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Glyphosate-based herbicide
contributes to nutrient variability
in forest plants

Lisa J. Wood'*, Nicole Botten?, Arthur L. Fredeen! and
Jeffery R. Werner?

Faculty of Environment, University of Northern British Columbia, Prince George, BC, Canada, ?British
Columbia Ministry of Water, Land, and Resource Stewardship, Prince George, BC, Canada

In forestry, glyphosate-based herbicide (GBH) is applied to some logged areas
to remove deciduous and herbaceous vegetation competing with commercial
coniferous trees. Glyphosate has the potential to form insoluble complexes with
metal ions, altering the bioavailability of metals in soil and water. The aim of this
study was to determine if GBH influenced the concentrations of available nutrients
in forest plants. We sampled willow (Salix sp.), red osier dogwood (Cornus sericea),
and fireweed (Chamaenerion angustifolium) from forests up to 12 years after GBH
applications. Across the three focal species, only Mn consistently increased with
GBH treatment. Significant positive correlations between nutrient and glyphosate
concentrations within plant tissues were found for Mn and Zn, while negative
correlations were found for Ba, Ca, Mg, and Ni. B, Ca, Mn, and species were
significant predictors of GBH treatment. A greater number of significant differences
between controls and treated samples were noted in nutrients of fireweed and
red osier dogwood at year one post-treatment, while willow showed greater
differences between controls and treated samples at year 12 post-treatment. The
analyses conducted indicate a relationship between GBH treatment and resulting
nutrient regimes after GBH applications, yet it is complex and variable. It is clear
that there are species specific trends within the dataset. Due to this complexity,
more research should be conducted, as many questions remain unanswered.
Further research is needed to disentangle both short and long-term impacts of
widespread use of GBH products in modern silviculture.

KEYWORDS

glyphosate, glyphosate persistence, plant nutrients, sublethal herbicide, forest
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1 Introduction

Glyphosate [N-(phosphonomethyl) glycine] is the most widely used herbicidal compound
in the world (Benbrook, 2016), primarily for agricultural, forestry, and invasive weed control
(Henderson et al., 2019). A highly effective, non-selective, broad-spectrum herbicide first
introduced in 1974, glyphosate is the active ingredient in numerous glyphosate-based
herbicide (GBH) formulations, including Roundup®, Vision®, VisionMax®, and GlySil®
(Baylis, 20005 Dost, 2003; Thompson and Pitt, 2011). Glyphosate has been studied extensively
in the context of agricultural use. Few studies have examined the effects that these herbicides
have on the anatomy and physiology of plants remaining in post-application scenarios in
forests, even though it is the most prominently used herbicide active ingredient in forestry
operations. Upon GBH application, glyphosate is absorbed into plant leaves, stems or roots
(Bernards et al., 2005), and is translocated throughout the plant. After cycling through the
plant in both xylem and phloem, glyphosate accumulates in the apical meristems of roots and
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young leaves (Bernards et al., 2005; Machado et al., 2009; Fadin
etal., 2018).

In forestry, aerial herbicide applications are used most
(Thompson et al., 2012), causing uneven applications to understory
1990).
applications causes sublethal doses of GBH and understory plant

plants (Lloyd, Incomplete or variable coverage in
survival (Székdcs and Darvas, 2012; Cederlund, 2017; Fadin et al.,
2018). These plants may exhibit deformities, suppressed growth
and other negative effects, even though the concentration reaching
non-targeted plants in this situation is typically low (Fadin et al.,
2018; Timms and Wood, 2020; Golt and Wood, 2021). Glyphosate
may persist in perennial plant tissues for an extended duration of
time (Roy et al., 1989; Mamy et al., 2016), only recently shown to
extend to a year or more (Wood, 2019; Edge et al., 2021; Botten
etal., 2021). The exact duration of residue persistence is unknown
for plants in forested environments of British Columbia (BC),
Canada; however, glyphosate residue was found in 2% of plant root
tissues (e.g., fireweed root) up to 12 years after GBH application
(Botten et al.,, 2021), which raises the question if GBH-treated
cutblocks could put foraging wildlife at greater risk from
cumulative sublethal exposure.

