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Abstract: Glyphosate-based herbicides are the dominant products used internationally for control
of vegetation in planted forests. Few international, scientific syntheses on glyphosate, specific to
its use in planted forests, are publically available. We provide an international overview of the
current use of glyphosate-based herbicides in planted forests and the associated risks. Glyphosate
is used infrequently in planted forests and at rates not exceeding 4 kg ha−1. It is used within
legal label recommendations and applied by trained applicators. While the highest risk of human
exposure to glyphosate is during manual operational application, when applied according to label
recommendations the risk of exposure to levels that exceed accepted toxicity standards is low.
A review of the literature on the direct and indirect risks of operationally applied glyphosate-based
herbicides indicated no significant adverse effects to terrestrial and aquatic fauna. While additional
research in some areas is required, such as the use of glyphosate-based products in forests outside
of North America, and the potential indirect effects of glyphosate stored in sediments, most of
the priority questions have been addressed by scientific investigations. Based on the extensive
available scientific evidence we conclude that glyphosate-based herbicides, as typically employed
in planted forest management, do not pose a significant risk to humans and the terrestrial and
aquatic environments.
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1. Introduction

Glyphosate (CAS 1071-836) was commercially introduced by Monsanto in 1974 as a broad-spectrum
post-emergence non-selective herbicide [1]. Since then, its use has expanded rapidly and it is currently
the most widely used and successful herbicide worldwide [2,3]. Several factors contribute to the
success and widespread use of this active ingredient, including: (i) ability to translocate throughout
treated plants and control re-sprouting in perennial weeds, (ii) generally favourable environmental
profile including strong binding and immobility in soils and rapid biodegradation in most soils,
water and sediments (iii) plant-specific mechanism of action (5-enolpyruvyl-shikimate-3-phosphate
synthetase or EPSPS enzyme of the shikimic acid pathway of plants) and (iv) innately low toxicity
to animals [3,4] and minimal ecological impact in forest ecosystems [5–8]. Data generated by more
than four decades of laboratory and field studies relating to multi-sectoral uses of glyphosate-based
herbicides, would suggest that this is perhaps the most intensively studied herbicide of all time.
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Until recently, the development of glyphosate resistant weeds associated with intensive use in
genetically modified agricultural cropping scenarios was commonly considered the greatest risk to
continued widespread use of glyphosate. This problem highlighted the need for greater innovation and
diversity in weed management practices, particularly in the agricultural sector where the majority of
use occurs [9,10]. However, the recent classification of glyphosate as a probable human carcinogen [11]
has heightened and refocused public concerns on issues relating glyphosate use and human health.
The public attention on glyphosate has also highlighted the broader social issues relating to glyphosate
use such as increasing reliance on genetically modified crops [12], corporate control over food and fibre
production (e.g., [13]), pesticide use in general terms or general concerns regarding over-exploitation
of natural resources (e.g., [14]).

A fundamental precept of chemical toxicology and associated estimations of risk to either human
or environmental health is the requirement to consider exposure [15,16]. Given imperfect knowledge
and uncertainties, which are associated with any assessment of risk [15], conclusions drawn from risk
assessments are typically framed in probabilistic rather than absolute terms. That is, risk estimates are
generally expressed based on probability of occurrence either quantitatively or categorically as low,
moderate or high. What constitutes a low or acceptable risk probability is a matter of judgement and
requires consideration not only of risk, but also of benefit [17] and is to some degree at least inherently
subjective. In the case of glyphosate, a multitude of independent scientific reviews and regulatory
risk assessments exist and commonly conclude that glyphosate-based herbicides, when applied in
accordance with the product label and applicable best management practices, do not pose a significant
risk to human or environmental health [1,4–8,18–25]. Since its public release, the International Agency
for Research on Cancer (IARC) [11] declaration on glyphosate indicating a potential risk to humans has
been challenged by numerous scientists and regulatory risk assessment agencies worldwide [23,24],
as well as by a special joint working group of the Food and Agriculture Organisation of the United
Nations and the World Health Organisation [26], all of which concluded that glyphosate uses are
unlikely to pose an actual risk of carcinogenicity or any other toxic effect to humans.

Relatively few scientific syntheses or risk assessments on glyphosate specific to its use for the
management of vegetation in planted forests are available. Moreover, those that have been conducted
tend to be regionally specific or not readily available in the public domain [5–8,27]. Fundamental
to toxicological and ecotoxicological evaluations is a quantitative understanding of the probability,
duration, magnitude and potential routes of exposure that are largely controlled by sector-specific use
patterns, such as for those practiced in planted forests. In this paper, an international overview of the
current use of glyphosate-based herbicides in planted forests is provided together with any associated
specific risks and benefits. The intention is to evaluate the importance of this herbicide to the planted
forest industry as well as the evidence for associated exposure and risk to humans, and terrestrial and
aquatic biota. Reliance has been made on a significant range of prior risk assessments and independent
expert reviews to summarize much of the fundamental toxicology and ecotoxicological data available
on glyphosate-based herbicides. In augmenting this information, we have integrated our own forest
sector specific knowledge relating to use patterns, characteristics of the receiving environments and
the fate of the herbicide therein, as these are primary determinants of potential exposure and risk to
humans, terrestrial wildlife and aquatic biota (Figure 1).
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Figure 1. Framework used to undertake the risk assessment of glyphosate use in planted forests.

2. Glyphosate-Based Herbicide Use in Planted Forest Management Internationally

Worldwide, the influence of competing vegetation has been shown to have both short- and long-term
negative impacts on timber production [28]. As such, vegetation management is considered a critical
silvicultural practice, with the development of integrated competition control strategies. In forest
vegetation management programs internationally herbicides represent one of several different options
that may be used by foresters to enhance regeneration and planting success and thus sustainable use of
the renewable resource from which a wide variety of different wood products are derived. As humans
around the world utilize forest resources and derivative products extensively to meet basic needs such
as for fuel, home construction and writing materials, as well as for a multitude of other needs, forest
owners are responsible for assuring environmentally responsible and sustainable management of this
resource [29].

Applied either on its own, or in conjunction with other herbicides or treatment options
(i.e., mechanical site preparation, fire), glyphosate has been used for many years to prepare sites for
planting of young trees (pre-plant application), or for the complete, or selective control, of competing
vegetation after the tree crop has been planted (post-plant application) [27,30–35]. Such uses are
directed at assuring efficient and cost-effective regeneration of the forest subsequent to harvest.
The low-cost, broad spectrum and relatively low human and environmental toxicity of glyphosate
have resulted in it becoming the active ingredient of choice for weed control in planted forests in many
regions worldwide (Table 1).

In forest vegetation management programs, herbicide applications are typically made during
the establishment phase, considered as the first two to three years of a rotation or until canopy
closure occurs [28]. In assessing the risks associated with herbicide use in planted forest management
the unique characteristics of the context of use in terms of temporal and spatial scale, receiving
environment, degree of regulation and overall management, must be considered. For example, much
unlike repetitive applications to the same area year over year in many agricultural cropping scenarios,
glyphosate-based herbicides are typically applied only once or twice to the same area of planted forest
through a rotation period that may range from ~8 years (e.g., Eucalyptus plantations in South Africa) to
more than 50 years (e.g., Picea plantations in Canada). In some countries, only a small portion of the
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overall forested land base is actually harvested, planted and treated in any given year. For example, in
Canada for the 2015 reporting year, national use statistics demonstrate that approximately 765,269 ha
(~0.2% of the productive forest land base) was harvested to derive economic benefits. More than half
of this harvested area (436,715 ha) was replanted, with the remainder being allowed to regenerate
naturally. In this same year, only 105,811 ha were treated with a chemical herbicide, 94% of which was
treatment with the herbicide glyphosate and almost entirely on the planted forest area [36]. During
2011, respondents to a survey about herbicide use on industrial forest land reported application of
herbicides to 4.4% of the total area under management in the USA. By USA region, respondents
applied herbicides to 0.26%, 2.6%, and 5.6% of the total area under management in the North, Pacific
Northwest, and South, respectively [35].

Table 1. Estimated use of glyphosate and method of application for planted forest management in New
Zealand, Canada, Australia, Chile, USA and South Africa.

Country
Amount
(Tonnes
Annum−1)

Application
Rate
(kg a.i. ha−1)

Timing of
Application

Method of Application
(Manual/Aerial) Reference

New Zealand 175 *** 3.0–3.5 Pre-plant only Aerial only [37]
Canada 275 * 1.9–2.7 Typically post plant Aerial [7]
Australia 200–250 *** 0.3–3.2 Mainly pre-plant Ground based mechanical and aerial [31,38,39]
Chile 200–295 *** 2.0–2.5 ** Pre-and post-plant Manual only Perscomm
USA 185 *** 1.0–3.0 Mainly pre-plant Aerial only [35,40]

South Africa 146–193 *** 0.7–1.0 Pre-plant and
post-plant

Aerial (pre-plant application) and
manual (post-plant) [33]

* Decadal average (2005–2015) as calculated from National Forest Database Program data for glyphosate use in
kilograms per annum 275,232 kg year−1 converted to tonnes per annum. Source data: [41]. ** Made in 2–3 manual
applications of 1.5 kg a.i. ha−1 year−1, where a.i. refers to glyphosate as the active ingredient, Perscomm: Zapata, A.
Subgerencia Planificación Silvícola, Gerencia de Silvicultura, Forestal Mininco S. A. and Damian Almendras, Aruaco,
Chile. *** derived glyphosate use for silvicultural regimes using species, end-product and rotation length data.

Actual rates of glyphosate use in planted forest management internationally (mainly as formulated
products containing the isopropylamine salt) range from 0.3 to 3.5 kg active ingredient (a.i.) per ha
(Tables 1 and A1). Higher rates are typically applied only on particularly difficult to control competitor
species or on particularly productive sites where competitive advantage goes to pioneer plant species
that establish quickly following opening of the canopy and/or site disturbance. Glyphosate-based
herbicide use in planted forest management varies with region or country internationally. An overview
of some typical application profiles is discussed.

2.1. Australasia

In New Zealand, glyphosate is one of the most important herbicides used for the management of
competing vegetation in forests prior to commercial tree planting, with very limited use post-planting
i.e., it is typically applied once in a rotation of 25 to 30 years [42] (Table 1). Glyphosate is applied,
almost exclusively, aerially in late summer and early autumn, in combination with metsulfuron methyl,
at respectively ~3.5 kg a.i. ha−1 and ~0.12 kg a.i. ha−1 in 150 L water. The application is made after
harvesting shortly before the site is replanted when a high degree of organic debris, or logging slash, is
present [43]. A review by Rolando et al. [42] indicated that commercial forests in New Zealand use
an estimated 175 tonnes of glyphosate per annum for management of competitive vegetation during
site preparation (Table 1). Based on these data, glyphosate ranks as the third highest used herbicide
across the planted forest industry in New Zealand. A survey in 2002/2003 indicated that 42% of total
glyphosate use in New Zealand is associated with management of vegetation in planted Pinus radiata
forests with the remainder used in the horticultural and pastoral farming systems [37].
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In Australia, glyphosate is principally used in pre-plant vegetation control operations in both
softwood and hardwood planted forests, with limited use post-planting (Table 1). The herbicide is
mainly broadcast via ground based machine or by helicopter, with use of hand-spraying limited to
buffers, right-of-ways and sensitive boundaries [31]. The maximum label rate is 3.36 kg a.i. ha−1, with
use rates generally not exceeding 2.88 kg a.i. ha−1 (Gillie personal communication [44]). While no
published data on the total amount of glyphosate used in planted forests in Australia was available
it was estimated that use of glyphosate in Australian planted forests was in the range of ~200 to
250 tonnes annum−1 (Table 1).

2.2. South Africa

A variety of hardwoods and softwoods are grown in South Africa for production of a range
of end-products (saw-timber, pulpwood, poles and mining timber). Establishment, or regeneration,
of planted forests may be through re-planting (all genera), or coppicing (eucalypts). The variation in
site productivity, regeneration and management regimes means a diversity of vegetation management
practices are used [45]. Competing vegetation is controlled through a combination of physical control
(manual hoeing or slashing) and application of herbicides. The predominant herbicide used is
glyphosate (Table 1), where in South Africa, forestry accounts for 4% of the total glyphosate used [46].

Glyphosate applied as a pre-plant spray may be sprayed aerially (seldom), or manually using
knapsack sprayers (more common) at 1.76 to 2.32 kg a.i. ha−1 [33]. All post-planting applications of
glyphosate are via knapsack sprayers, either as a broadcast or directed/spot application depending on
the size of the trees [47,48]. Between planting and canopy closure (<2 years), a eucalypt pulpwood stand
will typically receive one broadcast application of glyphosate (with cones for tree protection), followed
by two to three directed applications [47]. The duration of vegetation control in pine compartments is
typically longer due to slower initial tree growth, requiring an additional two directed spot sprays in
years three to five [48]. In South Africa, glyphosate is also used to manage secondary coppice regrowth
in coppiced eucalypt stands where it is applied as a directed foliar spray at 1.2% (441 g a.i. L−1) onto
the foliage of secondary coppice regrowth until canopy closure [49]. Typically, this may involve in
total two to four applications over two years equating to 1.94 to 3.88 kg a.i. ha−1 annum−1 for each of
the two years.

Targeted noxious weed control is carried out periodically in all planted forests, mainly with the
use of glyphosate applied at higher rates (2.20 to 3.48 kg a.i. ha−1). The control of noxious weeds is not
limited to planted areas which only make up ~70% of the area owned by forest companies in South
Africa, but also includes non-afforested and conservation areas.

