L ha-1 Valzine®

Spot diameter (m) Valzine® applied in spot (L ha-1) Terbuthylazine (kg ha-1) Hexazinone (kg ha-1) Percent of broadcast (%)#

1.30 1.93 0.77 0.19 11

1.50 2.52 1.03 0.26 15

1.80 3.71 1.48 0.37 21

2.00 4.58 1.83 0.46 26
#Also shown is the percentage of herbicide used in the spot relative to an application using broadcast methods.
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Alternative weed methods
Three respondents indicated that alternative, non chemical,
methods of weed control were either being investigated or
used. The most common alternative used was oversowing
with other species (such as grasses (Holcus lanatus) or
legumes (Lotus uliginosus)) prior to planting. The purpose of
such a treatment was to either suppress regrowth of scrub-
weeds (when used in combination with spot weed control)
or to reduce exposure on areas open to public view. How-
ever, the majority of responses indicated that alternative
non-chemical methods of weed control were not being used
as there was no benefit over existing weed control practices.

Amount of herbicide used in New Zealand planted forests
An estimated 7% of the total area planted to forestry
(1.8 million ha) was treated annually with herbicide
(125,000 ha) with a total annual input of herbicides esti-
mated at around 447 x103 kg active ingredient (Table 5).
This equates to a use rate of herbicides across the forest
sector of 0.25 kg ha-1 year-1 with the predominant active
ingredients being terbuthylazine (40%), glyphosate (39%)
and hexazinone (10%) (Table 5). These figures are similar
to those published by Manktelow et al. (2005) where forest
herbicide use was estimated at around 0.23 kg ha-1 yr-1 a.i.
(Table 6). Manktelow et al. (2005) also identified the same
three active ingredients as the most commonly used.
Table 5 Estimate of the annual input of herbicides for
New Zealand’s planted forest area (1.8 million ha)

Active Total annual input (kg) Annual input (kg ha-1)

Glyphosate 175.0 x103 0.0972

Metsulfuron 5.8 x103 0.0032

Terbuthylazine 179.3 x103 0.0996

Hexazinone 44.8 x103 0.0249

Clopyralid 37.5 x103 0.0208

Triclopyr 3.8 x103 0.0021

Picloram 1.3 x103 0.0007

Total 447.4 x103 0.2485

Estimates of treated area assume 50,000 hectares is restocked annually (New
Zealand FOA 2011/2012), and that 50% of these areas are retreated at age
class 2, 3 or 4 using standard operational practice (1.5 kg ha-1 clopyralid,
0.15 kg ha-1 triclopyr and 0.05 kg ha-1 picloram). Estimates of herbicide use
assume that first-year release is 40% aerial and 60% spot control.
Discussion
Herbicide use and compliance with FSC policy
The survey indicated that the major herbicides used by the
forest industry were terbuthylazine, glyphosate, hexazinone,
clopyralid, metsulfuron, triclopyr and picloram. These her-
bicides fall into four major classes: triazines, phosphonyls,
sulfonylureas and pyridines – mostly herbicides with foliar
post-emergent activity with the exception of picloram,
hexazinone and terbuthylazine which have some residual
activity. The forestry sector is a relatively low user of
herbicides compared to other intensive primary industries
in New Zealand. Annual herbicide use on a per hectare
basis within forestry exceeds that of pastoral farming
by 59% but constitutes only 11% and 2%, respectively, of
usage within the arable and horticulture sectors (Table 6)
(Manktelow et al. 2005).
Two of the three most widely used herbicides in New

Zealand planted forests, terbuthylazine and hexazinone,
are currently prohibited for use in forests certified by FSC
(Forest Stewardship Council 2007). Together, these two
herbicides provide excellent control of the major weeds of
planted forests. A recent review of the indicators and
thresholds for identifying highly hazardous pesticides
for FSC, however, has indicated that terbuthylazine
may be removed from the list of prohibited pesticides
(Neumeister 2013). However, until a decision is made
both terbuthylazine and hexazinone remain prohibited.
A derogation is currently granted to permit forest owners
temporary use of the prohibited chemicals subject to
restricted use controls and research into alternative
Table 6 Use of pesticides by primary sectors in New Zealand
(Mankeltow et al. 2005)

Sector Total
area

%Area1 Total kg
(a.i. yr-1)

Mean pesticide
loading

(kg a.i. ha-1 yr-1)

Total
use

(106 ha) (%)