In addition to its herbicidal action, glyphosate is a recognized
chelating agent, forming strong, insoluble complexes on its amine,
carboxylate, and phosphonate groups with transition-metal and other
divalent and trivalent metal ions, including calcium (Ca), copper (Cu),
iron (Fe), magnesium (Mg), manganese (Mn) and zinc (Zn)
(Subramaniam and Hoggard, 1988; Eker et al., 2006; Cakmak et al.,
2009; Jayasumana et al., 2014).

The bioavailability, biological uptake, and thus the acute toxicity
of some heavy metals, including silver (Ag), cadmium (Cd),
chromium (Cr), Cu, Ni, lead (Pb) and Zn, can be reduced through
formation of insoluble metal complexes with glyphosate in water (Tsui
etal, 2005). There is also some concern that glyphosate ions present
in soil may prevent the adsorption and retention of trace and/or toxic
metals by soil particles, even causing desorption from soils, resulting
in increased mobility in the soil environment as complexes enter the
aqueous phase in soil. Application of GBH to soils increases the
mobilization of a range of elements, including aluminum (Al), arsenic
(As), Cd, Cu, P, Pb, Nj, silicon (Si) and Zn (Barrett and McBride, 2006;
Wang et al., 2006; Divisekara et al., 2018).

Glyphosate-metal complexes have varying degrees of solubility.
Sundaram and Sundaram (1997) determined that the solubility
products (K,,) of 1:1 complexes (one glyphosate molecule to one metal
ion) of glyphosate with Mg**, Ca®* Mn?**, Zn**, Cu** and Fe** decreased
in the order of Mg=<Ca>Mn >Zn>Cu> Fe in distilled water, with
lower solubilities in soil. This means that less-soluble complexes with
a lower K, especially Fe, will have a greater likelihood of
remaining complexed.

Modeling of glyphosate chelation in soils suggests that divalent
cations generally form more stable complexes with glyphosate than
do trivalent cations, with the following overall stability order taking
into account different molecular coordination geometries of both 1:1
and 2:1 (two glyphosate to one metal ion) complexes:
Zn** > Cu?" > cobalt (Co)* >Fe** > Cr** > A" > Ca** > Mg (Caetano
etal, 2012). Stability constants indicate decreasing stability for the
following glyphosate-metal complexes: Cu**>Zn**>Ni**>Co*" >
Cd**>Fe*>Mn* > Ca?* < Mg* (Madsen et al., 1978; Motekaitis and
Martell, 1985).
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While some metal elements are not essential (e.g., Co, Al) and
others are toxic (e.g., Pb, As), many are essential nutrients to plants
and animals, and their reduced bioavailability due to complexation
with glyphosate may result in nutritional deficiencies. Aside from
complexing with metal nutrients in the soil and water, glyphosate
stored in plant tissues could immobilize certain essential nutritive
metals within the plants themselves (Eker et al., 2006; Cakmak et al.,
2009). This in turn can affect the availability of nutrients for animals
consuming plants treated with, and retaining, sublethal doses of GBH
(Mertens et al., 2018).

The purpose of this research was to examine the hypothesis that
GBH application will affect metal nutrient concentrations in perennial
forest plant tissues. The rationale for this hypothesis lays in the facts
that: (a) glyphosate and its residues exhibit persistence in soil and
plant tissues after application (Botten et al., 2021); (b) glyphosate is a
chelating agent, known to form insoluble complexes with metal ions
in soil and in water (Eker et al., 2006; Cakmalk et al., 2009), and; (c)
short term studies (up to 40days) have reported reduced
concentrations of some plant nutrients after sublethal GBH application
(Cakmalk et al., 2009). Long term nutrient depletion in perennial
plants could have negative repercussions for plant health.

Our specific objective was to determine if persistence (from 1 year
up to 12 years) of glyphosate in selected perennial forest plant tissues
influenced the concentration of plant mineral nutrients.
We contextualized our study in operationally managed forests of
British Columbia (BC) to gain understanding outside of agriculture
and controlled experimental settings. We predicted that, due to
interaction of metal ions with glyphosate (such as in mechanisms like
chelation), treated samples would contain reduced concentrations of
nutrients 1 year after treatment, but that this effect would diminish
over time in concordance with decreasing glyphosate levels in
plant tissues.