2.3. The United States of America

An estimate of total annual use of glyphosate in planted forests in the USA could not be obtained;
however, approximately 1% to 2% of total glyphosate use in the USA is for forest management with
the majority associated with use in the agricultural and horticultural sectors [50]. A recent herbicide
use survey of industrial forest land (excluding non-industrial privately owned forest land) in the
USA provided some information as to the use and application of glyphosate in planted forests [35].
The survey indicated that glyphosate (alone or as a mix) was applied over ~72,000 ha in 2011 and
ranked as the fourth most widely used herbicide on industrial forest land [35]. Glyphosate was
applied mainly for site-preparation (pre-plant) and mainly broadcast via helicopter, at average use
rates of between 1.0 to 3.0 kg a.i. ha−1, although higher use rates were recorded for some sites (up
to 7.85 kg ha−1). This use rate equates to an estimated national average for industrial forest land
of ~188 tonnes for 2011, noting that inclusion of non-industrial privately owned forest land would
increase this estimate (Table 1).
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2.4. Canada

Canada’s vast forested land base (347 million ha) is owned almost entirely by the public, and
managed on their behalf by various provincial and territorial governments. At the national level,
approximately 66% of the forest land area harvested in any given year is regenerated without herbicide
intervention. The remaining 34%, (typically the most productive sites with greatest vegetative
competition levels) is replanted to replace harvested conifers, and herbicides are used to ensure
effective re-establishment of newly planted seedlings. Detailed records of herbicide use as well as other
silvicultural statistics at both the provincial and national level are maintained and publicly accessible
through the National Forest Database Program website (http://nfdp.ccfm.org/). Long-term trends
continue to show that glyphosate-based herbicides dominate forest sector use patterns, continuously
representing more than 95% of the total area treated in each year since 1990. In Canada, aerial
applications using either rotary wing or fixed wing aircraft predominate, with ground applications on
average since 1992, comprising only about 18% of the total area treated annually, largely for treatments
near sensitive areas. Typically, applications are made within 1 to 3 years post-planting and involve
rates that vary depending upon province and year, but with long term averages ranging from 1.9 to
3.4 kg a.i. ha−1. In terms of total product applied in the Canadian forest sector, the long term annual
average (1992 to 2014) was 290,990 kg with data showing a rather marked trend of decline over the past
decade. In Canada, owing to the relative tolerance of spruce and other conifers later in the summer
season, glyphosate-based herbicides are applied directly over top of planted seedlings to control
diverse mixtures of competing vegetation including both woody and herbaceous competitors, and
particularly on rich sites with the greatest competition levels.

2.5. Other Regions

Glyphosate is widely used for vegetation control in the management of planted hardwood and
softwood forests in Chile applied either alone or in combination with other active ingredients [27].
For pre-plant vegetation control, or site preparation, rates of application vary according to the type of
vegetation on site. For post-planting control of competitive vegetation glyphosate is applied manually
as a directed spray to the inter-row, or with a shielded boom sprayer if terrain allows, generally at
rates of around 2 to 2.5 kg ha−1. As in South Africa, glyphosate is also used in the management of
coppice [27] and total use has been estimated to be greater than 200 tonnes per annum.

Herbicide use patterns in forest management in the European Union are generally substantially
lower than that for the intensively managed commercial plantations of the southern USA, Australia,
South Africa, Chile and New Zealand [32]. However, in a survey of forest vegetation management
practices across Europe conducted in 2009, Willoughby et al. [32] reported that glyphosate was the
most used forest herbicide in 12 of 18 surveyed European nations. Most application was ground based
via knapsack or machine spraying.

3. Environmental Fate of Glyphosate-Based Herbicides in Forests

3.1. Initial Deposition and Fate in Terrestrial Vegetation

The majority of glyphosate-based herbicides, applied either aerially or manually in managed
forests, are intercepted by the competing vegetation canopy [51–54]. Once on the foliage, glyphosate
is rapidly absorbed and translocated within the plant [53,55]. The time for glyphosate rain fastness
(where the glyphosate has either dried or been sufficiently absorbed to maintain its effectiveness) varies
from several hours to several days depending on the characteristics of the targeted weed species and
the specific formulation applied [27,53]. Until rainfastness has been achieved, glyphosate is vulnerable
to wash-off from heavy dew and rainfall events.

http://nfdp.ccfm.org/
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North American studies, across a wide range of environmental gradients, have shown that the
majority of glyphosate foliar residues dissipate within a month of application under operational
conditions in managed forests. Vegetation characteristics, temperature, humidity and timing of
rainfall events (particularly within 24 h of application) were key factors influencing degradation
rates [27,51–54]. The half-life of glyphosate (DT50) is commonly used as a measure of degradation
processes and persistence in the environment. The foliar DT50 for glyphosate ranged from less than
one day to 14 days where application rates ranged from 1.98 to 3.3 kg a.i. ha−1 [51,53,56]. In a study
conducted by Thompson et al. [53], the time for 90% of the foliar glyphosate to dissipate was less
than 16 days. Where glyphosate was aerially applied in forests at a higher rate of 4.12 kg a.i. ha−1

(the maximum registered rate and about 3× the normal rate), across a range of climatic zones in the
USA, 96% of the glyphosate in the overstorey vegetation dissipated within 30 days [51].

3.2. Fate in Litter and Soils

Most studies show that at the time of application the density of vegetation cover is a key factor
influencing the amount of glyphosate reaching the forest floor, either from direct spray or spray
drift [51,52,54,57]. In the post-application period an initial decline in glyphosate in the upper levels of
forest soils was often followed by an increase in concentrations in the following few days or weeks.
Sources of residues included dew fall, wash-off from rainfall events, (particularly within 24 h of
application), or leaf drop from overhead vegetation (Figure 1), often contributing to large increases in
forest floor glyphosate residues [51,52,54,57]. For example, in the Newton et al. [52] study in Oregon
Coast Range, mean residue concentrations of glyphosate in forest litter, following aerial application of
glyphosate (3.3 kg ha−1) were 5.0 mg kg−1 on the day of application, doubled during a rainfall event
the following day, then declining rapidly to 0.2 mg kg−1 by day 55.

Most forest soils are characterised by the presence of litter layers with high organic carbon
content and as a result provide an effective sink for glyphosate residues. Glyphosate acid itself is
zwitterionic, carrying both a positive and negative charge under typical environmental pH conditions
but in different proportions depending upon the exact pH [27,58,59]. It is the zwitterionic character
of the glyphosate molecule which is responsible for its tendency to sorb strongly to organic matrices
or clay minerals. On reaching the soil environment, either directly or indirectly, the breakdown of
glyphosate in forest floor litter and soils is generally rapid (litter: DT50 8 to 19 days; soil: DT50 5 to
40 days) [52,54,57], with microbial degradation considered the primary degradation pathway [52,60,61],
although there may be some limitations on the ability of microorganisms to completely mineralise
glyphosate and its primary metabolite, AMPA [62].

Even when glyphosate remains in forest soils, leaching into aquatic environments is not considered
to be a significant transfer pathway [51,52]. This is because for most soils within the typical pH range
(4 to 8 pH), glyphosate is present in the form of an anion and bonds tightly to both the organic matter
and mineral component of soils, as is indicated in its high sorption constants (Table 2) [22,51,52,58,63].
This is supported by studies on the environmental fate of glyphosate in forest soils, showing glyphosate
retention mainly within the top 15 cm of soil depth, with comparatively lower concentrations occurring
in the mineral soil layer [52,60,61]. All studies conducted within forest catchments have reported
minimal or no evidence of leaching via movement down the soil profile, slope runoff or subsurface
flow, irrespective of the soil type, climatic conditions, application rate and the glyphosate product
used [51,54,57,61]. For example, even in sandy boreal forest soils in Ontario, Canada, most of the
glyphosate (95% at any given time) was retained within the organic layer [61]. Vertical mobility was
not observed in forest sites across several regions in the USA [51,54,61].
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Table 2. Generic human toxicology and environmental persistence data for glyphosate and
isopropylammonium salt [5,23,38,40,64,65].

Parameter Unit Glyphosate
Isopropylammonium

EFSA 2015
Recommendations

Kow (log P) <−5.4 (20 ◦C)
Solubility in water g/L 1050 (25 ◦C, pH 4.3)
Koc 1424
pKa 5.77
ARfD mg/kg bw 0.5
NOAEL (2 years) rats mg/kg bw 31
AOEL mg/kg bw 0.1
Drinking water standard # µg L−1 Australia, 1000; USA, 700
Acute Oral LD50 (rats) mg/kg bw >5000
Inhalation LC50 (4 h) (rats) mg/L air 1.3
Acceptable daily intake (ADI) mg/kg bw per day 1 (2004) 0.5
WHO Toxicity class 2B
WHO Hazard class III (slightly hazardous)
LC50 Trout (96 h) mg/L >1000
LC50 Daphnia (48 h) mg/L 930
EC50 Algae (72 h) mg/L 72.9
LC50 Earthworm (14 day) mg/kg soil >5000
LD50 Bee µg/bee >100
DT50 soil Days 1–130
DT50 water Days <190

Major metabolite in soil and
water

metabolised to
aminomethylphosphonic acid
(AMPA)

EFSA—European Food Safety Authority; ARfD—Acute reference dose; NOAEL—No observed adverse effect level;
AOEL—Acceptable operator exposure level; ADI—The acceptable daily intake value is the maximum quantity of
chemical that humans can absorb in a day for their entire lifespan without showing any signs of illness, bw = body
weight; DT50—The rate of degradation of pesticides in soils is often expressed as the time to 50% dissipation (DT50)
in years, months or days; Kow—The octanol-water partition coefficient is the ratio of the concentration of a chemical
in octanol and in water at equilibrium; pKa—acid dissociation constant; Koc—The soil organic carbon (OC) affinity
coefficient represents the soil distribution coefficient (Kd) normalised for soil organic carbon content; LD50—is the
dose that kills half (50%) of the animals tested (LD = “lethal dose”); LC50—is the concentration in water that kills
half (50%) of the animals tested (LC = “lethal concentration”) and EC50 is the “Effective Concentration”, that is the
concentration which has some deleterious effect, other than lethality, on 50% of the animals tested. # Neither the
World Health Organisation, nor South Africa and New Zealand have established a drinking water standard for
glyphosate and AMPA because of its occurrence in drinking-water at concentrations well below those of health
concern [66–68].

3.3. Fate in the Aquatic Environment

On the day of herbicide application, glyphosate can potentially enter freshwater environments
within forests either from direct spray or spray-drift [69] or possibly accidental spillage [63]. Some of
the highest concentrations of glyphosate in water bodies are therefore detected on the day of herbicide
application, although these are typically below thresholds of significant biological impacts in terms of
both exposure magnitude and duration. The highest concentrations detected have been in association
with either operational [52] or experimental over-spraying of waterbodies [56,70] (Table 3). During the
immediate post-application period, mobilisation of glyphosate residues from foliage, litter or soil via
wash-off from heavy dew, rainfall events, and mobilisation of in-channel or riparian herbicide residues
during high flow events, can provide additional sources of glyphosate to aquatic environments [51,56,71].
As discussed, transfer of terrestrial sources of glyphosate to aquatic environments via leaching, run-off
or surface erosion, are unlikely to be major input pathways in forested environments and these
processes are considered low risk.
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Table 3. Planted forest field studies on the aquatic fate of glyphosate. References shown in square brackets .

Water Sediment

Location Waterbody Application Method SMZ Width
(m)

Glyphosate
kg a.i. ha−1

Max. Conc.
(µg L−1)

DL
(µg L−1) DT50

Max. Conc.
(µg L−1)

DL
(µg L−1)

Oregon, USA [52] stream aerial 0 3.3 270 b,# ~≤1 day ~550
British Columbia, Canada [72] stream aerial 0 3 23 b/100 c 5 400 40–100
British Columbia, Canada [72] stream aerial 60−100 3 <DL b/25 c 5 200 40–100
British Columbia, Canada [72] stream ground 10 0.5−1.5 <DL b/<DL c 5 50 40–100
British Columbia, Canada [72] stream aerial * 50–100 1.54 <DL b/<DL c 5 <DL 40–100
Manitoba, Canada [73] ponds (n = 4) aerial 0 0.89 16–141 b 0.25–0.50 1.5–3.5 days
British Columbia, Canada [74] stream aerial 100 1.78 <DL 5
British Columbia, Canada [74] stream ground 10 1.4 <DL 5
British Columbia, Canada [60] ephemeral stream (750) aerial 0 2 <1.5 b; ~143 c 0.1 580 30
British Columbia, Canada [60] stream (1600) aerial 0 2 162 b,#; ~130 c 0.1 6800 30
British Columbia, Canada [60] ephemeral stream aerial 10 2 <DL 0.1 30
British Columbia, Canada [60] ephemeral stream (1450) aerial 10 2 2.47 b 0.1 <DL 30
Oregon, USA [51] stream/pond aerial 0 4.12 a 0.03/0.9 b 0.001 ≤10 h 110/2360 50
Michigan, USA [51] stream/pond aerial 0 4.12 a 1.24/1.7 b 0.001 ≤10 h 690/1920 50
Georgia, USA [51] stream/pond aerial 0 4.12 a 0.04/1.0 b 0.001 ≤10 h 180/260 50
New Brunswick, USA [75] stream ground-based 65 1.67 <DL 25
Ontario, Canada [70] wetlands (n = 24) aerial—over wetland 0 1.07–2.14 1950 # (mean 330) b 0.02
Ontario, Canada [70] wetlands (n = 11) aerial—alongside wetland 0 1.07–2.14 (mean 180) b 0.02
Ontario, Canada [70] wetlands (n = 16) aerial—buffered wetland 30–60 1.07–2.14 310 (mean 30) b 0.02

SMZ—Stream Management Zone, an area along both sides of flowing body of water where extra precautions are taken during forest management operations, including those involving
herbicide applications, to protect water quality; DL—maximum analytical detection limit; Max. Conc.—maximum concentration; DT50—The rate of degradation of pesticides in water is
often expressed as the time to 50% dissipation in years, months or days; a maximum registered rate, approx 3× normal rate; b maximum concentration on the day of herbicide application;
c maximum concentration during, or following, a rainfall event post-herbicide application; ~approximate value estimated from graphs; * 2% of a 14,000 ha catchment; # experimental
over-spraying of the waterbody.
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Regardless of input pathways, once in the aquatic environment, most forest studies recorded a
rapid decline in glyphosate concentrations in waterbodies following herbicide application or rainfall
events. Field studies show DT50 for glyphosate of <5 days (Table 3). Glyphosate residues in streams and
lentic bodies such as ponds and wetlands typically dissipated to below detection limits within 15 days
of application [51,52,56,70,76]. These short time frames indicate a rapid breakdown or reduction of
glyphosate in the water column, either by adsorption into benthic and suspended sediments, through
microbial breakdown within the freshwater ecosystem (as evidenced by the low and transitory presence
of AMPA) or downstream dilution, particularly in lotic water systems [51,52,56,73,76].