Pastoral farming 7.65 79.3 1,278 x103 0.17 35.90

Arable 0.14 1.5 344 x103 2.43 9.66

Forestry 1.74 18.0 463 x103 0.27 13.00

Horticulture 0.11 1.2 1,476 x103 13.19 41.44
1Area as a percentage of the total land area used by New Zealand’s
primary sectors.
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chemical and non-chemical vegetation control. It is import-
ant that alternative, effective herbicides or non-chemical
methods are identified since most weeds of planted forests
in New Zealand are classified as highly invasive. In addition,
regional legislation under the Resource Management Act
(1991) requires that invasive weeds are either controlled or
contained. Poor or no control of weeds on certified land
could exacerbate the spread of invasive weeds, a major
environmental and economic problem for New Zealand
(Williams and Timmins 2002).
For inclusion on the FSC highly hazardous list, a

chemical must be classified as persistent, toxic or biologic-
ally active, where derivatives remain and accumulate in the
food chain beyond their intended use. Hexazinone, a triazi-
none, is a non-selective, post emergence contact herbicide
and terbuthylazine, a triazine, is a broad spectrum pre-
or post emergent herbicide absorbed mainly by plant
roots (Tomlin 2006). The standard, relevant human and
environmental toxicology data for terbuthylazine and hex-
azinone are shown in Table 7. According to the FSC Pesti-
cide Policy, hexazinone has been banned for persistence,
leaching potential and solubility and terbuthylazine was
banned for its potential to bio-accumulate (Forest Stewardship
Council 2007). The hazard to the forest environment
when these herbicides are used for forest weed control,
as identified by the FSC criteria, therefore needs to be
critically examined. The key questions are: 1) when used
for planted forest weed control what is the risk that
terbuthylazine will leach into local water bodies and
bioaccumulate to a level that is toxic? and 2) does hexazinone
move out of the environment and accumulate in local
streams to a level that is hazardous to aquatic life or drinking
water quality?
The main processes by which herbicides can reach

water bodies are preferential flow through the soil and
from soil erosion (Neary et al. 1993; Holvoet et al. 2007).
Additionally, spray drift can occur during aerial
Table 7 Human toxicology and environmental persistence da

Herbicide DT50
a ADIb Kow

c Koc
d Kd

d Solubilit
mg L-1days mg kg-1 bw logP mL g-1 mL g-1

terbuthylazine 30-60 0.004 3.2 162-278 2.2-2.5 8.5

hexazinone 30-180 0.05 1.2 54 0.2 29800
a The rate of degradation of pesticides in soils is often expressed as the half-life (DT
b The Acceptable Daily Intake (ADI) value is the maximum quantity of chemical tha
signs of illness (Tomlin 2006). bw = body weight.
c The octanol-water partition coefficient (Kow) is the ratio of the concentration of a
d The soil organic carbon (OC) affinity coefficient (Koc) represents the soil distributio
e Solubility in water.
f The LD50 is the dose that kills half (50%) of the animals tested (LD = “lethal dose”)
g The Acute LC50 (hours) is the concentration in water that kills half (50%) of the an
h BCF-bio-concentration factor; taken from the Pesticide Properties Database (PPDB
January 2013].
na: indicates data were not available.
application that may result in the herbicide being carried
out of the treated area to a nearby water body (Holvoet
et al. 2007; Thistle et al. 2009). This last factor is largely
controlled through the use of appropriate buffer zones
to avoid direct application into streams and off-target
vegetation (Ray et al. 1998; Richardson et al. 2004; Neary
et al. 2009). The following discussion more closely ex-
amines the literature pertaining to the environmental
fate of these two herbicides in forest environments and
relates these findings to the forest industry in New
Zealand.

Environmental fate of terbuthylazine and hexazinone in
planted forests outside New Zealand
Because of its widespread global use, there is a substan-
tial body of published literature, mostly from the USA
and Canada, documenting the movement of hexazinone
through forest watersheds and its impacts on terrestrial
and aquatic flora and fauna (Mayack et al. 1982; Leitch
and Flinn 1983; Neary 1983; Thompson et al. 1993;
Bouchard et al. 1985; Lavy et al. 1989; Michael et al.
1999). Most of these studies indicate hexazinone to be of
low toxicity to fish, frogs and invertebrates with no ad-
verse effects recorded (Berrill et al. 1994; Mayack et al.
1982; Neary 1983; Thompson et al. 1993) (Table 7). At
highest risk in the forest environment are freshwater
algae as they possess the specific target sites for the ac-
tive ingredient (Peterson et al. 1994). At a concentration
of 2.9 mg L-1 (2.9 ppm), hexazinone was found to be
highly toxic to 11 species of cyanobacteria, algae and
duckweed (Peterson et al. 1994). Similarly, Thompson
et al. (1993) showed that chronic exposure to hexazi-
none at concentrations of 1 mg L-1 (1 ppm) induced dir-
ect effects to freshwater phytoplankton with resulting
impacts on zooplankton communities. Studies have
shown that peak concentrations of hexazinone are typic-
ally highest following application and initial rainfall
ta for hexazinone and terbuthylazine (Tomlin, 2006)

