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ARTICLE INFO ABSTRACT

Keywords: Glyphosate-based herbicides are highly effective, non-selective, and broad-spectrum herbicides that have been
Glyphosate o used in British Columbia’s forest industry since the early 1980’s. Over this time, long-term persistence of
Sub-lethal herbicide glyphosate has not been measured, largely due to the inability to analyze glyphosate at low concentrations. Given
Persistence . . : . .

AMPA the advancements in analytical techniques that are now available, we have extended the persistence curve of

glyphosate to elucidate the actual length of time of persistence in northern British Columbia, rather than relying
on estimations of persistence based on half-life curves that are quite often modelled from incomparable envi-
ronments. We collected plant tissues from five forest understory perennial species growing in two distinct bio-
geoclimatic regions of northern BC to map out how glyphosate residue quantities change over time according to
species, plant tissue type, and climate regime. We found that residues persisted for up to 12 years in some tissue
types, and that root tissues generally retained glyphosate residues longer than shoot tissue types. We also found
that samples from the colder, more northern biogeoclimatic zone investigated retained significantly higher levels
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of glyphosate for longer than samples collected from the warmer biogeoclimatic zone.

1. Introduction

Glyphosate (N-(phosphonomethyl) glycine) is the most widely used
herbicide in the world, in both agricultural and forestry industries, as
well as for invasive weed control and household yard and garden use
(Henderson et al. 2010). A highly effective, non-selective, broad-spec-
trum herbicide first introduced in 1974, it is present as the active
ingredient in numerous glyphosate-based herbicides (GBHs), including
the Roundup®, Vision®, and VisionMax® formulations manufactured
by Monsanto Company (Baylis 2000; Dost 2003; Thompson & Pitt
2011). Innumerable studies on glyphosate, especially in the form of
Roundup®, have been published in relation to its agricultural use. In
comparison, there is a deficiency of research available focusing on the
Vision® group of formulas and their use in forestry.

Upon application, glyphosate is absorbed through leaves, stems or
roots (Bernards et al. 2005), and is translocated throughout the plant.
This translocation follows the source to sink flow of photosynthates
(sucrose and other carbohydrates) through the phloem, and after cycling
throughout the plant for at least 72 h, glyphosate accumulates in the
apical meristems of roots and young leaves (Fadin et al. 2018; Machado
et al. 2009; Bernards et al. 2005). Glyphosate can be released to the

surrounding soil by plant roots, where it may be strongly adsorbed to
soil particles, degraded by microorganisms, or absorbed by adjacent
plant roots (Viti et al. 2019).

Once inside plant tissues, glyphosate inhibits 5-enolpyruvylshiki-
mate-3-phosphate synthase (EPSPS), an enzyme required for the
biosynthetic shikimic acid pathway that produces the amino acids
tyrosine, phenyl alanine and tryptophan (Duke et al. 2012; Richmond
2018). These amino acids are vital to protein synthesis and plant growth;
thus, disruption of the shikimic acid pathway by glyphosate effectively
kills the plant (Henderson et al. 2010; Richmond 2018). The enzyme
EPSPS is present in plants and microorganisms, but not in animal cells
(OECD 1999). For this reason, it is widely believed that glyphosate is
harmless to humans and animals (Dost 2003; Duke et al. 2012). How-
ever, there continues to be much debate and controversy about the
safety of glyphosate (Landrigan & Belpoggi 2018; Richmond 2018;
Larsson et al. 2018; Zhang et al. 2019).

Glyphosate is degraded in the soil through metabolization by mi-
croorganisms, a complex process, the rate of which depends upon
multiple factors, including the type of microbe, soil pH, moisture, tem-
perature, and other climatic variables (Helander et al. 2012). In north-
ern climates, prolonged freezing of the soil during winter months may
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reduce the rate of glyphosate degradation by microbial action (Stenrgd
et al. 2005), though it is possible that microorganisms may adapt
somewhat to subfreezing soils (Newton et al. 2008). The primary
metabolite of glyphosate is aminomethylphosphonic acid (AMPA), and
both glyphosate and AMPA negatively impact plant physiology (Gomes
et al. 2014). Presence of AMPA in plant tissues may be due to absorption
from the soil (Gomes et al. 2014), or may be evidence of degradation of
glyphosate within the plant (Tong et al. 2017). The effects of cold
climate on the degradation of glyphosate within plant tissues are
unknown.

In Canada, glyphosate has been used on over 90% of herbicide-
treated forest areas nationwide (Thompson & Pitt 2011). The province
of Ontario accounts for over 40% of glyphosate use in Canada, with
British Columbia (BC) ranking second at 17% (Govindarajulu 2008).
Silvicultural applications of glyphosate account for approximately 34%
of total glyphosate use (by weight sold) in BC, with the majority being
used for agriculture and horticulture (Govindarajulu 2008). In BC,
approximately 17,000 ha/year of forested land has been sprayed with
herbicides (primarily GBH) since 1985, largely for conifer release
(Government of British Columbia 2016).

When herbicides are sprayed on forest cutblocks aerially, it is diffi-
cult to predict the exact dosage that any individual plant will receive
(Feng & Thompson 1990). The concentrations reaching understory
plants growing closer to the forest floor, such as small herbs and shrubs,
are affected by overtopping vegetation structure and height, wind,
precipitation, and overlap as the aircraft makes multiple passes over the
cutblock (Lloyd 1990). In both forestry and agriculture, there is also a
risk of GBH reaching non-targeted species in adjacent areas through
spray drift or overspray (Boutin et al. 2014; Cederlund 2017), or through
runoff (Govindarajulu 2008). Further, in a forest ecosystem, the targeted
species rarely grow isolated from other plant species, and many non-
targeted plants are sprayed with GBH simply due to their proximity to
the targeted species, often at a sub-lethal dose as a result of being located
in the understory (Wood 2019). Conversely, a targeted species may also
receive a sub-lethal dose due to incomplete coverage.