The highest potential for glyphosate persistence in aquatic environments is in systems which are
deep, cold and relatively biologically inactive or oligotrophic systems. In such systems, glyphosate may
be more persistent in both the water column and in bottom sediments. Some studies have documented
residues in benthic sediments as being detectable for up to 18 months post-application in forested
streams [51,52,56,76]. The high adsorption capacity of sediment for glyphosate has frequently resulted
in higher peak concentrations in sediments compared with water (Table 3), that persisted for longer
periods of time, even when the active ingredient was present in only small quantities in the water
column (Table 3). It is likely that this process is a primary pathway for removal of glyphosate from the
water column in forested freshwater environments [52,56,73,77,78].

4. Risk of Glyphosate-Based Herbicides to the Forest Environment

4.1. Direct Effects

The World Health Organisation has classified glyphosate as slightly hazardous (Class III) [64].
The toxicology data in Table 2 provides a benchmark, against which to assess the probable risk of
glyphosate to planted forest terrestrial and freshwater environments when applied under operational
conditions. Although isopropylamine is the main glyphosate salt applied in managed forests (Table A1)
for the purposes of the risk assessment, the range of glyphosate salts used by this sector were assumed
to have similar toxicological and ecotoxicological profiles [65,79]. This is intuitively reasonable since
upon release into most natural environments all glyphosates salts readily dissociate to yield the
glyphosate free acid molecule.

Given that glyphosate is an herbicide, non-target vegetation is particularly at risk, primarily
from spray drift or accidental over-spraying. North American studies across a wide range of
environmental gradients have shown that the majority of glyphosate foliar residues dissipate within
a month of application under operational conditions in managed forests, indicating that the period
of greatest risk for off-site transfer, is the immediate post-application period. The rapid uptake in
plants and strong sorption to soils, clay minerals or other organic materials essentially immobilize
glyphosate and minimise off-site movement unless there are major storm events within a few hours of
treatment or where surface water flows are so great they are actually mobilizing soil particles with
adsorbed glyphosate.

Terrestrial fauna residing in forested areas treated with glyphosate are potentially at risk of
exposure to glyphosate via direct spray, spray drift or wash-off following rainfall events, and uptake
via inhalation and absorption, (Figure 1), although there is little information available on this [80].
Secondary exposure is also possible through the ingestion of flora and fauna food sources containing
glyphosate residues [52]. The risk of bioaccumulation through secondary exposure to glyphosate is
known to be low, based on its low octanol-water partition co-efficient (logP Kow) (Table 2), well below
the octanol-water partition co-efficient of 5.0 or greater suggested by Mackay and Fraser [81] as a
threshold for the onset of bioaccumulation. In addition, studies have documented facile depuration
via urine and faeces and a lack of significant residues accumulating in animal tissues [52,54]. In both
these studies, glyphosate residues in the viscera, stomach contents and tissue samples of a range of
small and large mammals were at or below concentrations found in ground cover and litter residues,
indicating that glyphosate was not bioaccumulating in higher trophic levels.
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Studies have generally reported minimal impacts from glyphosate applied under typical application
rates in forests, on litter decomposition, soil microbial communities and soil microbial processes.
Fletcher and Freedman [82] conducted laboratory studies with two leaf litter and one forest floor
substrate and found that the threshold for glyphosate effects on litter decomposition was more
than 50 times higher than residue concentrations that occur in the field after silvicultural herbicide
treatments. In another laboratory study, Castilho et al. [83] found that a range of glyphosate products,
applied at doses within the range used in managed forests, had no significant impact on microbial
activity in forest soils. Soil DT50’s in the forest field studies discussed in the ‘Fate in litter and soils’
section above, were at the low end of the range reported in Table 2. Peak glyphosate concentrations
measured in planted forest litter and soils [51,52,54,57] were ~1 to 2 orders of magnitude lower than
the LC50 for earthworms (Table 2). Edwards and Bohlen [84] also noted that glyphosate at exposures
ranging from 1 to 100 ppm in soils had no toxic effects on earthworms. In Ontario, Canada, microbial
processes and fungal community structures were unaffected by glyphosate (1.5 kg a.i. ha−1) with
only minor effects evident at the species level. In fact, soil type had a greater influence with microbial
processes significantly higher in organic soils compared with mineral soils [85].

At experimentally higher application rates, glyphosate (3 kg a.i. ha−1) manually applied over a
7–9 years period to Pinus ponderosa stands in California, USA, showed minimal effects on soil microbial
communities over a range of soil types [86], where site productivity (characterised by site index) and
seasonal factors had a greater influence on soil microbial community characteristics. These results
concur with Durkin’s [8] assessment that terrestrial microorganisms were unlikely to be adversely
affected by glyphosate. However, Ohtonen et al. [87] examined microbial processes in a clear-cut forest
in Ontario Canada, following annual glyphosate applications experimentally applied over a five year
period and observed reduced microbial biomass carbon (C), microbial carbon, soil organic carbon ratio
(Cmic/Corg), and decreased fungal biomass relative to bacterial biomass.

Field studies on the aquatic fate of glyphosate in managed forests (Table 3), indicate that
the concentrations and duration of glyphosate typically measured, with the exception of direct
over-spraying of wetlands [70], were well below the standard toxicity endpoints for fish and other
aquatic organisms (Table 2) [71,88,89], often by orders of magnitude. In forest operational scenarios, the
aquatic systems most likely to be over-sprayed are small shallow wetlands and low-order streams that
are difficult to detect or avoid during aerial spray applications. Therefore the results of experimental
over-spraying of these types of waterbodies as shown in Table 3 provide a surrogate measure of risk
for this type of situation.

Amphibians, with their thin permeable skins, are potentially at risk from exposure to glyphosate [8].
In the case of Thompson et al. [70], the authors estimated an upper 99th centile glyphosate concentration
of 0.55 ppm (550 µg L−1) following chemical monitoring of directly over-sprayed wetlands in Ontario,
Canada. Coincident biomonitoring showed no significant toxic effects on two species of sensitive
amphibian larvae caged within the multiple wetlands under study. Furthermore, in situ enclosure
field studies in either ponds in northern Ontario or in small wetlands in New Brunswick Canada,
showed no significant effects on amphibian survival, growth or development when directly exposed
to formulated glyphosate-based herbicides even at the maximum permissible label rates [77,78,90,91].
These results were similar to a field study in Oregon USA, assessing the effects of clear-cutting
and clear-cutting followed by glyphosate application where no herbicide effects were observed for
six species of amphibians [92].

Folmar et al. [89] noted that there was a potential risk to young-of-year fishes from glyphosate
exposure in lentic bodies where dissolved oxygen levels are low or water temperatures are high,
highlighting the sensitivity of these environments which lack the downstream dilution processes of
running waters. In a comprehensive watershed level investigation on the effects of a glyphosate-based
herbicide applied to a western Canadian coastal forest system [54,56], temporary stress effects and
minor mortality (2.6%) were observed in caged coho salmon (Oncorhynchus kisutch) fingerlings
held in an experimentally over-sprayed tributary and the main stream below the sprayed area
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in the immediate post-application period. However, no acute mortality, changes in over-winter
mortality, growth rate or probability of using the tributary were observed for resident fingerlings [93].
Kreutzweiser et al. [94] also reported minimal effects on the drift patterns of stream insects in these
streams. A New Zealand study also found no significant interactions between fine sediment and
benthic invertebrates when exposed to glyphosate. Instead, sediment had a greater impact on a range
of invertebrate indices compared with glyphosate concentration [95]. More recently, field monitoring
studies conducted in Oregon showed that although multiple trace level detections of glyphosate were
found in streams draining forested watersheds treated with glyphosate, cumulative time weighted
exposure estimates resulted in a margin of safety approximating 100 fold for toxic effects on sensitive
aquatic organisms [71]. As glyphosate salts and the free acid are highly water soluble, the risk
of bioaccumulation in the aquatic environment is known to be very low (Table 2) [88] and in the
Newton et al. [52] study, no glyphosate bioaccumulation was detected in coho salmon fingerlings.

As discussed, sediment sorption and degradation of glyphosate and associated surfactants
has been identified as a primary removal mechanism for glyphosate from the water column in
forested freshwater environments, a potential source of risk, particularly to sediment dwelling,
organisms. However, these risks are tempered by the strong ionic sorption mechanisms which are
considered to limit leaching or diffusion into the water column and bioavailability of sediment-bound
residues [51,52,73,96], significantly reducing toxic effects. Nonetheless, experimental testing of
sediment microbes exposed to environmentally relevant and high concentrations of glyphosate in lake
sediments detected changes in community composition at glyphosate concentrations of 150 µg kg−1

dry weight [97] and laboratory tests by Tsui and Chu [98] found that sediment additions enhanced the
acute or chronic toxicity of glyphosate-based formulations, particularly for filter-feeding organisms.
In contrast, Wang et al. [96] found that sediment sorption reduced the toxicity of the surfactant
polyethoxylated tallow amine (POEA), commonly used in glyphosate products and a primary toxicant
for aquatic organisms, such as Daphnia magna. In wetland field studies, Baker et al. [99] showed a
transient decline in plankton communities following coincident exposure to glyphosate and nutrients,
but not glyphosate alone, suggesting that indirect or interactive effects with other stressors in aquatic
communities are possible. These results highlight a need for further research on the potential indirect
effects of glyphosate and surfactants which may be present in the sediments of aquatic environments
for somewhat longer periods of time and particularly where such residues might interact with other
stressors imposed by management of planted forests.

The field studies referred to in this review have assessed the environmental impact and risk of the
entire formulated product. When exposed under laboratory conditions, fish and amphibian larvae
are known to be highly sensitive to various surfactants such as POEA, which are included in most
glyphosate-based herbicide formulations used in silviculture and that the expressed toxicity is also
dependent upon pH, hardness and other characteristic of the aqueous medium, e.g., [8,72,89,98,100–102].
However, reviews by several authors on the potential environmental effects of formulated glyphosate
products primarily used in North America [4–7,19], consistently conclude that the direct acute toxic
effects to aquatic organisms are unlikely under realistic environmental exposure regimes in forests.
This viewpoint is supported by the results of field studies on forest operational exposure to glyphosate
products, as reviewed above, where significant direct toxic effects were not observed providing
a posteriori support for the established threshold concentrations for glyphosate considered to be
non-toxic for all aquatic life [88] (Table 4).



Forests 2017, 8, 208 13 of 26

Table 4. Example water quality guidelines for glyphosate for the protection of freshwater aquatic
environments.

Reference Glyphosate Guideline

New Zealand’s Environmental Risk
Management Authority [103] EEL a −0.37 mg a.i. L−1

Australian and New Zealand guidelines for
fresh and marine water quality [104]

Moderate reliability guideline figure (trigger value b) of 1200 µg
a.i. L−1 for protection of 95% of freshwater species.
For slightly-moderately disturbed systems the 99% protection
value of 370 µg a.i. L−1 is recommended

Canadian Water Quality Guidelines for the
Protection of Aquatic Life [88]

Long-term exposure c −800 µg a.i. L−1

Short-term exposure d −27,000 µg a.i. L−1

South African water quality guidelines
(SAWQGs) for Roundup (a.e. 360 g L−1) [105]

Short-term exposure e −0.250 (0.106–0.589) mg L−1

Long-term exposure f −0.002 (0.000–0.021) mg L−1

French Water Quality Guidelines [106]
Threshold value (PNEC) g −28 µg L−1

Max. acceptable concentration −70 µg L−1

Environmental quality guideline −0.1 µg L−1

a An environmental exposure limit (EEL) establishes the maximum concentration of an ecotoxic substance, in this
case glyphosate as the herbicidal active ingredient (a.i.), that is legally allowable in a particular environmental
medium (e.g., water, soil or sediment). This includes the deposition of a substance onto surfaces (e.g., via spray
drift); b glyphosate concentrations, if exceeded, would indicate a potential environmental problem and trigger a
management response; c intended to protect all forms of aquatic life for indefinite exposure periods; d based on
severe effects data for exposure periods of 24–96 h; e short-term lethal test ≤4 days; f long-term sublethal tests
(≥4 days - ≤21 days) ; g PNEC = Predictable No-effect concentration.