ye LD50 LC50 (96 h) LC50 (48 h) LC50 (14 day) BCFh

(rats)f

mg kg-1
(trout)g

mg L-1
(Daphnia)g

mg L-1
(earthworms)g

mg kg-1
(potential)

1590 3.8-4.6 21-50.9 141.7 34 (low)

860 >320 442 na 7 (low)

50), in years, months or days (Tomlin 2006).
t humans can absorb in a day for their entire lifespan without showing any

chemical in octanol and in water at equilibrium.
n coefficient (Kd) normalised for soil organic carbon content.

(Tomlin, 2006).
imals tested (LC = “lethal concentration”) (Tomlin 2006).
), University of Herdfordshire. http://sitem.herts.ac.uk/aeru/footprint [accessed
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events (Miller and Bace 1980; Leitch and Flinn 1983;
Neary 1983; Bouchard et al. 1985). A number of trials
have assessed the movement of hexazinone into stream
water following operational application in forests (Miller
and Bace 1980; Neary 1983; Bouchard et al. 1985). Levels
of hexazinone in stream water ranged from below de-
tectable limits to 2.4 mg L-1. In all cases, however, levels
of hexazinone declined rapidly to below detectable levels
within six to seven months after application. The re-
ported levels of hexazinone in streams did not support
chronic exposure to levels of hexazinone greater than
1 mg L-1, but rather fluxes of chemical at almost negli-
gible levels over a period of months. Hexazinone is typ-
ically applied within New Zealand forest environments
once every 30 years, frequently at levels below 0.5 kg
ha-1 when spot control is used (Table 4). It therefore,
seems unlikely an operational application of this herbi-
cide would have any long-term negative environmental
impact.
In contrast to hexazinone, there is relatively little in-

formation on the dissipation of and ecotoxicity of ter-
buthylazine when used in a forest environment and
limited data on its potential to bioaccumulate, the
reason it was prohibited. Ecotoxicology data on ter-
buthylazine indicate that it is considered moderately
toxic to both cold and warm water fish, slightly toxic to
aquatic invertebrates, and highly toxic to aquatic plants,
algae, and estuarine and marine invertebrates (Table 7)
(European Food Safety Authority 2011; Tomlin 2006).
Bioaccumulation is defined as the process that causes in-
creased chemical concentration in an aquatic organism
compared to that in water and the bioaccumulation fac-
tor (BAF) is the ratio of the concentration of the chem-
ical in the organism compared to that in water (Vallack
et al. 1998; Mackay and Fraser 2000). From a scientific
perspective there is no threshold defining problematic
values of bioaccumulation. For rainbow trout exposed to
terbuthylazine at 1% of the 50% lethal concentration
(LC50) value, Tarja et al. (2003) reported a BAF of be-
tween 6.2 and 8.1 for terbuthylazine at temperatures
ranging between 4°C and 17°C, respectively. Beek et al.
(1992) considered chemicals with a BCF of less than 30
to present no cause for concern. Mackay and Fraser
(2000) suggest an octanol/water partition co-efficient
(log PKow) of 5.0 or greater as a threshold for the onset
of bioaccumulation and at 3.2 terbuthylazine sits well
within this limit (Table 7). These studies question the
rating assigned to terbuthylazine as likely to bioaccumu-
late and indicate an independent assessment is needed
to determine whether or not the use of the chemical ac-
tually presents a threat to native New Zealand biota.
Terbuthylazine is not considered a persistent chemical,
DT50 in soil ranges between 30 days to 60 days (Table 7)
and aqueous hydrolysis occurs over a similar period
(Tomlin 2006). For a chemical that is only applied once
or twice every 28 to 30 years, the potential to bio-
accumulate will be limited as the chemical will not be in
the environment long enough for this to occur.