The effects of low concentrations of spray drift on non-targeted
plants are complex and not well-understood (Cederlund 2017). Due to
variable levels of sensitivity to glyphosate, some non-targeted plants die,
and surviving plants may translocate and store glyphosate within their
tissues (Florencia et al. 2017; Székacs & Darvas 2012). Glyphosate and
AMPA may persist in perennial plant tissues for an extended duration of
time of a year or more (Roy et al. 1989; Mamy et al. 2016; Wood 2019).
These plants may experience deformities, growth suppression and other
negative effects, even though the concentration reaching non-targeted
plants in this situation is typically very low (Timms & Wood 2020;
Florencia et al. 2017). The exact duration of residue persistence is un-
known for plants in forested environments of British Columbia. Many of
these non-targeted plants are foraged upon by various wildlife species,
and some are also wild-harvested by humans for consumption or me-
dicinal usage. The value of these plants may be questionable if they
contain glyphosate.

Very little research has been conducted on glyphosate storage and
persistence within plant tissues, and to our knowledge, no research has
yet been conducted on long-term glyphosate persistence in perennial
forest plants beyond one year after treatment. Most of the existing data
on this topic refer to glyphosate content in the tissues of harvested food
crop species, particularly glyphosate-resistant crops (example: Bghn
et al. 2014), or in forest plants immediately after GBH application (Roy
et al. 1989; Feng & Thompson 1990). The perennial nature of the ma-
jority of forest plants, combined with a growing awareness of adverse
effects of chronic, low-doses of glyphosate on health and the environ-
ment, indicates that more research should be conducted regarding the
long-term effects of glyphosate in a forested environment. Further
research is required to determine the duration of glyphosate persistence
in plant tissues, particularly in a forestry context. The aim of this
research project was to determine the duration (from one year up to
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twelve years) of glyphosate persistence in selected perennial forest plant
tissues, and to compare residue levels within roots, shoots, and fruits.
Presence of AMPA was also evaluated.

2. Methods
2.1. Study areas

The Province of BC maintains a Biogeoclimatic Ecosystem Classifi-
cation (BEC) system, which delineates the 900,000 + km? province into
fourteen ecological zones and numerous subzones based on differences
and variation in climate, soils and vegetation (Meidinger & Pojar 1991).
Our sampling sites were chosen from two different BEC zones within the
interior of BC: the Boreal White and Black Spruce (BWBS) zone and the
Sub-Boreal Spruce (SBS) zone (Fig. 1). The BWBS zone extends across
Canada, and on a global scale, is part of the circumpolar boreal zone
(DeLong et al. 2011). It features a northern continental climate with
frequent exposure to arctic air masses, short growing seasons, and long,
very cold winters during which the ground freezes deeply (Meidinger &
Pojar 1991). This zone is generally colder and drier than adjacent zones
in the winter, and can be warmer in the summer (DeLong et al. 2011).
The SBS zone is a montane zone that dominates BC’s central interior and
adjoins the BWBS zone to the north. The SBS zone features a continental
climate with seasonal extremes of temperature: severe, snowy winters,
moderate annual precipitation, and relatively warm, moist, and short
summers (Meidinger & Pojar 1991). The sub-boreal climate of the SBS
zone is slightly warmer in January and cooler in July, and has shorter
winters and a slightly longer growing season than the more continental
boreal climate of the BWBS zone (Meidinger & Pojar 1991). Table 1
provides a comparison of some climatic features and the dominant tree
species in each zone.

The forest cutblocks sampled had all been clearcut logged prior to
GBH treatment. The cutblocks were planted 1-4 years after logging and
the GBH treatments were applied 3-5 years post-plant as a means of
controlling the competing aspen (Populus tremuloides) stems. As a result,
the vegetation sampled for this study were considered largely “non-
target”, and were likely exposed to varying concentrations of GBH as
droplets fell through the young, inconsistent aspen canopies.

2.2. Experimental Design & sampling

Samples of roots and shoots were collected from four species of
plants chosen for their importance to the diet of moose, bears and other
wildlife, their importance to local traditional plant users, and to repre-
sent various plant growth strategies: Salix spp. (willow), Cornus sericea
L., syn. C. stolonifera (red-osier dogwood), Rubus idaeus L. (red rasp-
berry), and Chamaenerion angustifolium (L.) Scop. (fireweed). Fruits were
also collected from R. idaeus and Vaccinium caespitosum Michx. (dwarf
blueberry) plants, both of which are commonly eaten by humans and
wildlife.

Fireweed is an herbaceous perennial with rhizome-like roots and
0.5-3 m tall stems, and is especially common in disturbed areas and
open forests (MacKinnon et al. 1999). Despite its prolific wind-borne
seed distribution, fireweed reproduces primarily by sending up new
shoots each spring from buds that formed late in the previous growing
season along a complex horizontal root system that may survive for
decades (Broderick 1990). It is considered “an early to mid-successional
invader of the boreal forest,” with the ability to colonize from seed in
disturbed sites and quickly dominate, persisting in later successional
stages (Pinno et al. 2013). Fireweed is consumed by wildlife, including
both moose (Broderick 1990) and bears (Ciarniello 2018).

Red-osier dogwood is a stoloniferous shrub (meaning that it has
horizontal stems, or stolons, at the soil surface) 1-4 m tall, growing in
moist soils. It is an extremely important winter food source for moose
(Zach et al. 2011), and the berries are an important food for bears in
Northern British Columbia (Noyce & Garshelis 2011; Benson &
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Fig. 1. Study sites: Samples were collected from forest cutblocks in British Columbia, Canada, within the Sub-Boreal Spruce (SBS) Biogeoclimatic zone near the city
of Prince George, and within the Boreal White and Black Spruce (BWBS) zone near the towns of Tumbler Ridge and Chetwynd.