4.2. Indirect Effects

Indirect effects of glyphosate to both terrestrial and aquatic fauna have been associated with
changes in plant community composition, habitat structure, cover, and food sources and are primarily
a consequence of glyphosate’s phytotoxic effects rather than a result of ecotoxic qualities unique
to the active ingredient [80,99,107–110]. Studies on small mammals (i.e., rodents, shrews, voles,
chipmunks) showed that some short-term changes were observed at the species [111–113] and
functional feeding group level [114], which the authors attributed to the reduction in invertebrates,
plant cover and food. At the population level, glyphosate did not appear to have significant or
long-lasting effects in the first few years after application [112,114,115]. Similar to small mammals,
changes in bird community composition, and reductions in abundance, densities and species richness
of bird populations often occurred in the first few years after glyphosate application [80,116–118],
and in the case of Santillo et al. [117] the decline in bird densities was correlated with the decline in
habitat complexity. These changes were assessed against untreated control sites to differentiate the
effects of glyphosate from other background environmental factors such as the recovery trajectory
following tree harvest and showed similar responses to other herbicides commonly used in managed
forests [119]. Fewer studies are available on the indirect effects of glyphosate on terrestrial arthropods
and results show a wide range of responses most likely in response to the organism’s affiliation with and
dependency on, habitat components affected by the glyphosate treatments [80]. Similarly, in aquatic
systems, direct acute toxic effects are typically not observed at under realistic environmental exposure
scenarios, however, indirect effects including restructuring of zooplankton and macroinvertebrate
communities may occur if glyphosate-based herbicides are directly applied, for experimental purposes,
at maximum label rates to small wetlands [99,107].

Less is known about the more subtle long-term indirect, synergistic and cumulative stressor effects
of glyphosate in forested environments. Laboratory studies involving exposures to 58 and 116 µg L−1

glyphosate for 1 and 3 days have identified DNA damage in long-lived freshwater eels [120,121] and
a New Zealand study found that the synergistic effects of glyphosate (exposure rate 360 µg L−1 for
26 days) and parasitic infections significantly affected the survival of a juvenile stage of native fish
species (Galaxias anomalus) [122]. Further research is needed to assess the sub-lethal, long-term effects
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of glyphosate at rates used under forest operational conditions and to separate glyphosate effects from
those of any other additives commonly used in forests.

In summary, toxicity results from laboratory and mesocosm studies on glyphosate products have
rarely translated into similar toxic effects in the field when applied according to product label and best
operational practices. As discussed, these results have been attributed to the rapid dissipation, sorption
to soil, sediment and organic matrices, and microbial degradation processes in forested terrestrial and
aquatic environments, reducing exposure time and duration for biological uptake of glyphosate and
surfactants such as POEA. This outcome emphasises the need for a precautionary approach when
extrapolating results from the laboratory to predict the effects and risks of glyphosate products on
non-targeted organisms and environments in forested ecosystems. However, it should be noted that
these results are based primarily on North American glyphosate-based products and information on
the environmental effects of glyphosate-based products used in managed forests elsewhere is either
minimal or absent [8].

5. Risk of Toxicological Effects on Humans

Many studies have been conducted to determine the potential for glyphosate and glyphosate-based
herbicides to induce toxic effects in humans and these studies have been extensively reviewed
by regulatory agencies and internationally renowned scientific experts repeatedly through
time [1,4,5,8,18,23,24].

As specifically related to the issue of potential cancer risk, with the exception of the International
Agency for Research on Cancer (IARC) [11] report, regulatory agencies around the world have all conducted
multiple reviews and consistently concluded that registered uses of glyphosate in accordance with label
directions do not pose a cancer risk, or any other risk, to human health [23–26,123,124]. The seeming
contradiction between the IARC [11] conclusion and all others is largely explained by the fact that all
other agencies consider carcinogenic risk potential in relation to potential realistic levels of human
exposure, whereas the IARC process considers evidence for a potential hazard, without consideration
of possible exposure magnitude or routes.

Despite the general consensus on human and mammalian toxicity and risk as summarized in the
aforementioned professional reviews there are relatively fewer such assessments specific to human
exposure and potential effects associated with glyphosate use in the planted forest sector. Durkin [5,8]
presents a human health risk assessment relating specifically to glyphosate based herbicides as they
are used in forest management by the US Forest Service. In these assessments, exposure for both
workers and members of the general public were considered. Based on a standard unit application
rate of 1.12 kg a.i. ha−1, Durkin [8] concluded that general exposure for workers applying glyphosate
either via manual, ground or aerial application was considered minimal. Even at the highest labelled
application rate of 9 kg a.i. ha−1, the risk of exposure of workers to levels of glyphosate above the RfD
of 2 mg kg−1 day−1 was considered below a level of concern [8]. Similar studies to that conducted
by Durkin [8] have shown that operator exposure to residues of glyphosate during routine manual
applications has not resulted in levels of exposure that exceed even the newly proposed EFSA [23]
Acceptable Operator Exposure Levels (AOELs) (Table 2) [18,125,126].

Manual application of glyphosate based herbicides using a knapsack sprayer is widely used
in planted forests in South Africa and Chile for the control of competitive vegetation pre- and
post-planting [27,33]. The studies cited above represent similar working conditions to that encountered
by labourers who manually apply glyphosate based herbicides in field conditions during the
establishment of young trees. While the specific exposure of forest workers to glyphosate in some
regions has not been evaluated, it is likely their levels of exposure would be similar to those assessed
by Durkin [5,8] and Dost [127] unless it could be shown there were significant differences in the rate of
glyphosate applied (kg ha−1), the area treated (ha) and the time period (number of months per year or
number of years) over which workers were exposed to residues of the herbicide.
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Significant exposure of the general public to glyphosate based herbicides applied to managed
planted forests is generally unlikely and almost certainly less than for applicators as discussed above,
given the: (1) infrequent use of glyphosate in any one forested area (once or twice in the rotation);
(2) typical remote location of these plantations; (3) restricted public access in privately owned forests
and general lack of a rationale for the public to enter these sites and (4) low probability of public entry
within a few days of treatment when residues are at their highest levels and when they are more likely
to dislodge from treated surfaces.

In cases where the general public do enter treated sites shortly after treatment, potential routes of
exposure could include ingestion of contaminated surface water, dermal sorption of residues dislodged
from plant surfaces and/or ingestion of contaminated plants such as wild berries, mushrooms and
other species commonly used as natural food sources. In their review of glyphosate the Canadian
Pest Management Regulatory Agency [24] concluded that non-occupational risks from bystander
dermal exposure when glyphosate was used according to label rates was not a concern. This outcome
included the consumption of wild food (berries, birds, small and large mammals) that may be present
in planted forests. In support of this conclusion, studies by Newton et al. [52], Couture et al. [21]
and Durkin [5] indicated that there is no route of exposure or exposure scenario suggesting that the
general public will be at risk from longer-term exposure to glyphosate under typical use conditions in
planted forests vegetation management. Similarly, Legris and Couture [54], found no measureable
residues in 31/32 edible tissue samples taken from hares (Lepus americanus), moose (Alcesalces) and
deer (Odocoileus virginianus) sampled from territories within glyphosate treated spray sites.

However, Durkin [8], identified consumption of contaminated water after an accidental spill
as an (acute) exposure scenario that could reach, but not exceed, a level of concern for the general
public. This same author also identified the only non-accidental exposure scenario of concern as the
consumption of contaminated vegetation shortly after glyphosate is applied, particularly when applied
at rates above 1.6 kg a.i. ha−1. These potentially higher risk scenarios, both manageable, represent the
only examples that could be of concern to forest managers. However, given the use patterns in forest
management, the rapid degradation of this active ingredient, the phytotoxicity to fruit bearing shrubs
(i.e., berries and plants dead in 4 to 6 weeks) and the ability to mitigate this risk through restriction of
public access, we support the general contention that it is likely consumption of wild food is a low risk
pathway for human exposure to glyphosate in the planted forest environment.

In forested catchments, the exposure of humans (and terrestrial fauna) to high levels of glyphosate
in forest streams through consumption of contaminated surface waters is unlikely given the low risk
of movement of glyphosate into stream water sources following application in planted forests, coupled
with rapid degradation and dilution downstream, as described in Section 3. Moreover, there is no
evidence that the use of glyphosate in forested catchments has resulted in levels of glyphosate in water
bodies likely to exceed human health and drinking water standards (Section 4; Table 3). In forest soils,
glyphosate is rarely detected below the upper 15 cm level of soils [51,52,57,60,61], indicating that it
is very unlikely to percolate down through forest soils and into groundwater. Given that in forestry
scenarios glyphosate use is much less frequent than that in agricultural situations the risk to humans
from water consumption is low. In fact, forest are recognised globally for their importance in providing
sources of high water quality drinking water [128,129].

In New Zealand, although herbicides are the most commonly detected pesticide in national
surveys of groundwater, no glyphosate has yet been detected [130] despite the relatively high
dependence on this active ingredient in agriculture and across primary industry [37]. Vereecken [22]
reported on several studies in European agriculture that showed low level residues occurring
infrequently in groundwater with no detections above drinking water standards in Denmark, the
United Kingdom, the Netherlands or Norway. In a comprehensive assessment of the fate of glyphosate
and AMPA in the USA, Battaglin et al. [131] found that both products were frequently detected in
rivers and streams, less so in lakes and ponds and infrequently in groundwater. The author’s noted
that most glyphosate concentrations were below existing health benchmarks and levels of concern for
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humans. Similarly, a multi-year study of pesticide residues in four rivers in an agricultural region of
southern Quebec showed the maximal concentrations of glyphosate ranging from 3.3 to 29.0 ppb [132].
Even maximum levels observed in these agricultural scenarios are far below the maximum acceptable
concentration of 280 ppb established by Health Canada as protective of human health assuming a
lifetime (70 years consumption) of 1.5 L of drinking water per day [133].

6. Best Management Practices and Mitigation of Risks

For many years, foresters have been proactive in increasing the efficiency and decreasing
the potential for non-target effects associated with herbicides use in forest management [134,135].
This trend was accelerated in the late 1990s through adoption of third party certification programmes
by many forest companies. Such certification systems include those of the Forest Stewardship Council
(FSC) and those under the umbrella of the Programme for the Endorsement of Forest Certification
(PEFC). Although originally established to reduce trade in illegally logged timber, certification also
aimed to provide consumers with assurance that wood products were derived from sustainably
managed forests. As such, responsible use of pesticides is often a key certification requirement [136,137].
That nearly 500 million hectares of forests worldwide are certified with either FSC or PEFC indicates
that the forest industry strives towards sustainable (economic, environmental and social) management
of their resources [138,139].

In most forest growing regions of the world, forest management operations are planned in detail
with strict self-regulation and also control by various government agencies [135,140–142]. Regulations,
forest management planning and best practice guidelines related to herbicide use are good examples
of the level of planning, regulation and control imposed. Herbicide product labels represent legal
documents and are required by law to be applied in strict accordance with instructions specified therein.
In most countries with major use in production forestry and where modern techniques are employed,
applications are made only by specifically and formally trained personnel [135,141,143]. Where
aerial applications are involved, extensive regulations and forest industry best management practices
typically include requirements to: (1) use fully calibrated aircraft and dispersal systems; (2) employ
electronic guidance systems to guide, track and provide spatially explicit archival data characterizing
the operation; (3) minimize off-target drift of the spray cloud following release through constraints
imposed on aircraft speed, release height, droplet size, nozzle configuration, maximum rotor ratios
and wind speed; (4) retention of protective buffers, or ‘no-spray’ zones to protect watercourses,
riparian zones and other sensitive areas [35,74,135,140]. Field studies have confirmed that vegetated
buffers significantly mitigate against glyphosate exposure minimising the potential for adverse effects
of glyphosate on non-target environments under typical aerial spray operations [21,54,70,74,76].
Based on validated drift modelling results, the amount of glyphosate depositing at distances of
25 to 65 m downwind of the spray block edge have been estimated to be between 2% and 5.6% of
the full application rate [135,144]. Newer formulations of glyphosate that are rainfast within hours
of application will also reduce the potential for contamination of surface water should rainfall and
run-off occur within the 24 h of application [145].

With respect to mitigating against potential accidental human exposures most countries require
direct mapping and notification of nearby residents prior to the initiation of the spray program (ground
or aerial), signage of the specific areas before and after treatment and reconnaissance of the site and/or
controlled access to the sites immediately prior to and after treatment are made. Persons most likely to
have any level of exposure are those directly involved in mixing, loading or application of herbicides
and are typically required to use personal protective equipment (PPE) as a means of reducing or
eliminating their exposure. [31,35,66,135,140,142,146].

7. Conclusions

Scientific studies spanning more than four decades of glyphosate use for forest vegetation
management across the globe indicate a general lack of significant deleterious effects to humans,
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terrestrial and aquatic fauna, and environmental quality. With specific reference to operational
control of weeds in planted forests, glyphosate-based herbicides are the dominant products in
use internationally. In the forest sector, these are used judiciously and infrequently (once or twice
per rotation), at rates generally not exceeding 4 kg ha−1, within legal label recommendations and
typically by highly trained applicators in accordance with numerous regulatory controls and best
practice guidelines.

There are few, if any, alternatives either chemical or non-chemical available to foresters that can
match glyphosate based herbicides in terms of their relatively low cost, systemic effectiveness, spectrum
of activity against key competing plant species, favourable environmental fate, ecotoxicological and
human risk profiles. It is likely that any alternative treatment would require a mix of active ingredients
for which there is minimal scientific knowledge upon which to similarly assess potential risks, as well
as predictably poorer outcomes in the context of overall cost/benefit.