2 Methods
2.1 Study area

This research project was conducted in forest cutblocks in the
Omineca and Peace regions of BC, Canada (Figure 1), within the
Sub-Boreal Spruce (SBS) and Boreal White and Black Spruce (BWBS)
Biogeoclimatic Ecosystem Classification (BEC) zones. The SBS BEC
zone dominates BC’s central interior and features a continental climate
with seasonal extremes of temperature: severe, Snowy winters,
moderate annual precipitation, and relatively warm, moist, and short
summers (Meidinger and Pojar, 1991). The BWBS zone extends from
the coastal BC mountains to the Alberta border and exists largely
north of 54 degrees North latitude. As its name suggests, the BWBS
comprises upland boreal forests and muskegs, with a continental
climate influenced by both arctic and polar air masses. Winters are
long and cold, and growing seasons are short in the BWBS zone
(DeLong et al., 2011).

2.2 Experimental design and sampling

Shoot samples were collected from three species of plants chosen
primarily for their importance to the diet of moose (Alces alces), a
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FIGURE 1
Map of sampled sites, where plants were collected for analysis of nutrients. Glyphosate based herbicides were applied in some of these locations.
Samples were obtained from forested cutblocks treated with glyphosate-based herbicides, and from nearby untreated control blocks.

prominent herbivore of cultural importance in North America
(Renecker and Schwartz, 1998), and due to their prevalence across the
northern BC landscape: Chamaenerion angustifolium (L.) Scop.
(fireweed), Cornus sericea L., syn. C. stolonifera (red-osier dogwood),
and Salix species (representatives of the willow genus). 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). Fireweed is consumed by wildlife, including
both moose (Broderick, 1990) and bears (Ursus sp.) (Ciarniello, 2018).
Red-osier dogwood is a stoloniferous shrub 1-4m tall, growing in
moist soils (MacKinnon et al., 1999). Its shoots are an extremely
important winter food source for moose (Zach et al., 2011), and the
berries are an important food for many songbirds and black bears
(Noyce and Garshelis, 2011; Benson and Chamberlain, 2006). Finally,
willow is a 0.5-5m tall shrub or small tree common at low to moderate
elevations throughout northern BC, growing in upland forests,
lowland thickets, riparian zones, swamps, muskeg, and on disturbed
sites (MacKinnon et al., 1999). Willow species readily hybridize, and
therefore genus was used as the defining level for taxonomic
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identification. Willow is a staple diet item for moose (Shipley et al.,
1998; Rea et al., 2015) and other herbivores (MacKinnon et al., 1999).

Shoot samples were all collected from operationally treated
forestry cutblocks. Cutblocks are large openings created by the forest
industry, where mature trees have been harvested and replaced by new
seedlings. In order to remove competition pressure from the newly
growing crop trees, these cutblocks are often treated with GBH within
the first 10 years of growth. Most shoot samples were collected within
cutblocks over a 10-day period from July 5 to 15, 2018 where
VisionMax® (Canadian registration no. 27736 under the Pest Control
Products Act), a GBH, was aerially applied at rates of 3.3-4.0 Lha™"
(resulting in concentrations of 1.78-2.16kg a.i. ha™'). Note that the
dose of the treatments did not vary experimentally, the dose was
determined by the forest industry, and we visited these cutblocks in
years after they were sprayed with GBH to measure the effects of
treatments on plant nutrients. Treatments identified for this
experiment (sprayed areas) all received the same concentration of
herbicide, but were measured at different intervals post-treatment,
as follows:

frontiersin.org


https://doi.org/10.3389/ffgc.2024.1463454
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org

Wood et al.

o T1: cutblocks were treated 1 year prior to sampling (treated
in 2017),

o T2: cutblocks were treated 3 years prior to sampling (treated
in 2015),

o T3: cutblocks were treated 6 years prior to sampling (treated in
2012), and.

o T4: cutblocks were treated 12 years prior to sample collection
(treated in 2006).

Additional samples were collected in 2021 (one-year post-
treatment) as part of a different study, from cutblocks sprayed in 2020
with 6.0 L/ha of GBH GlySil®, Canadian registration no. 29009 under
the Pest Control Products Act (resulting concentration of application
was 2.13kg a.i. ha-1). These additional samples were also collected in
July and were collected in the same manner as those previously
collected. The additional samples were added to the T1 dataset
obtained in 2018 to create a more robust dataset.