Environmental fate of terbuthylazine and hexazinone in
New Zealand planted forests
The fate and behaviour of pesticides including terbuthy-
lazine and hexazinone, in New Zealand agro-ecosystems
were reviewed about a decade ago (Sarmah et al. 2004).
Terbuthylazine has been shown to be fairly immobile in
the soil and to rapidly degrade and hexazinone shown to
be very mobile in the soil and persistent (Close et al.
2005; Close et al. 2003; Close et al. 2006; James et al.
1998; Pang et al. 2005; Pang and Close 2001; Sarmah
et al. 2005). For planted forests in New Zealand, there
are two laboratory studies on herbicide soil adsorption
(Watt et al. 2010; Rolando and Watt 2012). There are no
larger scale catchment studies on herbicide impacts on
terrestrial and aquatic flora and fauna for planted
forests.
Data on the dissipation of both herbicides on a range

of New Zealand soils is summarised in Table 8. Values
shown for New Zealand soils exceed the ranges cited by
Tomlin (2006) (Table 7 and Table 8) with implications
for the behaviour of these herbicides, particularly ter-
buthylazine in New Zealand forest soils. Hexazinone was
measured to be very mobile across most New Zealand
soils, with a range in Kd values of between 1.4 mL g-1

and 2.8 mL g-1 reported for forest soils (Rolando and
Watt 2012). Soil sorption (Kd) values for terbuthylazine
in New Zealand forest soils were shown to range from
5.1 mL g-1 to 50.2 mL g-1, depending on the percentage
soil carbon, indicating that this herbicide is potentially
only mobile in New Zealand forest soils having low or-
ganic carbon fractions (Table 7 and Table 8) (Watt et al.
2010). Soils that typically have low organic carbon, Re-
cent and Raw soils, represent around 15% of the planta-
tion forest estate (Watt et al. 2010) and are areas that
could potentially be identified and labelled as high risk
sites. If a risk based approach were used, application of
terbuthylazine could be limited to sites with high organic
carbon fractions where the potential for loss through
leaching was low.
In New Zealand, the maximum acceptable value

(MAV) for drinking water for hexazinone is 0.4 mg L-1

(0.4 ppm) and for terbuthylazine is 0.008 mg L-1

(0.008 ppm) (Ministry of Health 2008), values that are
consistent with that used by WHO (World Health Or-
ganisation 2010). In a national survey of pesticides in
New Zealand’s groundwater in 2010, terbuthylazine was
the most frequently detected pesticide, found in 10% of
the wells sampled (Close and Skinner 2012). The highest
level of terbuthylazine detected was 0.0058 mg L-1

http://www.nzjforestryscience.com/content/43/1/17


Table 8 The distribution coefficient, Kd, and soil organic carbon affinity coefficient, KOC, for soil orders sampled in New
Zealand for hexazinone and terbuthlyazine

Soil order Soil
organic
carbon
(%)

Hexazinone Terbuthylazine Land use Reference

Kd (mL g-1) KOC (mL g-1) Kd (mL g-1) KOC (mL g-1)

Allophanic 10.3 2.8 30 39.3 274 Planted forest Rolando and Watt (2012)

Brown 5.2 1.9 37 16.9 322 Planted forest Rolando and Watt (2012)

6.8 1.0 40 3.0 42 Agriculture Close et al. (2005)

3.3 0.4 11 5.0 151 Agriculture Close et al.(2005)

3.9 1.8 45 6.9 177 Agriculture Close et al.(2005)

Pallic 3.7 - - 10.4 296 Planted forest Rolando and Watt (2012)

Podzol 7.6 1.4 19 50.2 576 Planted forest Rolando and Watt (2012)

Pumice 5.9 1.4 29 15.9 268 Planted forest Rolando and Watt (2012)

Raw 1.0 - - 5.1 499 Planted forest Rolando and Watt (2012)

Recent 1.6 1.3 28 5.4 352 Planted forest Rolando and Watt (2012)

2.4 2.3 97 13.7 575 Agriculture Close et al. (2006)