Table 1

Comparison of Boreal White and Black Spruce (BWBS) and Sub-Boreal Spruce
(SBS) Biogeoclimatic Ecosystem Classification (BEC) zones (adapted from Mei-
dinger & Pojar 1991). ® — Updated with 1971-2000 climate normals (DeLong
et al. 2011). The BWBS zone has a colder climate with longer winters and less

precipitation than the SBS zone.

BWBS

SBS

Mean annual
temperature ?
Months with average
temperature < 0 °C
Months with average
temperature >
10°C
Mean temp, coldest
month
Mean temp, warmest
month
Mean annual
precipitation ?
Proportion of annual
precipitation falling
as snow
Mean annual snowfall
Major tree species

1.7 (range —2.4°Cto0 3.6) °C
5-7

2-3

—24.5°Cto —17.7 °C
12.0 °C t0 16.6 °C
525 (range 341-897) mm

35-55%

135-269 cm

White spruce, trembling
aspen, lodgepole pine, black
spruce, balsam poplar,
tamarack, subalpine fir,
common paper birch, Alaska
paper birch

2.2 (range 0.7 °C to 4.2)
°C
4-5

3-5

—-14.6°Cto -7.7 °C
12.9°Cto 16.9°C

708 (range 436-1893)
mm
25-50%

111-379 cm

Climax species: hybrid
white spruce, subalpine
fir, black spruce.

Seral species: lodgepole
pine, trembling aspen,
paper birch, douglas-fir.

Chamberlain 2006).

Willows are known for being difficult to identify to the species level
(MacKinnon et al. 1999), and commonly form hybrid subspecies. For

this reason, we have not identified the species, but collected samples
from a variety of available Salix spp. shrubs. Willow is a staple diet item
for moose and other herbivores, and is also important for bedding and
cover (MacKinnon et al. 1999).

Red raspberry is a perennial shrub, up to 1.5 m tall with upright
stems (canes), typically found in low to moderate elevation habitats that
have been disturbed by logging, silvicultural operations, or fire
(MacKinnon et al. 1999). Bearing biennial canes from a perennial root
system, which produce fruit in their second year, red raspberry is a
pioneer invader that rapidly develops an extensive root system and fo-
liage to colonize recently disturbed open forest areas, surviving for many
years afterward (Oleskevich et al. 1996). Although initial colonization is
generally via seed germination, and abundant quantities of seeds are
produced thereafter, red raspberry spreads primarily via vegetative
reproduction once established, through short-lived root suckers from
extensive clonal colonies (Oleskevich et al. 1996). Raspberry fruits and
foliage are eaten by both wildlife (Oleskevich et al. 1996; Ciarniello
2018) and people, and the leaves are used medicinally (MacKinnon et al.
1999).

Dwarf blueberry is a perennial deciduous shrub that grows up to 0.3
m high and can be found throughout northern BC (MacKinnon et al.
1999). Blueberries are eaten by wildlife, including bears (Ciarniello
2018), and people (MacKinnon et al. 1999).

Root and shoot samples were collected in July of 2018 on forestry
cutblocks where VisionMax® glyphosate-based herbicide was aerially
applied at a rate of 3.3-4.0 L/ha (resulting in a concentration of
1.78-2.16 kg a.i./ha), one year, three years, six years, and twelve years
before sample collection (corresponding to the treatment years 2017,
2015, 2012, and 2006), following standard forestry operational pro-
cedures for aerial herbicide application. In each region, for each appli-
cation year, composite samples were collected for each species and
tissue type, from each of ten plots in treated areas. In the BWBS zone,
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corresponding control samples were collected from ten plots in un-
treated areas within the same cutblocks (Fig. 2). In the SBS zone, control
samples were collected from separate cutblocks of the same age (logged
in the same year). Plots were each a minimum of 100 m away from any
other plot and 20 m from the edge of the treatment zone. Separate
samples of roots and shoots were collected for each species. Each com-
posite sample contained tissues from a minimum of three individual
plants of the same species, collected using pruning shears, treeplanting
spades, and trowels. Unless absent, one sample of each tissue type of
each plant species was collected in each plot, resulting in up to ten
treated sample replicates and ten control sample replicates of each type
for each spray year in each BEC zone (fewer control samples were
collected in the SBS zone). The ten sample replicates of each type were
collected over at least two different cutblocks per exposure year to
ensure a genetically diverse sample selection. Plant samples were frozen
in sealed plastic bags until they were processed.

Fruit samples were collected in August of 2019 on forestry cutblocks
in the SBS BEC zone where VisionMax GBH was applied aerially at a rate
of 3.3 L/ha (resulting in a concentration of 1.78 kg a.i./ha), one year
prior (i.e. sprayed in 2018). Sampling was done in the same manner as
described above, resulting in the collection of nineteen treated and six
control raspberry fruit samples from three different cutblocks, and ten
treated and ten control blueberry fruit samples from one cutblock. A
further nine treated and four control samples of raspberry fruits were
picked off of shoot samples that were collected in July of 2018 from sites
treated six years before sample collection (in 2012).

2.3. Sample processing and laboratory analysis

Plant samples were individually washed with a minimum of three
rinses to remove all traces of soil (with the exception of raspberry fruit
samples collected in 2019, which were too juicy to wash and lacked
visible soil particles), dried, ground to a powder, and returned to the
freezer until they could be sent to the lab for chemical analysis. Root and
shoot samples were dried at 80 °C, and fruit samples were dried at 60 °C,
in a Lindberg / Blue Gravity Oven (Model # GO1330SA). Grinding was
accomplished with the following, depending on tissue type and mill
availability: Thomas Wiley Mini Mill (T4276M) with a 40 mesh (0.425
mm) screen; IKA A 11 basic Analytical mill; Kinematica POLYMIX ® PX-
MFC 90 D with a 0.8 mm or 0.5 mm screen; Hamilton Beach Custom
Grind coffee grinder (80393C) or Cuisinart Grind Central coffee grinder
(PG-13658FA-CAN), each with a removeable washable stainless steel
grinding bowl; and a mortar & pestle. Grinders were blown clean with
forced air between similar samples from the same spray year, and
washed with soap and water and dried between samples of different
types or spray years.