Within each cutblock only one composite plant sample of each
species was collected. Separate and corresponding control samples
were collected from cutblocks of the same age (trees were harvested
in the same year) that were never treated with herbicide. A total of 59
cutblocks were sampled, 10 of these contained control and sprayed
(treated) areas; 12 blocks were untreated controls, and 37 were GBH
treated cutblocks.

To create each composite plant sample from within each cutblock,
a systematic random plot vector sampling design was used. Five plots
were placed 100 m apart. The first plot was placed at least 20 m from
the cutblock boundary (or treatment boundary in the case of GBH
treated cutblocks), and each subsequent plot was 100 m apart. The
direction of the next plot in the vector was systematically determined
based on the shape of the cutblock/sprayed area to avoid shaded edges
of the cutblock boundaries. Within each plot, one to three individuals
of each of the targeted species were collected. Plants collected from all
plots within a cutblock were combined to form one composite sample
containing tissues from a minimum of five individual plants of the
same species from the cutblock. It should be noted that not all species
were found within each plot, or within each cutblock, and therefore
our sampling numbers are not even across the species and intervals
(Table 1). Plants were randomly selected within the plots, and where
possible, plants with obvious signs of poor health (other than

10.3389/ffgc.2024.1463454

symptoms of glyphosate stress) were avoided. All sampling plots were
flat (< 4% slope), ranged in elevation from 760 to 890 m asl, and were
a minimum of 30 m from the edge of the treatment zone. The outer
20cm length of willow and dogwood shoot tips were clipped and
bagged, that portion that would be theoretically consumed by
browsing moose, while the entire above-ground portions of fireweed
plants were collected. Plant samples were frozen in sealed plastic bags
until processed. Since plant age can affect plant nutrient content
(Spaeth et al,, 2002), vegetation age was taken as zero at the time of
logging. All sampling sites were treated 4-6years after logging.
Control sites were chosen to match the age of the vegetation in
treated sites.

2.3 Sample processing and laboratory
analysis

A total of 143 composite plant samples were prepared and
analyzed, 45 controls and 98 GBH treated samples (Table 1). Sample
portions analyzed for residue content were individually washed with
a minimum of three rinses to remove all traces of soil, oven dried at
80°C and ground to a powder (0.8-0.5mm particle size). Grinders
were blown clean with forced air between samples of the same
treatment and species from the same interval and washed with soap
and water and dried between samples of different exposure (sprayed
or control), species or intervals. Ground samples were sent to the
University of Guelph Agriculture and Food Laboratory for analysis of
glyphosate and aminomethyl phosphonic acid (AMPA), one of
glyphosate’s primary metabolite products, using high performance
liquid chromatography - tandem mass spectrometry (HPLC-MS/MS).

Full elemental analysis of plant nutrients was conducted by the BC
Ministry of Environment and Climate Change Strategy’s Analytical
Chemistry Services Laboratory (BC MoE) or by the Northern
Analytical Chemistry Lab at the University of Northern BC (NALS).
Samples were washed, freeze-dried at —80°C, and ground to pass a
1 mm screen. Elemental nutrient concentrations were determined at
BC MoE using closed vessel microwave digestion HNO; and HCl
digestion for inductively coupled plasma mass spectrometry (ICP-
MS), using the U.S. Environmental Protection Agency’s EPA 3051A
and 6020A reference methods. Samples tested at NALS were analyzed

TABLE 1 Composite plant samples collected and analyzed by species and interval, from areas of Northern British Columbia, Canada.

Number of replicates

Sample type Interval ID: # of years =~ Willow (Salix sp.) Fireweed (C. Red Osier Dogwood
post-treatment angustifolium) (C. sericea)
Control Ti: 1 8 6 5
Control T2:3 3 4 3
Control T3:6 3 1% 2%
Control T4: 12 4 4 2%
Treatment T1:1 9 9 9
Treatment T2:3 8 6 11
Treatment T3:6 9 10 8
Treatment T4: 12 5 6 8

Treated samples are those from sites treated with glyphosate-based herbicides. Control samples were obtained from harvested cutblocks of the same harvest age as those treated. *These

categories have fewer than 3 replicates due to the lack of availability of samples.
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for elemental nutrient concentrations using inductively coupled
plasma optical emission spectroscopy (ICP-OES). We statistically
analyzed B, Ba, Ca, Cu, Fe, Mg, Mn, Na, Ni, and Zn for differences in
mean, distribution and variation across treatments.