In terms of human exposure to glyphosate during operational application in planted forest
management, those with greatest potential exposure include those involved in manual application
(e.g., backpack spray applicators) or in mixing/loading of either ground-based or aerial spray
equipment. However, professional risk assessments demonstrate that when applied according to label
recommendations for forest vegetation management, the risk of exposure to levels that exceed the
accepted No Observable Effect Level (NOEL) or Acceptable Daily Intake (ADI) are likely low. A study
to confirm these observations for contract labour seasonally exposed to glyphosate residues over
periods extending several months to years may be required in regions where manual application of
glyphosate is the only method employed. However, all studies to date on worker exposure indicate no
significant risk to human health. In New Zealand, Australia, Canada and the USA, the near exclusive
application of glyphosate-based herbicides from aircraft, using modern mixing/loading technologies
and appropriate personal protective equipment substantially reduces the potential for exposure and
thus risk to personnel directly involved in these operations.

Assessment of the available literature on the direct and indirect risks of glyphosate-based
herbicides applied to the forest environment under operational conditions revealed no significant
adverse effects to terrestrial and aquatic fauna. However, the tendency for glyphosate and surfactants
to bind in sediments, and the limited information on the impact to sediment interactive organisms
represents another possible area for further research. In addition, the subtle, sub-lethal, long-term,
indirect effects, or potential interactions of glyphosate-based herbicides with other environmentally
relevant stressors (e.g., herbicide mixtures, low dissolved oxygen, pH, excess nutrient inputs, other
chemical pollutants) are less well understood as compared to simple direct acute or chronic effects.
Future research, based on probability of coincident occurrence of such multiple stressors in the forest
sector and the size of area to which such results would pertain could be recommended as a means of
prioritizing future research on these aspects.

It should be recognised that most of the studies cited in this review were heavily focused
on glyphosate products used in North American forests, with minimal or no information on the
environmental fate, and effects of glyphosate-based products, in planted forests of other regions of the
world with differing tree species, silvicultural regimes, and environmental conditions (i.e., climate, soil
etc.). While this could represent a gap in the data available to reliably assess the risk to the planted forest
environment of glyphosate based herbicides, there are few reasons to expect significantly different
outcomes, barring identification of more sensitive species than those studied to date, drastically
different environmental characteristics or new formulations or mixes that incorporate components
with higher inherent toxicity.

Few countries have reliable up-to-date systems, as practiced in Canada, for tracking pesticide
use across primary industry, including that for forest management. A lack of data renders industries
vulnerable to public enquiry and unable to demonstrate actual herbicide use (rates, active ingredients
and total amounts applied), or changes in practice/trends of active ingredient usage over time, a factor
which can reliably demonstrate a sector’s commitment to responsible use of herbicides. More robust
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tracking of herbicide use at a national scale by all primary industries should be a consideration for all
regions heavily dependent on chemicals for vegetation or weed control.

Public concerns over the use of glyphosate-based herbicides continue, and show evidence of
increasing. Such concerns, in spite of the weight of scientific evidence available, have the potential to
deleteriously impact management of planted forests internationally. Often, the global concerns over
the use of glyphosate-based herbicides are intertwined with broader issues of land management
or opposition to “big business” with toxicological and eco-toxicological issues aside. Avoiding
this potentiality requires a concerted effort by scientists, forest managers, extension specialists and
regulators alike to ensure enhanced communication systems (i.e., as in forestinfo.ca_website) that
extend to the public and decision makers such that decisions are made on a scientific rather than an
unsupported public perspective basis. In this regard, the aim of this review was to synthesize relevant
science relating to use of glyphosate-based herbicides in the forest sector. While it is certainly true that
additional research on some topic areas is required, it is equally true that most of the priority questions
and particularly the common misperceptions that routinely circulate through the Internet have been
directly addressed by scientific investigations. The weight of available scientific evidence contained
in this extensive scientific knowledge base leads to the conclusion that glyphosate-based herbicides
as typically employed in planted forest management do not pose a significant risk to humans, the
environment or wildlife species associated therewith. The general congruence of this conclusion as
drawn from this review, with that derived from numerous other independent scientific reviews and
regulatory risk assessments across the globe, provides a substantial level of confidence in the validity
of this general conclusion.

Acknowledgments: The authors would like to acknowledge the New Zealand Ministry of Business Innovation
and Employments’ partial funding of this paper through the Undermining Weeds Contract (Contract C10X0811),
terminated in June 2016 and, also, the subsequent funding provided by Scion (New Zealand Forestry Research
Institute, Ltd.) to complete the manuscript. We are grateful to Tim Payne and Brian Richardson, Scion, for the
comments and internal review of earlier versions of this manuscript.

Author Contributions: Carol A. Rolando and Brenda R. Baillie developed the initial concept for this paper.
With his substantial knowledge of this topic, Dean G. Thompson provided invaluable input and critical review on
all aspects of the paper. Keith M. Little contributed specifically to the review of glyphosate use in planted forests,
and also the critical review on the construction and flow of arguments through-out the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Table A1. List of products containing glyphosate commonly used in planted forest management in
Australia, USA, Canada, Chile, New Zealand and South Africa.

Product Concentration of Glyphosate and Form in
which it occurs in the Herbicide Product Country Manufacturer

Glymac™ Dry 700 700 g/kg glyphosate (monoammoium salt) Australia Macspread Pty Ltd.
Glymount 450 450 g/L glyphosate (isopropylamine salt) Australia Growchoice Pty Ltd.

Glyphosate 450 CT 450 g/L (isopropylamine salt) Australia Nufarm
MacPhersons Bi Dri 700 700 g/kg glyphosate (mono-ammonium salt) Australia Mac Phersons

Redox 450 450 g/L glyphosate (isopropylamine salt) Australia Redox
Round-up Attack 570 g/L glyphosate (potassium salt) Australia Nufarm
Roundup Biactive 360 g/L glyphosate (isopropylamine salt) Australia Sinochem International

Weedmaster Duo 360 g/L glyphosate (isopropylamine salt &
monoammonium salt) Australia Nufarm

Panzer®Gold 484 g/L glyphosate Chile Dow AgroSciences
Rango Full 540 g/L glyphosate Chile

Mamba DMA 480 SL L8388 480 g/L glyphosate (dimethylamine salt) South Africa Dow AgroSciences
Glygran 710 SG L8449 710 g/kg glyphosate (ammonium salt) South Africa Villa Crop Protection
Roundup max L6790 680 g/kg glyphosate (ammonium salt) South Africa Monsanto SA

Glyphogan 360 SL L5393 360 g/L glyphosate (isopropylamine salt) South Africa Makhteshim-Agan
Sharda Glyphosate 360 SL L8901 360 g/L glyphosate (isopropylamine salt) South Africa Sharda International Africa cc.
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Table A1. Cont.

Product Concentration of Glyphosate and Form in
which it occurs in the Herbicide Product Country Manufacturer

Kalach 510 SL L8311 510 g/kg glyphosate (isopropylamine salt) South Africa ArystaLifeScience
Mamba Max 480 SL L7714 480 g /kg glyphosate (isopropylamine salt) South Africa Dow AgroSciences

Erase L6206 360 g/L glyphosate (isopropylaminesalt) South Africa Plaaskem
Tumbleweed L4781 240 g/L glyphosate (isopropylammonium salt) South Africa Enviro Weed Control Systems

Mamba 360 SL L4817 360 g/Lglyphosate (isopropylamine salt) South Africa Dow AgroSciences
Roundup L0407 360 g /Lglyphosate (isopropylamine salt) South Africa Monsanto SA

Springbok 360 L6719 360 g/L glyphosate (isopropylamine salt) South Africa ArystaLifeScience
Kilo Max 700 WSG L8310 700 g/L glyphosate (sodium salt) South Africa ArystaLifeScience
Bounty 500 WSG L6698 500 g/Kg glyphosate (sodium salt) South Africa Meridian Agritech

Erase Granule L7948 500 g/Kg glyphosate (sodium salt) South Africa Plaaskem
Muscle-Up 500 SG L7641 500 g/Kg glyphosate (sodium salt) South Africa Ag-Chem Africa
Glyphosate WSG L7119 500 g/L glyphosate (sodium salt) South Africa ArystaLifeScience
Slash Plus 540 SL L8819 540 g/L glyphosate (potassium salt) South Africa Universal Crop Protection
Roundup Turbo L7166 450 g/L glyphosate (potassium salt) South Africa Monsanto SA

Riverdale Razor Herbide 356 g/L glyphosate(isopropylamine salt) USA Nufarm Americas Inc.
Razor pro 356 g/L glyphosate (isopropylamine salt) USA Nufarm Americas Inc.

Glyphosate 4 Plus 356 g /L glyphosate (isopropylamine salt) USA Alligare, LLC
Glyphosate 5.4 480 g/L glyphosate (isopropylamine salt) USA Alligare, LLC

Accord 480 g /L glyphosate (isopropylamine salt) USA Dow AgroSciences
Accord XRT 480 g/L glyphosate (isopropylamine salt) USA Dow AgroSciences

Accord XRT II 480 g/L glyphosate (isopropylamine salt) USA Dow AgroSciences
Foresters 480 g/L glyphosate (isopropylamine salt) USA NuFarmAmercica Inc.
One step 76 g/L glyphosate (isopropylamine salt) USA BASF
Refuge 599 g/L glyphosate (monopotasium salt) USA Syngenta
Rodeo 480 g/L glyphosate (isopropylamine salt) USA Dow AgroSciences

AGPRO Glyphosate 360 360 g/L glyphosate (isopropylamine salt) New Zealand AGPRO
Deal 510 510 g/L glyphosate (isopropylamine salt) New Zealand Orion

AGPRO Glyphosate 360 360 g/L glyphosate (isopropylamine salt) New Zealand AGPRO
Weedmaster® Dry 680 g/kg glyphosate (monoammonium salt) New Zealand Nufarm

AGPRO Green Glyphosate 510 510 g/L glyphosate (isopropylamine salt) New Zealand AGPRO
Vision Silvicultural Herbicide 356 g/L glyphosate (isopropylamine salt) Canada Monsanto Canada Inc.

Vision Max 540 g/L glyphosate (potassium salt) Canada Monsanto Canada Inc.
Forza™ 360 g/L glyphosate (isopropylamine salt) Canada Cheminova Canada Inc.

Vantage Forestry Herbicide Solution 410 g/L glyphosate (isopropylamine salt) Canada Dow AgroSciences

References

1. Grossbard, E.; Atkinson, D. The Herbicide Glyphosate; Butterworths: London, UK, 1985; Volume 2.
2. Baylis, A.D. Why glyphosate is a global herbicide: Strengths, weaknesses and prospects. Pest Manag. Sci.

2000, 56, 299–308. [CrossRef]
3. Duke, S.O.; Powles, S.B. Glyphosate: A once-in-a-century herbicide. Pest Manage. Sci. 2008, 64, 319–325.

[CrossRef] [PubMed]
4. Giesy, J.P.; Dobson, S.; Solomon, K.R. Ecotoxicological risk assessment for Roundup® herbicide. Rev. Environ.

Contam. Toxicol. 2000, 167, 35–120.
5. Durkin, P.R. Glyphosate Human Health and Ecological Risk Assessment; SERA TR 02_43-09-04a; Syracuse

Environmental Research Associates, Inc.: Fayetteville, NY, USA, 2003.
6. Tatum, V.L. Toxicity, transport, and fate of forest herbicides. Wildl. Soc. Bull. 2004, 32, 1042–1048. [CrossRef]
7. Thompson, D.G. Ecological impacts of major forest-use pesticides. In Ecological Impact of Toxic Chemicals;

Sanchez-Bayo, F., van den Brink, P.J., Mann, R.M., Eds.; Bentham Science Publishers Ltd.: Sharjah, UAE,
2011; pp. 88–110.

8. Durkin, P.R. Glyphosate Human Health and Ecological Risk Assessment. Final report; SERA TR 02_43-09-04a;
Syracuse Environmental Research Associates, Inc.: Manlius, NY, USA, 2011; p. 313.

9. Duke, S.O.; Powles, S.B. Glyphosate-resistant weeds and crops. Pest Manage. Sci. 2008, 64, 317–318.
[CrossRef] [PubMed]

10. Powles, S.B. Evolved glyphosate-resistant weeds around the world: Lessons to be learnt. Pest Manag. Sci.
2008, 64, 360–365. [CrossRef] [PubMed]

11. International Agency for Research on Cancer. Glyphosate. In IARC Monographs on the Evaluation of
Carcinogenic Risks to Humans; International Agency for Research on Cancer: Lyon, France, 2015; Volume 112.

12. Friends of the Earth Europe. The Environmental Impacts of Glyphosate; Friends of the Earth Europe: Brussels,
Belgium, 2013.

http://dx.doi.org/10.1002/(SICI)1526-4998(200004)56:4&lt;299::AID-PS144&gt;3.0.CO;2-K
http://dx.doi.org/10.1002/ps.1518
http://www.ncbi.nlm.nih.gov/pubmed/18273882
http://dx.doi.org/10.2193/0091-7648(2004)032[1042:TTAFOF]2.0.CO;2
http://dx.doi.org/10.1002/ps.1561
http://www.ncbi.nlm.nih.gov/pubmed/18340651
http://dx.doi.org/10.1002/ps.1525
http://www.ncbi.nlm.nih.gov/pubmed/18273881


Forests 2017, 8, 208 20 of 26

13. Corporations Control Our Food. GREENPEACE, 2016. Available online: http://www.greenpeace.
org/international/en/campaigns/agriculture/problem/Corporations-Control-Our-Food/ (accessed on 17
April 2017).

14. Forest Conservation. Conservation Council of New Brunswick, 2017. Available online: http://www.
conservationcouncil.ca/our-programs/forest-conservation/ (accessed on 17 April 2017).