Samples were analyzed for presence of glyphosate and AMPA by the
University of Guelph Agriculture & Food Laboratory, using high per-
formance liquid chromatography — mass spectrometry (HPLC-MS). Since
costs for residue analysis were high, we selected priority sample groups
for chemical analysis (Table 2).
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Table 2

Plant species & tissue types analyzed by the University of Guelph Agriculture &
Food Laboratory, using high performance liquid chromatography — mass spec-
trometry (HPLC-MS), for glyphosate and aminomethylphosphonic acid residues
sampled from two different biogeoclimatic zones in forests of northern British
Columbia, Canada.

Tissue Types

Species Sub-Boreal Spruce Boreal White & Black

Zone Spruce Zone

C. angustifolium Shoot: 9 controls; 44 Shoot: 35 controls; 40 treated

(fireweed) treated Root: 35 controls; 39 treated
Root: 12 controls; 44
treated
Salix spp. Shoot: 13 controls; 40 Shoot: 32 controls; 38 treated
(willow) treated
C. sericea Shoot: 10 controls; 46 -
(red osier dogwood) treated
R. idaeus Fruit: 10 controls; 28 Shoot: 24 controls; 27 treated
(red raspberry) treated Root: 26 controls; 21 treated
V. caespitosum Fruit: 10 controls; 10 -
(dwarf blueberry) treated

Willow, dogwood, and fireweed shoots are key components in the
diet of moose, and were chosen specifically for this reason, though they
are also consumed by other herbivores and omnivores. Raspberry and
blueberry fruits were chosen because they are commonly consumed by
humans, bears, and other wildlife. Although they may also be foraged
upon or have ethnobotanical uses, fireweed and raspberry roots, as well
as raspberry shoots, were chosen primarily to provide a means of
comparing residue allocation between different plant tissues. A total of
377 treated and 216 control (untreated) samples were analyzed.

2.4. Statistical analysis

The residue data received from the laboratory (Wood et al. 2021)
included numerical values where the amount detected was > 0.03 ppm,
and non-numeric values including: “not detected”; “<MDL” = Less than
the minimum detection limit of 0.008 ppm; and “<MQL” = Less than the
minimum quantification limit of 0.03 ppm. The < MDL and < MQL
categories indicate a confirmed presence of the compound (whether
glyphosate or AMPA) by HPLC-MS but at less than the routine detection
limit, or the defined quantification limit, respectively. To include these
qualitative results as detected numeric quantities in the analyses, “not
detected” was given a value of zero, and we substituted the average
between the minimum and maximum possible concentrations for < MDL
and < MQL. Concentrations of < MDL were taken as 0.004 ppm (median
between 0.000 and 0.008) and concentrations of < MQL were taken as
0.019 ppm (median between 0.008 and 0.03) (Wood et al. 2021).

With a high proportion of zero values resulting from samples with no
detected residues, the glyphosate and AMPA concentration data errors
were strongly skewed to the right, and thus did not satisfy the
assumption of normality, as confirmed by Shapiro-Wilk tests.

1l'anond
U L)
LEyein

Treated area
Control (untreated) area
Treatment sample plot

A Control sample plot

Fig. 2. Sampling Design — Examples of sampling plot layouts in forest cutblocks in northern British Columbia, Canada, where cutblocks were composed of both
glyphosate-based herbicide treatment areas and untreated areas (stratified for specific management at the time of treatment).
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Accordingly, Kruskal-Wallis H tests (analysis of variance by ranks for
non-parametric data) were conducted, using Stata Statistical Software
14.2 (StataCorp LLC 2018), to determine the effects of the independent
categorical variables (“year”, “BEC zone”, “species”, and “tissue type‘)
on glyphosate and AMPA concentrations, and are reported using the
standard y2 with degrees of freedom in parentheses. We compared only
same tissue types between species (i.e. shoot to shoot, root to root, or
fruit to fruit) because of the differing storage capabilities of plant tissue
types. Significant test results were followed by post hoc multiple pair-
wise comparisons between groups, using Dunn’s Test with a Sidak
adjustment for multiple comparisons. Throughout, an o of 0.05 was used
to assess significance.

Generalized Linear Models (GLMs) were run in IBM SPSS Statistics
26.0 software (IBM Corp. 2019) to determine the value of each inde-
pendent categorical variable as a model predictor for both concentration
and presence of glyphosate and AMPA in plant tissues. GLMs with a
Tweedie distribution and a log link were used to determine the value of
the independent variables as predictors for residue concentrations. The
two dependent variables, glyphosate concentration and AMPA concen-
tration, were considered as covariates. Next, binary variables were
created from the residue concentration data, to indicate whether or not
glyphosate and AMPA were detected in each sample. With the binary
variables, GLMs with a binomial distribution and a logit link were used
to determine the value of each independent variable as a predictor for
residue presence.

3. Results

The 216 control samples collected from untreated areas were ex-
pected to be free from glyphosate and AMPA residues, yet 5.5% of
control samples contained trace amounts of either glyphosate (seven
samples, or 3.2% of the total) or AMPA (five samples, or 2.3% of the
total) (Table 3). These samples, both roots and shoots, were all among
those collected from untreated areas within treated cutblocks in the
BWBS BEC zone. In contrast, over all years, 45% of the total 377 treated
samples contained residue, with 167 (or 44%) containing glyphosate,
and 69 (or 18%) containing AMPA (Table 3). All but one of the treated
samples containing AMPA also contained glyphosate, for a total of 68
(18%) of treated samples containing both residues. Statistical compari-
son of residue concentrations showed significant differences between
control and treated samples for both glyphosate (3*(1) = 111.998, p <
0.001) and AMPA (Xz(l) = 31.974, p < 0.001) concentrations.