2.4 Statistical analysis

The detection limit for residue data was 0.008 pgg™', and the
quantification limit was 0.03 pgg™". Where the presence of glyphosate
was detected by HPLC-MS, but at less than these amounts,
“< MDL” =less than the Minimum Detection Limit and “< MQL’ =less
than the Minimum Quantification Limit categories were assigned. To
include these qualitative results as detected numeric quantities in the
analyses, “not detected” was given a value of zero, “< MDL’ values
were taken as 0.004 pgg™" (median between 0.000 and 0.008) and “<
MQL” values were taken as 0.019pgg™ (median between 0.008
and 0.03).

Data were normalized for visual comparisons between variables
at the same scale. Histograms, Shapiro-Wilk tests and skewness/
kurtosis tests were used to test glyphosate, AMPA, and nutrient data
(individually) for normality, which demonstrated in most cases that
the data were not normally distributed and skewed to the left.
Therefore, only nonparametric statistical tests were used, including
independent sample Mann-Whitney and Median tests for comparison
between groups of data. GBH-treated and control samples were
compared over all combinations of species and intervals (T1-T4).

Binary logistic generalized linear models with a binomial
probability distribution and a logit link function were used to
predict treatment (control or GBH sprayed), where the procedure
modeled 1 (GBH sprayed) as the response and 0 (control) as the
reference category. Each predictor variable was tested independently
in the model for its significance in predicting treatment following
the method suggested by Ranganathan et al. (2017). Following this,
the possible predictor variables that were continuous were tested
using a Spearman’s rho correlation analysis. Variables that were
significantly correlated to one another were not added to any model
together, rather the variable that was most significant in predicting
treatment was used. Variables that were significant in predicting
GBH treatment individually were added one at a time to the model
to observe their impact on model fit. After the significant and
unrelated continuous predictor variables were identified, categorical
factors were added as predictors to the model, one at a time. AIC
and BIC (AIC, Akaike’s Information Criterion; BIC, Bayesian
Information Criterion), likelihood ratio chi-square value, and
p-values for each predictor variable were assessed to determine the
best model.

Correlation analyses were conducted to determine the relationship
between variation in nutrient concentrations and variation in
glyphosate concentrations, both continuous data sets listed by sample
number, using Spearman’s rank correlation. The concentration of each
nutrient was correlated to the concentration of glyphosate and AMPA
in that sample, to determine if the variation across sample nutrients
matched that of glyphosate or AMPA. All statistical analyses were
conducted with IBM SPSS Statistical Software version 28.0, and a of
0.05 was used to assess significance throughout.
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FIGURE 2
Concentration of glyphosate residues found in plant shoot tissues of
red osier dogwood (Cornus stolonifera) = Dogwood, willow (Salix
sp.), and fireweed (Chamaenerion angustifolium) shoots, at intervals
post-treatment (with 95% Cl). Treatments were with glyphosate-
based herbicides in operational forestry cutblocks of northern BC,
Canada.
3 Results

3.1 Glyphosate and AMPA concentrations
in plant tissues

Glyphosate was detected in 24 of the 27 T1 samples (88.9%)
(Figure 2). Only 5 of these 27 samples were below the MQL;
concentrations across all T1 samples ranged from not detected to
1.10 pg g with a mean of 0.20 pg g Fireweed shoots contained
the lowest concentrations of glyphosate (highest detected amount
was a sample containing 0.070 pgg™"). Where T1 dogwood shoots
contained concentrations of glyphosate, these ranged from 0.12 to
0.89pgg™, and where T1 willow shoots contained glyphosate
residues, concentrations ranged between 0.063 and 1.10pgg™
(Figure 2). Ten samples also contained traces of AMPA residues;
all of which were in the T1 interval and 6/10 of which were willow
samples. The general pattern of AMPA residue presence mimics
that of glyphosate residue, with the highest amounts found in
willow shoots, then red osier dogwood, and lowest amounts found
in treated fireweed shoots. Nine out of 25 T2 samples (36%)
contained glyphosate, and six out of 27 T3 samples (22%)
contained glyphosate (fireweed and willow only). Glyphosate was
not detected in any T4 samples. Six of the 45 control samples
tested for residues contained detectable glyphosate. This could
be result of cross-contamination during sample preparation and
analysis despite our best efforts to control contamination between
samples. However, these detections could also have resulted from
overspray of treatment areas into control portions of cutblocks. Of
all the treated samples, 39 out of 98 (39.8%) contained levels of
glyphosate above 0.03 pgg™.
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3.2 Plant nutrient concentrations after GBH
exposure