15. Bartell, S.M.; Gardner, R.H.; O’Neill, R.V. Ecological Risk Estimation; Lewis Publishers Incorporated: Chelsea,
MI, USA, 1992.

16. Roberts, S.M.; James, R.C.; Williams, P.L. Principles of Toxicology: Environmental and Industrial Applications,
3rd ed.; John Wiley & Sons: Hoboken, NJ, USA, 2014.

17. Klaassen, C.D. Casarett & Doull’s Toxicology: The Basic Science of Poisons, 8th ed.; McGraw-Hill Education:
New York, NY, USA, 2013.

18. Williams, G.M.; Kroes, R.; Munro, I.C. Safety evaluation and risk assessment of the herbicide Roundup
and its active ingredient, glyphosate, for humans. Regul. Toxicol. Pharmacol. 2000, 31, 117–165. [CrossRef]
[PubMed]

19. Solomon, K.R.; Thompson, D.G. Ecological risk assessment for aquatic organisms from over-water uses of
glyphosate. J. Toxicol. Environ. Health Part B Crit. Rev. 2003, 6, 289–324. [CrossRef] [PubMed]

20. Sullivan, T.P.; Sullivan, D.S. Vegetation management and ecosystem disturbance: impact of glyphosate
herbicide on plant and animal diversity in terrestrial systems. Environ. Rev. 2003, 11, 37–59. [CrossRef]

21. Couture, G.; Legris, J.; Langevin, R.; Laberge, L. Evaluation of the Impacts of Glyphosate as Used in Forests;
Publ No RN95-3082; Ministere des Ressources Naturelles, Direction de l’environnement Forestier: Quebec,
QC, Canada, 1995; Volume 187.

22. Vereecken, H. Mobility and leaching of glyphosate: A review. Pest Manage. Sci. 2005, 61, 1139–1151.
[CrossRef] [PubMed]

23. EFSA (European Food Safety Authority). Conclusion on the peer review of the pesticide risk assessment of
the active substance glyphosate. EFSA J. 2015, 13, 107.

24. PMRA. Glyphosate; 1-800-267-6315 or 613-736-3799; Pest Management Regulatory Agency: Ontario, ON,
Canada, 2015.

25. United States Environmental Protection Agency. Re-registration Eligibility Decision (RED): Glyphosate;
EPA-738-R-93-014; Office of Pesticide Programs and Toxic Substances, US Environmental Protection Agency:
Washington, DC, USA, 1993.

26. JMPR. Joint FAO/WHO Meeting on Pesticide Residues. Geneva, Switzerland, 9–13 May 2016. Summary Report;
Food and Agriculture Organisation and World Health Organisation: Geneva, Switzerland, 2016; p. 6.

27. Kogan, M.; Alister, C. Glyphosate use in forest plantations. Chil. J. Agric. Res. 2010, 70, 652–665. [CrossRef]
28. Wagner, R.G.; Little, K.M.; Richardson, B.; Mcnabb, K. The role of vegetation management for enhancing

productivity of the world’s forests. Forestry 2006, 79, 57–79. [CrossRef]
29. Ellison, D.; Morris, C.E.; Locatelli, B.; Sheil, D.; Cohen, J.; Murdiyarso, D.; Gutierrez, V.; Noordwijk, M.V.;

Creed, I.F.; Pokorny, J.; et al. Trees, forests and water: Cool insights for a hot world. Glob. Environ. Chang.
2017, 43, 51–61. [CrossRef]

30. Thompson, D.G.; Pitt, D.G. A review of Canadian forest vegetation management research and practice.
Ann. For. Sci. 2003, 60, 559–572. [CrossRef]

31. Jenkin, B.M.; Tomkins, B. Pesticides in Plantations: The Use of Chemical Pesticides by the Australian
Plantation Forest Industry; Forest and Wood Products Research and Development Corporation: Melbourne,
Australia, 2006.

32. Willoughby, I.; Balandier, P.; Scott Bensen, N.; McCarthy, N.; Claridge, J. Forest Vegetation Management in
Europe: Current Practice and Future Requirements; Cost Action E47; COST Office: Brussels, Belgium, 2009.

33. Little, K.M.; Rolando, C.A. General guidelines for vegetation management in South Africa plantations.
In South African Forestry Handbook, 5th ed.; Bredenkamp, B.V., Ed.; South African Institute of Forestry:
Pretoria, South Africa, 2012; pp. 107–121.

34. Rolando, C.A.; Watt, M.S. Herbicides for use in management of certified Pinus radiata plantations in
New Zealand. Aust. For. 2014, 77, 123–132. [CrossRef]

35. Herbicide Use Patterns on Corporate Forest Lands in the United States. 2011. Available
online: https://www.researchgate.net/publication/282986628_Herbicide_use_patterns_on_corporate_
forest_lands_in_the_United_States_2011 (accessed on 24 May 2017).

http://www.greenpeace.org/international/en/campaigns/agriculture/problem/Corporations-Control-Our-Food/
http://www.greenpeace.org/international/en/campaigns/agriculture/problem/Corporations-Control-Our-Food/
http://www.conservationcouncil.ca/our-programs/forest-conservation/
http://www.conservationcouncil.ca/our-programs/forest-conservation/
http://dx.doi.org/10.1006/rtph.1999.1371
http://www.ncbi.nlm.nih.gov/pubmed/10854122
http://dx.doi.org/10.1080/10937400306468
http://www.ncbi.nlm.nih.gov/pubmed/12746143
http://dx.doi.org/10.1139/a03-005
http://dx.doi.org/10.1002/ps.1122
http://www.ncbi.nlm.nih.gov/pubmed/16211661
http://dx.doi.org/10.4067/S0718-58392010000400017
http://dx.doi.org/10.1093/forestry/cpi057
http://dx.doi.org/10.1016/j.gloenvcha.2017.01.002
http://dx.doi.org/10.1051/forest:2003060
http://dx.doi.org/10.1080/00049158.2014.936656
https://www.researchgate.net/publication/282986628_Herbicide_use_patterns_on_corporate_forest_lands_in_the_United_States_2011
https://www.researchgate.net/publication/282986628_Herbicide_use_patterns_on_corporate_forest_lands_in_the_United_States_2011


Forests 2017, 8, 208 21 of 26

36. Silviculture. National Forestry Database, 2015. Available online: http://nfdp.ccfm.org/silviculture/quick_
facts_e.php (accessed on 17 April 2017).

37. Trends in Pesticide Use in New Zealand: 2004. Available online: https://www.researchgate.net/publication/
297442070_Trends_in_Pesticide_Use_in_New_Zealand_2004 (accessed on 24 May 2017).

38. NHMRC. Australian Drinking Water Guidelines 6; Version 3.2; National Resource Management Ministerial
Council, National Health and Medical Research Council, Australian Givernment: Canberra, Australia, 2016.

39. AGDA, A.G.D.o.A. Australia’s State of the Forests Report. Criterion 2: Maintenance of Productive Capacity of Forest
Ecosystems; Department of Agriculture, Australian Government: Canberra, Australia, 2013.

40. Boyd, D.R. The Water We Drink. An International Comparison of Drinking Water Quality Standards and Guidelines;
David Suzuki Foundation: Vancouver, BC, Canada, 2006.

41. National Forestry Database. 2017. Available online: http://nfdp.ccfm.org/data/compendium/html/comp_
96e.html (accessed on 17 April 2017).

42. Rolando, C.A.; Garrett, L.G.; Baillie, B.R.; Watt, M.S. A survey of herbicide use and a review of environmental
fate in New Zealand planted forests. N. Z. J. For. Sci. 2013, 43, 17. [CrossRef]

43. Hall, P. Logging Residue Distribution; Liro Forestry Solutions: Rotorua, New Zealand, 1999; Volume 24, p. 6.
44. Ross Gillies, HVP Plantations, Churchill, Victoria, Australia.
45. Little, K.M.; Rolando, C.A.; Morris, C.D. An integrated analysis of 33 Eucalyptus trials linking the onset

of competition-induced tree growth suppression with management, physiographic and climatic factors.
Ann. For. Sci. 2007, 64, 585–591. [CrossRef]

46. Gous, M. Assessing the Value of Glyphosate in South African Agricultural Sector; Department of Agricultural
Economics, Extension and Rural Development University of Pretoria: Pretoria, South Africa, 2014.

47. Little, K.M.; Rolando, C.A. Regional vegetation management standards for commercial Eucalyptus
plantations in South Africa. South. For. 2008, 70, 87–97.

48. Rolando, C.A.; Little, K.M. Regional vegetation management standards for commercial pine plantations in
South Africa. South. For. 2009, 71, 187–199. [CrossRef]

49. Roberts, J.C.; Little, K.M.; Light, M.E. The use of glyphosate for the management of secondary coppice
regrowth in a Eucalyptus grandis × E. urophylla coppice stand in Zululand, South Africa. South. For. 2016,
78, 217–223.

50. Benbrook, C.M. Trends in glyphosate herbicide use in the United States and globally. Environ. Sci. Eur.
2016, 28. [CrossRef] [PubMed]

51. Newton, M.; Horner, L.M.; Cowell, J.E.; White, D.E.; Cole, E.C. Dissipation of glyphosate and
aminomethylphosphonic acid in North American forests. J. Agric. Food Chem. 1994, 42, 1795–1802. [CrossRef]

52. Newton, M.; Howard, K.M.; Kelpsas, B.R.; Danhaus, R.; Lottman, C.M.; Dubelman, S. Fate of glyphosate in
an Oregon forest ecosystem. J. Agric. Food Chem. 1984, 32, 1144–1151. [CrossRef]

53. Thompson, D.G.; Pitt, D.G.; Buscarini, T.; Staznik, B.; Thomas, D.R. Initial deposits and persistence of forest
herbicide residues in sugar maple (Acer saccharum) foliage. Can. J. For. Res. 1994, 24, 2251–2262. [CrossRef]

54. Legris, J.; Couture, G. Résidus de Glyphosate dans le Gibier (Lievre, Orignal et cerf de Virginie) Suite à
des Pulvérisations en Milieu Forestier en 1988; Quebec Ministere des Forest, Direction de l’évaluation
Environnementale: Charlesbourg, QC, Canada, 1991.

55. Franz, J.E.; Mao, M.K.; Sikorski, J.A. Glyphosate: A Unique Global Herbicide; American Chemical Society:
Washington, DC, USA, 1997.

56. Feng, J.C.; Thompson, D.G.; Reynolds, P.E. Fate of glyphosate in a Canadian forest watershed. 1. Aquatic
residues and off-target deposit assessment. J. Agric. Food Chem. 1990, 38, 1110–1118. [CrossRef]

57. Thompson, D.G.; Pitt, D.G.; Buscarini, T.M.; Staznik, B.; Thomas, D.R. Comparative fate of glyphosate and
triclopyr herbicides in the forest floor and mineral soil of an Acadian forest regeneration site. Can. J. For. Res.
2000, 30, 1808–1816. [CrossRef]

58. Borggaard, O.K.; Gimsing, A.L. Fate of glyphosate in soil and the possibility of leaching to ground and
surface waters: a review. Pest Manage. Sci. 2008, 64, 441–456. [CrossRef] [PubMed]

59. Piccolo, A.; Celano, G.; Conte, P. Adsoprtion of glyphosate by humic substances. J. Agric. Food Chem. 1996,
44, 2442–2446. [CrossRef]

60. Feng, J.C.; Thompson, D.G. Fate of glyphosate in a Canadian forest watershed. 2. Persistence in foliage and
soils. J. Agric. Food Chem. 1990, 38, 1118–1125. [CrossRef]

http://nfdp.ccfm.org/silviculture/quick_facts_e.php
http://nfdp.ccfm.org/silviculture/quick_facts_e.php
https://www.researchgate.net/publication/297442070_Trends_in_Pesticide_Use_in_New_Zealand_2004
https://www.researchgate.net/publication/297442070_Trends_in_Pesticide_Use_in_New_Zealand_2004
http://nfdp.ccfm.org/data/compendium/html/comp_96e.html
http://nfdp.ccfm.org/data/compendium/html/comp_96e.html
http://dx.doi.org/10.1186/1179-5395-43-17
http://dx.doi.org/10.1051/forest:2007036
http://dx.doi.org/10.2989/SF.2009.71.3.3.915
http://dx.doi.org/10.1186/s12302-016-0070-0
http://www.ncbi.nlm.nih.gov/pubmed/27752438
http://dx.doi.org/10.1021/jf00044a043
http://dx.doi.org/10.1021/jf00125a054
http://dx.doi.org/10.1139/x94-289
http://dx.doi.org/10.1021/jf00094a045
http://dx.doi.org/10.1139/x00-112
http://dx.doi.org/10.1002/ps.1512
http://www.ncbi.nlm.nih.gov/pubmed/18161065
http://dx.doi.org/10.1021/jf950620x
http://dx.doi.org/10.1021/jf00094a046


Forests 2017, 8, 208 22 of 26

61. Roy, D.N.; Konar, S.K.; Banerjee, S.; Charles, D.A.; Thompson, D.G.; Prasad, R. Persistence, movement, and
degradation of glyphosate in selected Canadian boreal forest soils. J. Agric. Food Chem. 1989, 37, 437–440.
[CrossRef]

62. Villarreal-Chiu, J.F.; Acosta-Cortés, A.G.; Kumar, S.; Kaushik, G. Biological Limitations on Glyphosate
Biodegradation. Green Technol. Environ. Sustain. 2017, 179–201.