Table 3

Total number of combined root, shoot and fruit samples containing glyphosate
and aminomethylphosphonic acid (AMPA) residues from managed forest cut-
blocks in northern British Columbia, Canada, for each treatment year investi-
gated (*ypt = years post-treatment with glyphosate-based herbicide).

Glyphosate Aminomethylphosphonic
Acid (AMPA)
n Detected % Detected  Detected % Detected

Control Samples

1 ypt* 71 0 0.00% 1 1.41%
3ypt 39 5 12.82% 4 10.26%
6 ypt 61 1 1.64% 0 0.00%
12 ypt 37 1 2.70% 0 0.00%
All Years 216 7 3.24% 5 2.31%

Combined

Treated Samples

1 ypt 118 110 93.22% 60 50.85%
3 ypt 76 34 44.74% 7 9.21%
6 ypt 100 21 21.00% 1 1.00%
12 ypt 83 2 2.41% 1 1.20%
All Years 377 167 44.30% 69 18.30%

Combined
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3.1. Residue persistence over time and by biogeoclimatic zone

Glyphosate and AMPA were significantly reduced over time, in terms
of both presence and concentration, in all plant tissues (p < 0.001)
(Table 3). The proportion of samples containing glyphosate decreased
exponentially from 93% to 2% over the twelve-year period. Over the
same time period, the proportion of samples containing AMPA
decreased to 1% at 12 years after treatment, approximating a logarith-
mic decline.

Glyphosate and AMPA both remained in plant tissues for a longer
duration in the BWBS zone compared with the SBS zone. The rate of
decrease, expressed as the proportion of detections, varied between the
zones, with the proportion of samples with detected glyphosate much
higher at years three and six in the BWBS zone compared with the same
years in the SBS zone (Fig. 3). No AMPA was detected in any samples
from the SBS zone at three or more years after treatment. The trend is
nearly identical whether considering only the sample types that were
collected from both BEC zones (fireweed roots and shoots, and willow
shoots), or when all sampled species are plotted together, including
those that were sampled from only one BEC zone (Fig. 3).

Generalized linear models validated the trend shown in Fig. 3,
indicating that samples from the BWBS zone have a greater likelihood of
containing detectable amounts of glyphosate (p < 0.001) and AMPA (p
< 0.001), as well as higher concentrations of both residues (p < 0.001
for each), compared with samples from the SBS zone. The difference in
residue concentrations, however, was not always statistically significant
when looking at individual treatment years, species, or tissue types.

Kruskal-Wallis tests confirmed that there were significant differences
in both glyphosate (Xz(l) = 14.668, p < 0.001) and AMPA (Xz(l) =
11.219, p < 0.001) concentrations between the two BEC zones, when all
samples were considered together. The difference in residue concen-
tration across BEC zones remained significant for all species combined
when considering only samples taken at one and three years after
treatment, as well as through year six for glyphosate; however, there is
no significant difference in either residue type across BEC zones after
twelve years, nor for AMPA concentration after six years.

3.2. Plant species and part-tissue type

Residues dropped below detection limits within the timeframe of this
study for some, but not all, sample types. Glyphosate was not detected in
any shoots, fruit, nor in raspberry roots, by year twelve. There was no
detectable AMPA in any shoots, nor in raspberry roots by three years
after treatment (Fig. 4). Both glyphosate and AMPA were detected in
fireweed roots up to twelve years after treatment in two out of 20
samples (Fig. 4). Generalized linear modelling (of all samples together)
showed that species, except for dogwood (p = 0.499), and tissue type
were significant predictors of glyphosate presence (p = 0.042; p =
0.012), while only tissue type was a significant predictor of AMPA
presence (p < 0.001). Fruit, however, was not found to be a significant
predictor of glyphosate presence (p = 0.541) or concentration (p =
0.185). Similar to residue presence, species and tissue type were found,
through GLMs, to be significant predictors for glyphosate concentration
(p < 0.001; p < 0.001), but not for AMPA concentration. However,
glyphosate and AMPA residue concentrations between species and tissue
type were only significantly different in the first year after treatment.

Excluding fruit samples, at one year after treatment: only three
samples did not contain glyphosate; eleven samples contained glypho-
sate at concentrations < MQL; ten samples contained glyphosate at
concentrations < MDL; and the remaining 21 root and 44 shoot samples
contained glyphosate ranging in concentration from 0.033 to 1.800 pg
g !, plus a 6.500 pg g~ ! outlier.

Roots of both raspberry and fireweed consistently contained more
glyphosate than shoots did, and raspberry fruits contained the least. This
difference, however, was only statistically significant for fireweed in the
first year after treatment (Xz(l) =4.136, p < 0.041; roots (n = 21) and
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Fig. 3. Proportion of samples treated with glyphosate-based herbicides with detected glyphosate and aminomethylphosphonic acid (AMPA) residues, by time and
biogeoclimatic (BEC) zone, out of those sampled from managed forests of northern British Columbia.