Ultic 3.8 2.8 30 14.6 406 Planted forest Rolando and Watt (2012)
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(0.0058 ppm) which is 73% of the MAV. In all other
wells where it was detected, however, it was below 10%
of the MAV (Close and Skinner 2012). Hexazinone was
found in only 1.9% of the wells sampled, with the highest
concentration detected of 0.0007 mg L-1 (0.0007 ppm)
which is below 0.2% of the MAV. These values are below
the LC50 values quoted for rainbow trout and Daphnia
spp., both aquatic organisms used in standard ecotoxi-
city tests (Table 7). The wells included in the 2010 na-
tional survey of pesticides in groundwater represented a
mix of land uses, mainly agriculture and horticulture,
with no wells sampled with an associated forestry land
use (Close and Skinner 2012). Terbuthylazine is used in
both the agricultural and horticultural industries in New
Zealand, as well as forestry (Manktelow et al. 2005). The
wells sampled in the 2010 national survey of pesticides
in groundwater represent deep groundwater and it is,
therefore, not possible to draw conclusions regarding
pesticide detection and associated land use. What these
results do indicate is that levels of terbuthylazine and
hexazinone in New Zealand groundwater do not exceed
toxicity thresholds.
The results from the existing studies on fate and be-

haviour of terbuthylazine and hexazinone in New
Zealand indicate that, under standard arable land use,
neither of these chemicals persists in a manner that
could be hazardous to soil or water quality. Considering
that mean pesticide loading (kg a.i. ha-1 yr-1) in forestry
is approximately 10 and 50 fold less than that in the ar-
able and horticultural sectors (Table 6), the risk to
groundwater posed by herbicide use in the forestry sec-
tor (1–2 times every 30 years) can only be lower than
that posed by agricultural and horticultural use (annual
application). Data on the direct toxicity of these herbi-
cides to a range of species assists in identifying the po-
tential risks to the receiving environments in New
Zealand. However, there are no data for either chemical
on the risk posed to native soil and aquatic biota likely
to be found in New Zealand planted forests, many of
which are unique (Boothroyd 2009; Harding et al. 2004).
The lack of information pertaining to the fate of these
herbicides in New Zealand forest soils and waterways
when used in routine forest weed-control operations
means there is uncertainty around the risk they pose to
the New Zealand planted forest environment.
Conclusions
Glyphosate, terbuthylazine and hexazinone were found
to be the most widely used active ingredients in pre-
plant (glyphosate) and post-plant (terbuthylazine and
hexazinone) forest weed control operations. The prohib-
ition of two active ingredients that constitute 50% of the
total amount of herbicide used on planted forest land
certified by the FSC would severely impact current forest
weed control operations, unless viable, cost effective, al-
ternative weed management options were found. The in-
frequent use of terbuthylazine and hexazinone within
one rotation of approximately 30 years in New Zealand’s
planted forests considerably reduces the environmental
risk of polluting ground and surface waters. In addition,
wide use of spot weed control means the risk of off-site
movement of these herbicides is reduced. Data from a
recent national survey of pesticides in groundwater in
New Zealand indicate levels of these pesticides are below
that likely to be toxic to humans and the environment.
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The data on which FSC based its decision to place
hexazinone and terbuthylazine on its highly hazardous
list were primarily data derived from laboratory studies
or field trials conducted in environments that may be
very different from those found in New Zealand planted
forests. The paucity of data on the environmental im-
pacts of these active ingredients in the New Zealand
planted forest environment, however, means it is difficult
to determine with a high degree of certainty whether or
not the FSC classification is warranted when the herbi-
cides in question are used in New Zealand planted for-
ests. There is, therefore, a need to undertake empirical
field studies to reduce this uncertainty and inform a risk
assessment specific to New Zealand planted forests.
Such an approach would ideally be undertaken over a
long time period at the catchment scale.
If the indicators for identifying highly hazardous pesti-

cides for FSC certified land and thresholds for concern
are modified, and terbuthylazine is removed from the list
of prohibited pesticides, the data presented and collated
here support a low-risk profile of this herbicide in the
context of current forestry practice. Assuming that the
prohibition of terbuthylazine and/or hexazinone con-
tinues to be pursued, however, studies need to be con-
ducted to determine if these herbicides can be gradually
phased out and replaced with herbicides that meet certi-
fication requirements. Over the medium term, it may be
sufficient to retain spot treatments of terbuthylazine and
hexazinone as this markedly reduces use of these herbi-
cides. As terbuthylazine and hexazinone are very effect-
ive herbicides that provide broad spectrum long-term
weed control, with little phyto-toxicity to crop trees,
their replacement is likely to have economic implica-
tions. Development of a national monitoring system for
reporting of pesticide use in New Zealand planted for-
ests may be one possible course of action that enables
the forest industry to more clearly demonstrate its exist-
ing commitment to protecting the planted forest envir-
onment and to facilitate better documentation of annual
herbicide inputs.