63. Annett, R.; Habibi, H.R.; Hontela, A. Impact of glyphosate and glyphosate-based herbicides on the freshwater
environment. J. Appl. Toxicol. 2014, 34, 458–479. [CrossRef] [PubMed]

64. World Health Organisation. The WHO Recommended Classifcation Pesticides by Hazard and Guidelines to
Classification 2009; World Health Organisation: Geneva, Switzerland, 2010; p. 78.

65. MacBean, C. The Pesticide Manual, 16th ed.; British Crop Protection Council: Hampshire, UK, 2012; p. 1439.
66. Republic of South Africa Government Gazette Staatskoerant. Available online: http://www.gov.za/sites/

www.gov.za/files/Act181of1993.pdf (accessed on 26 May 2017).
67. WHO, W.H.O. Guidelines for Drinking-Water Quality; World Health Organisation: Geneva, Switzerland, 2011;

p. 564.
68. Ministry of Health. Drinking-Water Standards for New Zealand 2005 (Revised 2008); Ministry of Health:

Wellington, New Zealand, 2008.
69. Thompson, D.; Chartrand, D.; Staznik, B.; Leach, J.; Hodgins, P. Integrating advanced technologies for

optimization of aerial herbicide applications. New For. 2009, 40, 45–66. [CrossRef]
70. Thompson, D.G.; Wojtaszek, B.F.; Staznik, B.; Chartrand, D.T.; Stephenson, G.R. Chemical and biomonitoring

to assess potential acute effects of Vision® herbicide on native amphibian larvae in forest wetlands. Environ.
Toxicol. Chem. 2004, 23, 843–849. [CrossRef] [PubMed]

71. Louch, J.; Tatum, V.; Allen, G.; Hale, V.C.; McDonnell, J.; Danehy, R.J.; Ice, G. Potential risks to freshwater
aquatic organisms following a silvicultural application of herbicides in Oregon’s Coast Range. Integr. Environ.
Assess. Manag. 2017, 13, 396–409. [CrossRef] [PubMed]

72. Wan, M.T.; Watts, R.G.; Moul, D.J. Effects of different dilution water types on the acute toxicity to juvenile
Pacific salmonids and rainbow trout of glyphosate and its formulated products. Bull. Environ. Contam. Toxicol.
1989, 43, 378–385. [CrossRef] [PubMed]

73. Goldsborough, L.G.; Beck, A.E. Rapid dissipation of glyphosate in small forest ponds. Arch. Environ.
Contam. Toxicol. 1989, 18, 537–544. [CrossRef]

74. Gluns, D.R. Herbicide Residue in Surface Water Following an Application of Roundup in the Revelstoke Forest
District; RR88001-NE; British Columbia Ministry of Forests: Nelson, British Columbia, Canada, 1989.

75. Adams, G.W.; Smith, T.; Miller, J.D. The absence of glyphosate residues in wet soil and the adjacent
watercourse after a forestry application in new Brunswick. Northern J. Appl. For. 2007, 24, 230–232.

76. Wan, M.T.K. The Persistence of Glyposate and Its Metabolite Amino-methyl-phosphonic Acid in Some Coastal
British Columbia Streams; Regional Program Report 85-01; Department of the Environment Conservation and
Protection, Environmental Protection Service, Pacific and Yuokon Region: Vancouver, BC, Canada, 1986.

77. Edge, C.B.; Thompson, D.G.; Hao, C.; Houlahan, J.E. A silviculture application of the glyphosate-based
herbicide VisionMAX to wetlands has limited direct effects on amphibian larvae. Environ. Toxicol. Chem.
2012, 31, 2375–2383. [CrossRef] [PubMed]

78. Wojtaszek, B.F.; Staznik, B.; Chartrand, D.T.; Stephenson, G.R.; Thompson, D.G. Effects of Vision® herbicide
on mortality, avoidance response, and growth of amphibian larvae in two forest wetlands. Environ. Toxicol.
Chem. 2004, 23, 832–842. [CrossRef] [PubMed]

79. PPDB. Pesticide Properties Database; University of Hertfordshire: Hatfield, UK, 2016.
80. Guiseppe, K.F.L.; Drummond, F.A.; Stubbs, C.; Woods, S. The Use of Glyphosate Herbicides in Managed

Forest Ecosystems and their Effects on Non-Target Organisms with Particular Reference to Ants as Bioindicators;
Maine Agriculrtual and Forest Experiment Station Technical Bulletine 192; Maine Agricultrual and Forest
Experiment Station, University of Maine: Orono, ME, USA, 2006; p. 51.

81. Mackay, D.; Fraser, A. Bioaccumulation of persistent organic chemicals: Mechanisms and models.
Environ. Pollut. 2000, 110, 375–391. [CrossRef]

82. Fletcher, K.; Freedman, B. Effects of the herbicides glyphosate, 2, 4, 5-trichlorophenoxyacetic acid, and 2,
4-dichlorophenoxyacetic acid on forest litter decomposition. Can. J. For. Res. 1986, 16, 6–9. [CrossRef]

http://dx.doi.org/10.1021/jf00086a037
http://dx.doi.org/10.1002/jat.2997
http://www.ncbi.nlm.nih.gov/pubmed/24615870
http://www.gov.za/sites/www.gov.za/files/Act181of1993.pdf
http://www.gov.za/sites/www.gov.za/files/Act181of1993.pdf
http://dx.doi.org/10.1007/s11056-009-9181-4
http://dx.doi.org/10.1897/02-280
http://www.ncbi.nlm.nih.gov/pubmed/15095878
http://dx.doi.org/10.1002/ieam.1781
http://www.ncbi.nlm.nih.gov/pubmed/27064429
http://dx.doi.org/10.1007/BF01701872
http://www.ncbi.nlm.nih.gov/pubmed/2790244
http://dx.doi.org/10.1007/BF01055020
http://dx.doi.org/10.1002/etc.1956
http://www.ncbi.nlm.nih.gov/pubmed/22833320
http://dx.doi.org/10.1897/02-281
http://www.ncbi.nlm.nih.gov/pubmed/15095877
http://dx.doi.org/10.1016/S0269-7491(00)00162-7
http://dx.doi.org/10.1139/x86-002


Forests 2017, 8, 208 23 of 26

83. Castilho, A.F.; Viana, R.G.; da Silva Santos, R.T.; da Costa, Y.K.S.; Oliveira, M.F.; Pereira, K.D. The impact
of glyphosate herbicides on soil microbial activity from the Carajás National Forest. Revista de Ciências
Agrárias/Amaz. J. Agric. Environ. Sci. 2016, 59, 302–309. [CrossRef]

84. Edwards, C.A.; Bohlen, P.J. Biology and Ecology of Earthworms, 3rd ed.; Chapman & Hall: London, UK, 1996.
85. Houston, A.; Visser, S.; Lautenschlager, R. Response of microbial processes and fungal community structure

to vegetation management in mixedwood forest soils. Can. J. Bot. 1998, 76, 2002–2010.
86. Busse, M.D.; Ratcliff, A.W.; Shestak, C.J.; Powers, R.F. Glyphosate toxicity and the effects of long-term

vegetation control on soil microbial communities. Soil Biol. Biochem. 2001, 33, 1777–1789. [CrossRef]
87. Ohtonen, R.; Munsen, A.; Brand, D. Soil microbial community response to silvicultural intervention in

coniferous plantation ecosystems. Ecol. Appl. 1992, 2, 363–375. [CrossRef] [PubMed]
88. Canadian Council of Ministers of the Environment. Canadian water quality guidelines for the protection of

aquatic life: Glyphosate. In Canadian Environmental Quality Guidelines; Canadian Council of Ministers of the
Environment: Winnipeg, MB, Canada, 2012.

89. Folmar, L.C.; Sanders, H.O.; Julin, A.M. Toxicity of the herbicide glyphosate and several of its formulations
to fish and aquatic invertebrates. Arch. Environ. Contam. Toxicol. 1979, 8, 269–278. [CrossRef] [PubMed]

90. Edge, C.B.; Gahl, M.K.; Pauli, B.D.; Thompson, D.G.; Houlahan, J.E. Exposure of juvenile green frogs
(Lithobates clamitans) in littoral enclosures to a glyphosate-based herbicide. Ecotoxicol. Environ. Saf. 2011, 74,
1363–1369. [CrossRef] [PubMed]

91. Edge, C.B.; Gahl, M.K.; Thompson, D.G.; Houlahan, J.E. Laboratory and field exposure of two species of
juvenile amphibians to a glyphosate-based herbicide and Batrachochytrium dendrobatidis. Sci. Total Environ.
2013, 444, 145–152. [CrossRef] [PubMed]

92. Cole, E.C.; McComb, W.C.; Newton, M.; Chambers, C.L.; Leeming, P.J. Response of amphibians to
clearcutting, burning, and glyphosate application in the Oregon Coast Range. J. Wildl. Manag. 1997,
61, 656–664. [CrossRef]

93. Effects of the Herbicide Roundup on Coho Salmon Fingerlings in an Over-Sprayed Tributary of Carnation
Creek, British Columbia. Available online: http://agris.fao.org/agris-search/search.do?recordID=
US201302679263 (accessed on 24 May 2017).

94. Kreutzweiser, D.P.; Kingsbury, P.D.; Feng, J.C. Drift response of stream invertebrates to aerial applications of
glyphosate. Bull. Environ. Contam. Toxicol. 1989, 42, 331–338. [CrossRef] [PubMed]

95. Magbanua, F.S.; Townsend, C.R.; Hageman, K.J.; Matthaei, C.D. Individual and combined effects of fine
sediment and the herbicide glyphosate on benthic macroinvertebrates and stream ecosystem function.
Freshwat. Biol. 2013, 58, 1729–1744. [CrossRef]

96. Wang, N.; Besser, J.M.; Buckler, D.R.; Honegger, J.L.; Ingersoll, C.G.; Johnson, B.T.; Kurtzweil, M.L.;
MacGregor, J.; McKee, M.J. Influence of sediment on the fate and toxicity of a polyethoxylated tallowamine
surfactant system (MON 0818) in aquatic microcosms. Chemosphere 2005, 59, 545–551. [CrossRef] [PubMed]

97. Widenfalk, A.; Bertilsson, S.; Sundh, I.; Goedkoop, W. Effects of pesticides on community composition
and activity of sediment microbes–responses at various levels of microbial community organization.
Environ. Pollut. 2008, 152, 576–584. [CrossRef] [PubMed]

98. Tsui, M.T.K.; Chu, L.M. Aquatic toxicity of glyphosate-based formulations: Comparison between different
organisms and the effects of environmental factors. Chemosphere 2003, 52, 1189–1197. [CrossRef]

99. Baker, L.F.; Mudge, J.F.; Thompson, D.G.; Houlahan, J.E.; Kidd, K.A. The combined influence of two
agricultural contaminants on natural communities of phytoplankton and zooplankton. Ecotoxicology 2016,
25, 1021–1032. [CrossRef] [PubMed]

100. Edginton, A.N.; Sheridan, P.M.; Stephenson, G.R.; Thompson, D.G.; Boermans, H.J. Comparative effects of
pH and Vision® herbicide on two life stages of four anuran amphibian species. Environ. Toxicol. Chem. 2004,
23, 815–822. [CrossRef] [PubMed]

101. Howe, C.M.; Berrill, M.; Pauli, B.D.; Helbing, C.C.; Werry, K.; Veldhoen, N. Toxicity of glyphosate-based
pesticides to four North American frog species. Environ. Toxicol. Chem. 2004, 23, 1928–1938. [CrossRef]
[PubMed]

102. Chen, C.Y.; Hathaway, K.M.; Folt, C.L. Multiple stress effects of Vision® herbicide, pH, and food on
zooplankton and larval amphibian species from forest wetlands. Environ. Toxicol. Chem. 2004, 23, 823–831.
[CrossRef] [PubMed]

http://dx.doi.org/10.4322/rca.59312
http://dx.doi.org/10.1016/S0038-0717(01)00103-1
http://dx.doi.org/10.2307/1941871
http://www.ncbi.nlm.nih.gov/pubmed/27759276
http://dx.doi.org/10.1007/BF01056243
http://www.ncbi.nlm.nih.gov/pubmed/507937
http://dx.doi.org/10.1016/j.ecoenv.2011.04.020
http://www.ncbi.nlm.nih.gov/pubmed/21536331
http://dx.doi.org/10.1016/j.scitotenv.2012.11.045
http://www.ncbi.nlm.nih.gov/pubmed/23262329
http://dx.doi.org/10.2307/3802173
http://agris.fao.org/agris-search/search.do?recordID=US201302679263
http://agris.fao.org/agris-search/search.do?recordID=US201302679263
http://dx.doi.org/10.1007/BF01699957
http://www.ncbi.nlm.nih.gov/pubmed/2706342
http://dx.doi.org/10.1111/fwb.12163
http://dx.doi.org/10.1016/j.chemosphere.2004.12.009
http://www.ncbi.nlm.nih.gov/pubmed/15788177
http://dx.doi.org/10.1016/j.envpol.2007.07.003
http://www.ncbi.nlm.nih.gov/pubmed/17822816
http://dx.doi.org/10.1016/S0045-6535(03)00306-0
http://dx.doi.org/10.1007/s10646-016-1659-1
http://www.ncbi.nlm.nih.gov/pubmed/27112456
http://dx.doi.org/10.1897/03-115
http://www.ncbi.nlm.nih.gov/pubmed/15095875
http://dx.doi.org/10.1897/03-71
http://www.ncbi.nlm.nih.gov/pubmed/15352482
http://dx.doi.org/10.1897/03-108
http://www.ncbi.nlm.nih.gov/pubmed/15095876


Forests 2017, 8, 208 24 of 26

103. Environmental Risk Management Authority. Environmental Risk Mangement Authority Decision: Application
to Import and Manufacture for Release, Roundup TransorbTM, for Use as a Herbicide for the Control of Weeds
in Non-Selective Situations; ERMA New Zealand Evaluation and Review Report: Application HSR03010;
Environmental Risk Management Authority: Wellington, New Zealand, 2005; p. 22.