Glyphosate Glyphosate Glyphosate Glyphosate
V. caespitosum Fruit C. sericea Shoot Salix spp. Shoot C. angustifolium
R. idaeus Fruit C. angustifolium Shoot Root
R. idaeus Shoot R. idaeus Root
¢ t » t t t t t t t t >
0-1 year 1-3 years 3-6 years 6-12 years 12+ years
AMPA AMPA AMPA
V. caespitosum R. idaeus Fruit C. angustifolium
Fruit R. idaeus Shoot C. Root
sericea Shoot
Salix spp. Shoot
C. angustifolium
Shoot
R. idaeus Root

Fig. 4. Timeline of glyphosate residue persistence in native plant species and individual tissues of those species, after treatment with glyphosate based herbicides in
forests of northern British Columbia, Canada. Species include: blueberry (Vaccinium caespitosum), raspberry (Rubus idaeus), fireweed (Chamaenerion angustifolium), red
osier dogwood (Cornus stolonifera), and willow (Salix spp.). Each sample type is labeled at the approximate point in time at which residue concentrations dropped
below detection limits. Some fireweed root samples still contained trace amounts of glyphosate and aminomethylphosphonic acid (AMPA) at 12 years post-treatment.

shoots (n = 19)). In the first year after treatment in particular, both
fireweed and raspberry roots contained relatively high concentrations of
glyphosate, with averages greater than 0.4 pg g~ ! (0.467 pg g~ ! and
0.437 pg g~ ! respectively). The difference in glyphosate concentration
between years one and three was not significant for fireweed roots, and
there was significantly more glyphosate in fireweed and willow samples
after three years than at twelve years post-treatment (Fig. 6). Glyphosate
concentrations > MQL ranged from 0.037 to 0.33 pg g~ ! after six years,
and one fireweed root sample contained 0.17 pg g~ of glyphosate
twelve years after treatment. Two fireweed root samples collected at one
year after treatment contained the greatest concentrations of glyphosate
in this study, at 1.800 pg g%, and 6.500 pg g~ (an exceptionally high
value relative to other values in this study). The concentrations of both
residues were determined to be statistically different between the roots
of fireweed and raspberry (xz(l) =6.481, p =0.011 and Xz(l) = 8.154,
p = 0.004, respectively). Fireweed roots were the only sample type that
contained any residue at twelve years post-treatment, and the only ones
that contained AMPA at six years post-treatment (Fig. 6). Fireweed roots
contained statistically more AMPA than the shoot portion of the plants

sampled, after one year (Xz(l) = 15.111, p < 0.001) and three years
(X2(2) = 7.417, p = 0.007), but not after six years (XZ(Z) =1.286,p =
0.257), or twelve years (XZ(Z) =0.950, p = 0.330), when concentrations
were very low in both shoots and roots.

In the first year after treatment, 100% of dogwood, raspberry, and
willow shoot samples and 89% of fireweed shoot samples contained
glyphosate, and the highest concentrations of glyphosate residue in
shoots were found in dogwood, followed by willow, and raspberry.
Fireweed shoots had the lowest concentrations of glyphosate compared
to the other species, and the only statistically significant difference in
quantity at one year after treatment (X2(3) =30.743, p < 0.001) (Figs. 5
& 6). Raspberry shoots contained no glyphosate at year three and
beyond, and dogwood shoots had no glyphosate by year six. It should be
noted that the raspberry shoots in years one, three, and six are repre-
sented by a low sample number (n = 3-4) and more statistical verifi-
cation in future studies may be warranted, although the decline in
samples containing glyphosate follows a similar trendline as the other
species. All four species were devoid of glyphosate in their shoots by
twelve years post-treatment.
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Fig. 5. Proportion of glyphosate-based herbicide-treated shoot samples with detected glyphosate residue, by species. Glyphosate was present in all samples except for

some C. angustifolium samples at 1 year post-treatment.

Raspberry shoots contained the most AMPA, followed by willow,
dogwood, and fireweed (Fig. 6). AMPA concentrations in fireweed
shoots were significantly lower than in raspberry shoots (p = 0.001) and
willow shoots (p = 0.013), and AMPA in dogwood shoots was signifi-
cantly lower than raspberry (p = 0.020) one year post-treatment. There
were no significant differences in the concentrations of either residue
between the shoots of any species at three, six, or twelve years post-
treatment (Fig. 6).

Generalized linear models predicted the significant decrease in res-
idue concentrations for all species and tissue types over time (XZ(S) =
213.708, p < 0.001) (Fig. 6). In most cases, Kruskal-Wallis tests showed
that the concentrations of both glyphosate and AMPA in samples
collected one year after treatment were significantly greater than in
samples collected three, six, or twelve years after treatment.

In fruit samples collected from the SBS BEC zone one year after
treatment, a greater number of raspberries were detected with residue
than blueberries: 90% of raspberries (n = 19) and 70% of blueberries (n
= 10) contained glyphosate, and 68% of raspberries and none of the
blueberries contained AMPA. Raspberry fruit samples had an average
glyphosate residue concentration that was ten times greater than blue-
berry fruit samples (0.074 pg g~! compared to 0.007 pg g~ for blue-
berries) (Xz(l) = 9.064, p = 0.002), and significantly greater AMPA as
well (¥%(1) = 10.970, p < 0.001). Of the thirteen raspberry fruit samples,
in which glyphosate residue was detected at levels > MQL, the average
glyphosate concentration was 0.105 pg g%, ranging from 0.057 to 0.21
pg g, and five of these samples (26%) contained glyphosate at con-
centrations greater than the maximum residue limit (MRL) of 0.1 pug g™,
set by the Government of Canada for foods (Health Canada 2012,
Kolakowski et al. 2020). Only in the first year after treatment were
raspberry fruits (n = 19) found to have a significantly lower concen-
tration of glyphosate than either roots (n = 10) or shoots (n = 10) had
(}(2) = 20.654, p < 0.001). All glyphosate concentrations in blueberry
fruit were < MQL.

4. Discussion

It is widely claimed that glyphosate does not remain in the envi-
ronment for any significant period of time (Newton et al. 1994; Duke
2010). Contrary to this belief, this study clearly demonstrated that
surviving plants in forest cutblocks treated with GBH may contain
glyphosate residue in their roots, shoots and fruits for the first full year
or more after treatment, and many also contain AMPA, with some plants

retaining these residues for twelve years or more. Previous research on
perennial forest plants has primarily considered only short-term (much
less than one year) persistence of glyphosate (or AMPA) in plant tissues.
Wood (2019) showed that glyphosate ranging in concentration from
0.077 to 1.050 pg g~ ! could be detected in the tissues of non-targeted
perennial forest plants at one year after operational treatment with
GBH. Prior to this, Newton et al. (1994) reported 0.162 pg g~ ' glyph-
osate residue remaining in herbaceous vegetation 346 days after treating
the canopy with a high dose of glyphosate. Newton et al. (1994)
concluded that, since 96% of initial residues had dissipated to “levels
below any known herbicidal activity” within 30 days at most sites, and
because it is commonly believed that glyphosate poses no risk of
toxicity, the low concentrations remaining after a year were
inconsequential.