Competing interests
The authors declare that they have no competing interests.

Authors’ contribution
Carol Rolando and Loretta Garrett developed the concept for this paper.
Carol Rolando and Michael Watt conducted the industry survey and
compiled the results section. Brenda Baillie and Loretta Garret conducted the
literature review, global and local, on the impact of terbuthylazine and
hexazinone on soil and water quality. Carol Rolando, with the support of all
co-authors, brought the survey and literature review together to form the
review presented in this paper. All authors read and approved the final
manuscript.

Acknowledgements
The authors acknowledge AgResearch for funding this research through the
Undermining Weeds programme (Contract C10X0811). Daniel Neary (Rocky
Mountain Research Station, Fort Collins, USA) is also acknowledged for his
constructive review of the draft manuscript.

Author details
1Scion, Private Bag 3020, 49 Sala Street, Rotorua 3010, New Zealand. 2Scion,
PO Box 29237, Fendalton, Christchurch 8540, New Zealand.

Received: 6 March 2013 Accepted: 1 December 2013
Published:

References
Beek, B, Böhling, S, Franke, C, & Studinger, G. (1992). Bioaccumulation. Assessment

concept and strategies for use in the implementation of chemicals legislation.
Berlin, Germany: Federal Environmental Agency (Umweltbundesamt-UBA).

Berrill, M, Bertram, S, McGillivray, L, Kolohon, M, & Pauli, B. (1994). Effects of low
concentrations of forest-use pesticides on frog embryos and tadpoles.
Environmental Toxicology and Chemistry, 13, 657–664.

Boothroyd, IKG. (2009). Ecological characteristics and management of geothermal
systems of the Taupo Volcanic Zone, New Zealand. Geothermics, 38, 200–209.

Bouchard, DC, Lavy, TL, & Lawson, ER. (1985). Mobility and persistence of hexazinone
in a forest watershed. Journal of Environmental Quality, 14, 229–233.

Close, ME, & Skinner, A. (2012). Sixth national survey of pesticides in groundwater
in New Zealand. N Z J Mar Freshw Res, 46, 443–457.

Close, ME, Magesan, GN, Lee, R, Stewart, MK, & Hadfield, JC. (2003). Field study of
pesticide leaching in an allophanic soil in New Zealand. 1: Experimental
results. Australian Journal of Soil Research, 41, 809–824.

Close, ME, Lee, R, Magesan, GN, Stewart, MK, Skuse, G, & Bekesi, G. (2005). Field study
of pesticide leaching in a Himatangi sand (Manawatu) and in a Kiripaka bouldery
clay loam (Northland). 1. Results. Australian Journal of Soil Research, 43, 457–469.

Close, ME, Sarmah, AK, Flintoft, MJ, Thomas, J, & Hughes, B. (2006). Field and
laboratory study of pesticide leaching in a Motupiko silt loam (Nelson) and in
a Waikiwi silt loam (Southland). Australian Journal of Soil Research, 44, 569–580.

European Food Safety Authority. (2011). Conclusion on the peer review of the
pesticide risk assessment of the active substance terbuthylazine. European
Food Safety Authority Journal , 9, 1–133.

Forest Stewardship Council. (2007). FSC pesticide policy: guidance on
implementation. Bonn, Germany: Forest Stewardship Council.

Harding, JS, Mosley, MP, Pearson, CP, & Sorrell, BK. (2004). Freshwaters of New
Zealand. Christchurch, New Zealand: Hydrological Society Inc. and New
Zealand Limnological Society Inc.

Holvoet, KMA, Seuntjens, P, & Vanrolleghem, PA. (2007). Monitoring and modeling
pesticide fate in surface waters at the catchment scale. Ecological Modelling,
209, 53–64.

James, TK, Rahman, A, Holland, PT, McNaughton, DE, & Heiermann, M. (1998).
Degradation and movement of terbuthylazine in soil. New Zealand Plant Protection
Journal, 51, 157–161.

Lavy, TL, Mattice, JD, & Kochenderfer, JN. (1989). Hexazinone persistence and mobility
of a steep forested watershed. Journal of Environmental Quality, 18, 507–514.

Leitch, CJ, & Flinn, DW. (1983). Residues of hexazinone in streamwater after aerial
application to an experimental catchment planted with radiata pine.
Australian Forestry, 46, 126–131.