104. ANZECC. Australian and New Zealand Guidelines for Fresh and Marine Water Quality; Australian and
New Zealand Environment and Conservation Council and Agriculture and Resource Management Council
of Australia and New Zealand: Auckland, New Zealand, 2000.

105. Mensah, P.K.; Palmer, C.G.; Muller, W.J. Derivation of South African water quality guidelines for Roundup®

using species sensitivity distribution. Ecotoxicol. Environ. Saf. 2013, 96, 24–31. [CrossRef] [PubMed]
106. INERIS. Toxicological and Environmental Data Sheet—Glyphosate. 2008. Available online: http://www.

ineris.fr/substances/fr/substance/1031 (accessed on 24 May 2017).
107. Baker, L.F.; Mudge, J.F.; Houlahan, J.E.; Thompson, D.G.; Kidd, K.A. The direct and indirect effects of

a glyphosate-based herbicide and nutrients on Chironomidase (Diptera) emerging from small wetlands.
Environ. Toxicol. Chem. 2014, 33, 2076–2085. [CrossRef] [PubMed]

108. Freedman, B. Controversy over the use of herbicides in forestry, with particular reference to glyphosate
usage. J. Environ. Sci. Health 1991, C8, 277–286. [CrossRef]

109. Freedman, B.; Morash, R.; MacKinnon, D. Short-term changes in vegetation after the silvicultural spraying
of glyphosate herbicide onto regenerating clearcuts in Nova Scotia, Canada. Can. J. For. Res. 1993, 23,
2300–2311. [CrossRef]

110. Lautenschlager, R.; Sullivan, T.P. Effects of herbicide treatments on biotic components in regenerating
northern forests. For. Chron. 2002, 78, 695–731. [CrossRef]

111. Anthony, R.G.; Morrison, M.L. Influence of glyphosate herbicide on small-mammal populations in western
Oregon. Northwest Sci. 1985, 59, 159–168.

112. D’Anieri, P.; Leslie, D., Jr.; McCormack, M., Jr. Small mammals in glyphosate-treated clearcuts in northern
Maine. Can. Field-Nat. Ottawa ON 1987, 101, 547–550.

113. Gagné, N.; Bélanger, L.; Huot, J. Comparative responses of small mammals, vegetation, and food sources to
natural regeneration and conifer release treatments in boreal balsam fir stands of Quebec. Can. J. For. Res.
1999, 29, 1128–1140. [CrossRef]

114. Santillo, D.J.; Leslie, D.M., Jr.; Brown, P.W. Responses of small mammals and habitat to glyphosate application
on clearcuts. J. Wildl. Manag. 1989, 53, 164–172. [CrossRef]

115. Sullivan, T.P.; Sullivan, D.S.; Lautenschlager, R.; Wagner, R.G. Long-term influence of glyphosate herbicide
on demography and diversity of small mammal communities in coastal coniferous forest. Northwest Sci.
1997, 71, 6–17.

116. MacKinnon, D.; Freedman, B. Effects of silvicultural use of the herbicide glyphosate on breeding birds of
regenerating clearcuts in Nova Scotia, Canada. J. Appl. Ecol. 1993, 30, 395–406. [CrossRef]

117. Santillo, D.J.; Brown, P.W.; Leslie, D.M., Jr. Response of songbirds to glyphosate-induced habitat changes on
clearcuts. J. Wildl. Manag. 1989, 53, 64–71. [CrossRef]

118. Easton, W.E.; Martin, K. The effect of vegetation management on breeding bird communities in British
Columbia. Ecol. Appl. 1998, 8, 1092–1103. [CrossRef]

119. Guynn, D.C., Jr.; Guynn, S.T.; Wigley, T.B.; Miller, D.A. Herbicides and forest biodiversity-what do we know
and where do we go from here? Wildl. Soc. Bull. 2004, 32, 1085–1092. [CrossRef]

120. Guilherme, S.; Gaivao, I.; Santos, M.; Pacheco, M. European eel (Anguilla anguilla) genotoxic and pro-oxidant
responses following short-term exposure to Roundup®—A glyphosate-based herbicide. Mutagenesis 2010,
25, 523–530. [CrossRef] [PubMed]

121. Guilherme, S.; Gaivão, I.; Santos, M.; Pacheco, M. DNA damage in fish (Anguilla anguilla) exposed to a
glyphosate-based herbicide–elucidation of organ-specificity and the role of oxidative stress. Mutat. Res./Genet.
Toxicol. Environ. Mutagen. 2012, 743, 1–9. [CrossRef] [PubMed]

122. Kelly, D.W.; Poulin, R.; Tompkins, D.M.; Townsend, C.R. Synergistic effects of glyphosate formulation and
parasite infection on fish malformations and survival. J. Appl. Ecol. 2010, 47, 498–504. [CrossRef]

123. Environmental Protection Agency. Glyphosate; Pesticide tolerances. In Federal Register; EPA-HQ-OPP-2-
12-0132; Environmental Protection Agency: Washington, DC, USA, 2013; Volume 78, pp. 25397–25401.

http://dx.doi.org/10.1016/j.ecoenv.2013.06.009
http://www.ncbi.nlm.nih.gov/pubmed/23856119
http://www.ineris.fr/substances/fr/substance/1031
http://www.ineris.fr/substances/fr/substance/1031
http://dx.doi.org/10.1002/etc.2657
http://www.ncbi.nlm.nih.gov/pubmed/24899169
http://dx.doi.org/10.1080/10590509009373384
http://dx.doi.org/10.1139/x93-284
http://dx.doi.org/10.5558/tfc78695-5
http://dx.doi.org/10.1139/x99-095
http://dx.doi.org/10.2307/3801324
http://dx.doi.org/10.2307/2404181
http://dx.doi.org/10.2307/3801307
http://dx.doi.org/10.1890/1051-0761(1998)008[1092:TEOVMO]2.0.CO;2
http://dx.doi.org/10.2193/0091-7648(2004)032[1085:HAFBDW]2.0.CO;2
http://dx.doi.org/10.1093/mutage/geq038
http://www.ncbi.nlm.nih.gov/pubmed/20643706
http://dx.doi.org/10.1016/j.mrgentox.2011.10.017
http://www.ncbi.nlm.nih.gov/pubmed/22266476
http://dx.doi.org/10.1111/j.1365-2664.2010.01791.x


Forests 2017, 8, 208 25 of 26

124. Tarazona, J.V.; Court-Marques, D.; Tiramani, M.; Reich, H.; Pfeil, R.; Istace, F.; Crivellente, F. Glyphosate
toxicity and carcinogenicity: A review of the scientific basis of the European Union assessment and its
differences with IARC. Arch. Toxicol. 2017, 1–21. [CrossRef] [PubMed]

125. Johnson, P.D.; Rimmer, D.A.; Garrod, A.N.I.; Helps, J.E.; Mawdsley, C. Operator exposure when applying
amenity herbicides by all-terrain vehicles and controlled droplet applicators. Ann. Occup. Hyg. 2005, 49,
25–32. [PubMed]

126. Lavy, T.L.; Cowell, J.E.; Steinmetze, J.R.; Massey, J.H. Conifer seedling nursery worker exposure to glyphosate.
Arch. Environ. Contam. Toxicol. 1992, 22, 6–13. [CrossRef] [PubMed]

127. Dost, F.N. Toxicology and Potential Health Risk of Chemicals That May Be Encountered by Workers Using Forest
Vegetation Management Options: Part IV: Risk to Workers Using Glyphosate Formulations; Ministry of Forests:
Fort Fraser, BC, Canada, 2003.

128. Dissmeyer, G.E. Drinking Water from Forests and Grasslands: A Synthesis of the Scientific Literature; United States
Department of Agriculture Forest Service, Southern Research Station: Asheville, NC, Canada, 2000; p. 246.

129. Dudley, N.; Stolton, S. Running Pure: The Importance of Forest Protected Areas to Drinking Water; World Bank
and WWF Alliance for Forest Conservation and Sustainable Use: Geneva, Switzerland, 2003; p. 112.

130. Close, M.E.; Skinner, A. Sixth national survey of pesticides in groundwater in New Zealand. N. Z. J. Mar.
Freshw. Res. 2012, 46, 443–457. [CrossRef]

131. Battaglin, W.A.; Meyer, M.T.; Kuivila, K.M.; Dietze, J.E. Glyphosate and its degradation product AMPA
occur frequently and widely in US soils, surface water, groundwater, and precipitation. JAWRA J. Am. Water
Resour. Assoc. 2014, 50, 275–290. [CrossRef]

132. Giroux, I.; Pelletier, L. Présence de pesticides dans l’eau au Québec: Bilan dans quatre cours d’eau de zones en culture
de maïs et de soya en 2008, 2009 et 2010; Ministère du Développement durable, de l’Environnement et des
Parcs, Direction du suivi de l’état de l’environnement, Gouvernement du Québec: Québec, QC, Canada,
2012; p. 46.

133. Health Canada. Guidelines for Canadian Drinking Water Quality—Summary Table; Water and Air Quality
Bureau, Healthy Environments and Consumer Safety Branch, Health Canada: Ottawa, ON, Canada, 2014.

134. Little, K.; Willoughby, I.; Wagner, R.; Adamas, P.; Frochet, H.; Gava, J.; Gous, S.; Lautenschlager, R.;
Orlander, G.; Sankaran, K.; et al. Towards reduced herbicide use in forest vegetation management. S. Afr.
For. J. 2006, 207, 63–79. [CrossRef]

135. Thompson, D.; Leach, J.; Noel, M.; Odsen, S.; Mihajlovich, M. Aerial forest herbicide application:
Comparative assessment of risk mitigation strategies in Canada. For. Chron. 2012, 88, 176–184. [CrossRef]

136. Forest Stewardship Council. FSC Pesticide Policy: Guidance on Implementation; FSC-GUI-30-001 VERSION 2-0
EN; Forest Stewardship Council: Bonn, Germany, 2007.

137. Wilson, P. UK Woodlands Assurance Standard. UK, 2012. Available online: www.ukwas.org.uk (accessed on
11 April 2017).

138. Forest Stewardship Council. FSC Facts and Figures; FSC International: Bonn, Germany, 2017.
139. PEFC Global Certification: Forest Management & Chain of Custody. Available online: https://pefc.

org/resources/webinar/747-pefc-global-certification-forest-management-chain-of-custody (accessed on
26 May 2017).

140. New Zealand Forest Owners Association. New Zealand Environmental Code of Practice for Plantation Forestry;
Version 1; New Zealand Forest Owners Association: Wellington, New Zealand, 2007.

141. Fertilizers, Farm Feeds, Agricultural Remedies and Stock Remedies Act No. 36 of 1947. Available
online: https://www.environment.gov.za/sites/default/files/docs/remedies_stockremedies_act36_of1947.
pdf (accessed on 26 May 2017).

142. Forestry, P. Guidelines for Plantation Forestry in South Australia 2009; Primary Industries and Resources SA:
South Australia, April 2009; p. 62. ISBN 978-1-921399-25-1IS.

143. Standards New Zealand. Management of agrichemicals; Ministry of Business Innovation and Employment:
Wellington, New Zealand, 2004.

144. Payne, N.J. Spray dispersal from aerial silvicultural glyphosate applications. Crop Protect. 1993, 12, 463–469.
[CrossRef]

http://dx.doi.org/10.1007/s00204-017-1962-5
http://www.ncbi.nlm.nih.gov/pubmed/28374158
http://www.ncbi.nlm.nih.gov/pubmed/15596423
http://dx.doi.org/10.1007/BF00213295
http://www.ncbi.nlm.nih.gov/pubmed/1554254
http://dx.doi.org/10.1080/00288330.2012.707131
http://dx.doi.org/10.1111/jawr.12159
http://dx.doi.org/10.2989/10295920609505254
http://dx.doi.org/10.5558/tfc2012-034
www.ukwas.org.uk
https://pefc.org/resources/webinar/747-pefc-global-certification-forest-management-chain-of-custody
https://pefc.org/resources/webinar/747-pefc-global-certification-forest-management-chain-of-custody
https://www.environment.gov.za/sites/default/files/docs/remedies_stockremedies_act36_of1947.pdf
https://www.environment.gov.za/sites/default/files/docs/remedies_stockremedies_act36_of1947.pdf
http://dx.doi.org/10.1016/0261-2194(93)90009-8


Forests 2017, 8, 208 26 of 26

145. Engage Agro. Vision Max Silvicultural Herbicide; Engage Agro Corporation: Winnipeg, MB, Canada, 2015.
146. Schilling, E. Compendium of Forestry Best Management Practices for Controlling Nonpoint Source Pollution in

North America; National Council for Air and Stream Improvement, Southern Regional Centre: Newberry, FL,
USA, 2009; p. 230.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Glyphosate-Based Herbicide Use in Planted Forest Management Internationally 
	Australasia 
	South Africa 
	The United States of America 
	Canada 
	Other Regions 

	Environmental Fate of Glyphosate-Based Herbicides in Forests 
	Initial Deposition and Fate in Terrestrial Vegetation 
	Fate in Litter and Soils 
	Fate in the Aquatic Environment 

	Risk of Glyphosate-Based Herbicides to the Forest Environment 
	Direct Effects 
	Indirect Effects 

	Risk of Toxicological Effects on Humans 
	Best Management Practices and Mitigation of Risks 
	Conclusions 
	