Persistent residue concentrations detected in our study were larger
than some previously reported, perhaps due to improved methods of
detection. For example, in fruit, where detected after one year, we found
an average of approximately 0.105 pg g1, ranging from 0.057 to 0.21
ng ¢! using a method of low-detection HPLC-MS, where Roy et al.
(1989) reported concentrations of 1.23 + 0.248 ug g+ and 1.22 + 0.122
g g~ ! in fruits sampled at 33 days after treatment with GBH, and 0.19 +
0.035 pg g~ after 61 days using a GC-MS method. Keeping in mind that
the concentrations reported by Roy et al. (1989) were from fruit that was
sprayed directly, it is interesting that we recorded similar concentrations
after one year in fruit that could only have acquired glyphosate through
translocation from other tissue types. This illustrates the importance of
continually revisiting policies based on science using techniques such as
chemical analysis, where significant advancements in laboratory pro-
cesses have evolved over the last few decades.

The concentrations of glyphosate we found present, in non-targeted
plant tissues one year after treatment (0.033 to 6.500 pg g~ 1), and even
some concentrations recorded at three years after treatment, are similar
to concentrations reported by these previous studies. The levels detected
are also greater than the default MRL of 0.1 pg g~! used by the Canadian
Food Inspection Agency (CFIA) to assess foods destined for human
consumption (Kolakowski et al. 2020). It may therefore be asked
whether these concentrations are considered safe for wildlife to
consume, especially considering that large areas of forested land are
cleared and treated with GBH every year. Moose have been observed to
preferentially browse in cutblocks 7-11 years after treatment with GBH,
probably since the conditions at that time include a favourable combi-
nation of forage and conifers for bedding and cover (Eschholz et al.
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Fig. 6. Change in glyphosate and aminomethylphosphonic acid (AMPA) residue concentrations over time in plant tissues (roots and shoots) treated with glyphosate-
based herbicides in forests of northern British Columbia, Canada. a) Glyphosate by species & part, b) AMPA by species & part. Note that y-axes are different scales.

1996). Whether persistent glyphosate in plant tissues in these areas
might have an effect on the health of moose and other wildlife species is
not known.

Trace amounts of glyphosate have been documented in soil, air,
water, and food (Landrigan & Belpoggi 2018); exposure to sub-lethal
concentrations of glyphosate is likely to be chronic for both humans
and wildlife, especially in urban and agricultural areas, and a growing
body of research has linked such exposure to various negative health
effects (Kissane and Shephard 2017; Barnett and Gibson 2020). Little
information is available on long-term health effects of chronic exposure
to glyphosate (Richmond 2018), but it can be expected that wildlife
exposed directly to glyphosate during or shortly after application, as
well as to low concentrations of glyphosate residue in their foods, may
be at greater risk of developing chronic health problems (Barnett and
Gibson 2020). However, limited research has been conducted regarding

the effects of glyphosate on wildlife (Kissane and Shephard 2017), and
due to divided factions regarding whether or not glyphosate is toxic
(Zyoud et al. 2017), it is difficult to determine the extent of such effects
at this time.

The persistence of glyphosate and AMPA within perennial forest
plant tissues is a source previously unaccounted for, and the knowledge
that these residues remain in plant tissues for much longer than previ-
ously suspected, even at very low concentrations, must be considered by
forest professionals when making vegetation management decisions.
Further, whether or not glyphosate and its metabolic products are
considered harmful to flora or fauna at low concentrations, any com-
pound deliberately added to the environment by humans should be
accounted for appropriately. That some control samples unexpectedly
contained residues further highlights the fact that even at very low
application rates such as those experienced by understory plants
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through spray drift, trace amounts of glyphosate and AMPA may be
stored within plant tissues for twelve years or more.

As expected, AMPA was detected less frequently and in lower
quantities than glyphosate. It also decreased over time more rapidly
than did glyphosate, however, the fact that plant tissues contained any
amount of AMPA may indicate metabolic breakdown of glyphosate
within the plant tissues (Tong et al. 2017), a phenomenon that is not
well understood. It is known that some plants have a gene for a microbial
enzyme (GOX) that converts glyphosate to AMPA, which has been used
in genetically engineered plants to make them resistant to glyphosate
(Heap and Duke 2018). It is possible that another mechanism for
glyphosate degradation within plants exists.

The clear differences in both presence and concentrations of glyph-
osate and AMPA in samples from the two different BEC zones are likely a
result of differences in climate regime. Degradation of glyphosate in
plant tissues may be affected by duration of plant dormancy, which is in
turn associated with climatic conditions. The more northern BWBS zone
has a colder climate than the SBS zone has, with slightly longer winters
and 5-7 months with average temperatures below freezing, compared
with only 4-5 months below freezing in the SBS. This difference in
climate regime undoubtedly affects the rate of glyphosate and AMPA
decomposition in the soil, since microbial activity is reduced under
freezing conditions (Newton et al. 2008). Increased duration of persis-
tence of glyphosate in soil in colder climates could play a role in the
quantities of residues observed in plant tissues if reuptake by roots oc-
curs (Tong et al. 2017). Glyphosate can reach the soil directly, during
GBH application; through exudation by plant roots (Viti et al. 2019); as
well as through leaves shed by contaminated plants (Mamy et al. 2016),
whether due to seasonal defoliation or die-off as a result of herbicidal
action (Newton et al. 1994). Prior research has suggested that glypho-
sate applied to soil is strongly bound and very slow to leach regardless of
soil type (Al-Rajab and Hakami 2014). Therefore, any movement of
glyphosate from soil to plant or plant to soil would more likely be
attributed to differences in plant species physiology rather than the soil
type.