Little, KM, Willoughby, I, Wagner, RG, Adams, P, Frochot, H, Gava, J, Gous, S,
Lautenschlager, RA, Orlander, G, Sankaran, KV, & Wei, RP. (2006). Towards reduced
herbicide use in forest vegetation management. Southern African Forestry Journal,
207, 63–79.

Mackay, D, & Fraser, A. (2000). Bioaccumulation of persistent organic chemicals:
mechanisms and models. Environmental Pollution, 110, 375–391.

Manktelow, D, Stevens, PJG, Walker, J, Gurnsey, S, Park, N, Zabkiewicz, J, Teulon,
D, & Rahman, A. (2005). Trends in pesticide use in New Zealand: 2004 (p. 73).
Auckland, New Zealand: HortResearch.

Mayack, DT, Bush, PB, Neary, DG, & Douglas, JE. (1982). Impact of hexazinone on
invertebrates after application to forested watersheds. Archives of Environmental
Contamination and Toxicology, 11, 209–217.

McCarthy, N, Bentsen, NS, Willoughby, I, & Balandier, P. (2011). The state of forest
vegetation management in Europe in the 21st century. European Journal of
Forest Research, 130, 7–16.

Michael, JL, Webber, EC, Jr, Bayne, DR, Fischer, JB, Gibbs, HL, & Seesock, WC.
(1999). Hexazinone dissipation in forest ecosystems and impacts on aquatic
communities. Canadian Journal of Forest Research, 29(7), 1170–1181.

Miller, JH, & Bace, AC. (1980). Streamwater contamination after aerial application of
pelletized herbicide. New Orleans, LA: USDA Forest Service.

17 Dec 2013

http://www.nzjforestryscience.com/content/43/1/17


Rolando et al. New Zealand Journal of Forestry Science Page 10 of 102013, 43:17
http://www.nzjforestryscience.com/content/43/1/17
Ministry of Health. (2008). Drinking water standards for New Zealand (Revised
2008). Wellington, New Zealand: Ministry of Health.

Neary, DG. (1983). Monitoring herbicide residues in springflow after an operational
application of hexazinone. Southern Journal of Applied Forestry, 7, 217–223.

Neary, DG, & Michael, JL. (1996). Herbicides protecting long-term sustainability
and water quality in forest ecosystems. New Zealand Journal of Forest Science,
26, 241–263.

Neary, DG, Bush, PB, & Michael, JL. (1993). Fate, dissipation and environmental
effects of pesticides in Southern Forests: a review of a decade of research
progress. Environmental Toxicology and Chemistry, 12, 411–428.

Neary, DG, Ice, GG, & Jackson, CR. (2009). Linkages between forest soils and water
quality and quantity. Forest Ecology and Management, 258, 2269–2281.

Neumeister, L. (2013). Review of the Forest Stewardship Indicators and Thresholds
for identifying “highly hazardous pesticides”. International Centre, Bonn,
Germany: Forest Stewardship Council.

New Zealand Forest Owners Association. (2012). NZ environmental code of
practice for plantation forestry. Wellington, New Zealand: NZFOA Inc. www.
nzfoa.co.nz.

New Zealand Forest Owners Association. (2011/2012). New Zealand plantation forest
industry: facts and figures. Wellington, New Zealand: Ministry for Primary Industries.

Pang, L, & Close, ME. (2001). A field tracer study of attenuation of atrazine,
hexazinone and procymidone in a pumice sand aquifer. Pest Management
Science, 57, 1142–1150.

Pang, L, Close, M, & Flintoft, M. (2005). Degradation and sorption of atrazine,
hexazinone and procymidone in coastal sand aquifer media. Pest
Management Science, 61, 133–143.

Peterson, HG, Boutin, C, Martin, PA, Freemark, KE, Ruecker, NJ, & Moody, MJ.
(1994). Aquatic phyto-toxicity of 23 pesticides applied at expected environ-
mental concentrations. Aquatic Toxicology, 28, 275–292.

Ray, JW, Richardson, B, Schou, WC, Teske, ME, Vanner, AL, & Coker, GWR. (1998).
Validation of spray safe manager, an aerial herbicide application decision
support system. In RG Wagner & DG Thompson (Eds.), Proceedings of the
third international conference on forest vegetation management (pp. 272–274).
Canada: Ontario.

Resource Management Act. (1991). Statute No. 69. Date of assent: 22 July 1991.
Wellington, New Zealand: Ministry of the Environment.

Richardson, B, Schou, WC, & Kimberley, MO. (2004). Defining acceptable levels of
spray deposit from aerial herbicide applications. Applied Engineering in
Agriculture, 20(3), 254–267.

Rolando, CA, & Watt, MS. (2012). Perspectives on forest stewardship council
certification and vegetation management in New Zealand. N Z J For,
56, 37–40.

Rolando, CA, Watt, MS, & Zabkiewicz, JA. (2011). The potential cost of
environmental certification to vegetation management in plantation forests:
a New Zealand case study. Canadian Journal of Forest Research, 41, 986–993.

Sarmah, AK, Müller, K, & Ahmad, R. (2004). Fate and behaviour of pesticides in the
agroecosystem - a review with a New Zealand perspective. Australian Journal
of Soil Research, 42, 125–154.

Sarmah, AK, Close, ME, Pang, L, Lee, R, & Green, SR. (2005). Field study of
pesticide leaching in a Himatangi sand (Manawatu) and a Kiripaka bouldery
clay loam (Northland). 2. Simulation using LEACHM, HYDRUS-1D, GLEAMS,
and SPASMO models. Soil Research, 43, 471–489.

Tarja, N, Kirsti, E, Marja, L, & Kari, E. (2003). Thermal and metabolic factors
affecting bioaccumulation of triazine herbicides by rainbow trout
(Oncorhyncus mykiss). Environmental Toxicology, 18, 219–226.

Thistle, HW, Ice, GG, Karsky, RL, Hewitt, AJ, & Dorr, G. (2009). Deposition of
aerially applied spray to a stream within a vegetative barrier. Transactions
of the ASABE, 52, 1481–1490.

Thompson, DG, & Pitt, DG. (2003). A review of Canadian forest vegetation
management research and practice. Annals of Forest Science, 60, 559–572.

Thompson, DG, Holmes, SB, & Waino-Keizer, K. (1993). Impact of hexazinone and
metsulfuron methyl on the zooplankton community of a boreal forest lake.
Environmental Toxicology and Chemistry, 12, 1709–1717.

Tomlin, C. (2006). The pesticide manual (Fourteenth ed., p. 1347). Hampshire, UK:
British Crop Protection Council.

Vallack, HW, Bakker, DJ, Brandt, I, Broström-Lundén, E, Brouwer, A, Bull, KR, &
Weavers, NG. (1998). Controlling persistent organic pollutants-what next?
Environmental Toxicology and Pharmacology, 6(3), 143–175.

Wagner, RG, Little, KM, Richardson, B, & McNabb, K. (2006). The role of vegetation
management for enhancing productivity of the world’s forests. Forestry,
79, 57–79.
Watt, M, Wang, H, Rolando, C, Zaayman, M, & Martin, K. (2010). Adsorption of the
herbicide terbuthylazine across a range of New Zealand forestry soils.
Canadian Journal of Forest Research, 40, 1448–1457.

Williams, PA, & Timmins, S. (2002). Economic impacts of weeds in New Zealand.
In D Pimentel (Ed.), Biological invasions: economic and environmental costs of
alien plant, animal and microbe species (pp. 75–184). London, UK: CRC Press.

Willoughby, I, Balandier, P, Scott Bensen, N, McCarthy, N, & Claridge, J. (2009).
Forest vegetation management in Europe: current practice and future
requirements (Cost action E47). Brussels, Belgium: COST Office.

Wilson, P. (2012). UK woodlands assurance standard (Thirdth ed.). Edinburgh, UK:
UKWAS.

World Health Organisation. (2010). The WHO recommended classification of
pesticides by hazard and guidelines to classification: 2009. Geneva, Switzerland:
World Health Organisation.

Cite this article as: Rolando et al.: A survey of herbicide use and a
review of environmental fate in New Zealand planted forests. New
Zealand Journal of Forestry Science

10.1186/1179-5395-43-17

2013, 43:17
Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com

http://www.nzfoa.co.nz/
http://www.nzfoa.co.nz/
http://www.nzjforestryscience.com/content/43/1/17

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Survey of herbicide use in New Zealand’s planted forests

	Results
	Weed spectrum
	Pre-plant control
	Post-plant control
	Alternative weed methods
	Amount of herbicide used in New Zealand planted forests

	Discussion
	Herbicide use and compliance with FSC policy
	Environmental fate of terbuthylazine and hexazinone in planted forests outside New Zealand
	Environmental fate of terbuthylazine and hexazinone in New Zealand planted forests

	Conclusions
	Competing interests
	Authors’ contribution
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