It might be expected that individual species of plants will demon-
strate unique tolerances to and storage capacities for glyphosate and
AMPA (Florencia et al. 2017), however, the differences in concentra-
tions found in tissues were mostly insignificant, especially when
compared with the effects of BEC zone (Fig. 3). The only differences
found between glyphosate and AMPA concentrations across species,
were at one year after treatment. At this point, residues were signifi-
cantly lower in shoots of fireweed, an herbaceous perennial, compared
with shoots of the other species, all woody perennials. This finding could
be because the entire shoot of an herbaceous perennial plant dies off
annually, while woody species retain their stems. The shoots of herba-
ceous plants analyzed in this study (fireweed) were never directly in
contact with the GBH that was applied a year or more before sampling
occurred, so any glyphosate present in the shoots of herbaceous plants
must therefore have been translocated from roots. Woody plant shoots,
in contrast, may contain glyphosate and AMPA residues that were stored
in shoots since the original application, as well as residues that were
translocated back into shoots from the roots. Wood (2019) suggested
that the strategy of herbaceous perennials to store all resources in the
root over winter may result in a greater storage capacity in roots for
molecules such as glyphosate, which was reflected by the roots of her-
baceous perennial plants containing the highest concentrations of
glyphosate and AMPA. Our present results are consistent with this
finding, but only if mean concentrations are considered rather than
median: in this case, the herbaceous fireweed roots have slightly greater
concentrations than the woody raspberry roots have, as a result of a few
fireweed root samples containing far greater concentrations than the
majority of other samples. However, the differences between raspberry
and fireweed roots are not that simple, as raspberry roots actually had a
greater median concentration. Further study would be of benefit.

Furthermore, we observe that across the four species tested for shoot

Forest Ecology and Management 493 (2021) 119259

residues, the frequency of occurrence varies by species, but residues in
all species follow a similar rate of degradation over the 12-year period
(Fig. 5). However, the trend shown in Fig. 5 is nearly identical whether
considering only the species that were sampled in both BEC zones
(fireweed and willow), or when all sampled species are plotted together,
including those that were sampled from only one BEC zone. This simi-
larity indicates that BEC zone has more of an influence on the presence
of glyphosate and AMPA residue in plant tissues over time than has
species.

The other significant difference found between species at one year
after treatment was between blueberry and raspberry fruits: raspberry
fruits had greater incidence and concentration of glyphosate and AMPA
than did blueberry fruits. Plant height could be a contributing factor to
this difference; V. caespitosum is a very low shrub, up to 0.3 m high,
while R. ideaus grows up to 1.5 m tall (MacKinnon et al. 1999), although
the canes in this study were generally under 1 m in height. It is
conceivable that the taller raspberry plants received a higher dose of
GBH than did the potentially more sheltered blueberry plants. Leaf size
may be another factor: raspberry leaves are much larger than blueberry
leaves, possibly resulting in more interception of spray (Timms & Wood
2020). It is also plausible that the two species have different storage
capacities for glyphosate.

Fruits clearly contained the lowest residue concentrations in this
study, and roots contained the highest concentrations overall. Once
absorbed by plant foliage, glyphosate moves from source to sink, accu-
mulating primarily in the roots. In addition, since perennial plants shed
their leaves annually, and the stems of herbaceous perennials also die off
in the winter, some of the residue stored in the leaves (and stems of
herbaceous plants) is lost to leaf litter. Although fruit contained the least
residue of all tissue types on average, 26% of fruit samples contained
concentrations greater than the 0.1 pg g~ MLR used by the Canadian
Food Inspection Agency to assess glyphosate residue content in foods.
These 26% of fruit samples would be deemed unfit for human con-
sumption if assessed in the marketplace. Residual glyphosate in fruits in
the year following treatment with GBH could have chronic implications
for wildlife such as birds, bears, and other mammals consuming large
quantities of berries in forest cutblocks.

5. Conclusions

Glyphosate, when applied at sub-lethal doses, such as that experi-
enced by plants in the understory and in adjacent areas during standard
applications of GBH in forest cutblocks, persists in plant tissues for a
minimum of one year after treatment, and in some cases still remains in
trace amounts after twelve or more years. The quantities of glyphosate
contained in plant tissues after 3—12 years are extremely low, and should
not be considered an immediate hazard, however, the cumulative effects
of long-term residual glyphosate should be considered when assessing
exposure of humans and wildlife to chronic, low-concentrations of
glyphosate and other chemicals in the environment.

Climatic conditions can impact the duration of glyphosate persis-
tence in plant tissues, as indicated by the clear differences in both
glyphosate and AMPA concentrations in plant tissues from two different
BEC zones. This should be considered by forest managers, especially in
the more northern boreal forests of Canada, where glyphosate may
persist in both soils and plant tissues for longer than previously
expected.

Roots retain more glyphosate than do shoots, and they retain it for a
longer duration. Although many shoot samples contained glyphosate at
one year post treatment, no shoot samples contained glyphosate at three
or more years after treatment. Herbaceous and woody perennial plants
may have differing abilities to store glyphosate and AMPA, though more
research is required before a definitive statement can be made on this
subject. AMPA detected within plant tissues may indicate metabo-
lization of glyphosate within plant tissues.

Although residue concentrations in fruits were lower than those in



N. Botten et al.

root and shoot tissues, both raspberry and blueberry fruits contained low
quantities of glyphosate in fresh growth at one year after treatment,
some of which were above the MRL for human consumption. Further
research on glyphosate and AMPA content in edible portions of plants at
1-5 years after treatment with GBH would be beneficial.
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