Out of the 10 nutrients analyzed, Ca and Na were the only
nutrients to show no significant differences in median and distribution
between control and GBH sprayed groups across all categories
(Table 2). Significant differences between sprayed and control groups
were most pronounced in T1 (year 1 post-treatment) for red osier
dogwood and fireweed (with most nutrients flagged as significantly
different in both median and distribution), and in T4 (year 12) for
willow. The only similarities across species were in T1 and T4 (Years
1 and 12 post-treatment). Both Cu and Zn were significantly different
in medians and distributions in T1 dogwood samples (Cu: median
p=0.021; Mann-Whitney p=0.004, Zn: median p=0.021;

TABLE 2 Nutrients with significant differences between cutblocks that
were “sprayed” (treated with glyphosate-based herbicides) or “control”
(not treated).

Interval Median test Mann—-Whitney
test

Red Osier Dogwood samples

T1: 1-year post-

treatment Cu, Zn Cu, Mg, Zn

T2: 3-year post-

treatment None B, Ba, Cu, Mn, Ni, Zn

T3: 6-year post-

treatment None B, Mn, Ni

T4: 12-year post-

treatment None Ba, Cu, Fe, Mn, Ni, Zn

Fireweed samples

T1: 1-year post-

treatment Cu, Fe, Mn, Zn Cu, Mn, Zn

T2: 3-year post-

treatment Ba None

T3: 6-year post-

treatment None None

T4: 12-year post-

treatment B, Ni, Zn B,Zn

Willow samples

T1: 1-year post-

treatment None None

T2: 3-year post-

treatment None Cu

T3: 6-year post-

treatment Mg Mg

T4: 12-year post-

treatment B, Mn B, Mn

Comparisons of nutrient concentrations were made using plant shoots collected from
forestry cutblocks in northern BC, Canada. Tests performed were Independent Sample
Median tests to test for significant differences in median nutrient concentrations between
groups (sprayed vs. control) at each interval sampled (T1-T4), and Mann-Whitney tests to
test for significant differences in nutrient distributions between groups (sprayed vs. control)
at each interval; p < 0.05 was considered significant. Red Osier Dogwood = Cornus
stolonifera, Fireweed = Chamaenerion angustifolium, Willow = Salix sp.
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Mann-Whitney p<0.001) and fireweed samples (Cu: median
p=0.007; Mann-Whitney p=0.026, Zn: median p=0.007; Mann-
Whitney p=0.002). Boron was significantly different in medians and
distributions in T4 fireweed samples (median p=0.048; Mann-
Whitney p=0.019) and willow samples (median p=0.048; Mann-
Whitney p=0.032). Cu, Mn and B most frequently showed significant
differences; these nutrients showed at least one difference between
control and GBH treated in all species. Significant differences were
shown in Mn in T1 fireweed samples (median p=0.007; Mann-
Whitney p<0.001), in Zn in T4 fireweed samples (median p=0.048;
Mann-Whitney p=0.010), in Mg in T3 willow samples (median
p=0.045; Mann-Whitney p=0.018), and in Mn in T4 willow samples
(median p=0.048; Mann-Whitney p=0.032) (Table 2).

In every case where a nutrient was found to be significantly
different in both median and distribution between controls and GBH
treated samples (Table 2), the nutrients were shown to increase with
the application of GBH (T1 trends shown in Figure 3); except for T3 in
willow, where Mg decreased with treatment. We observe in Figure 3
that T1, in dogwood B, Cu, Mn, Na, and Zn increase with treatment,
while Ca, Fe, Mg, and Ni decrease with treatment. In fireweed
we observe that Cu, Mn, and Zn increase with treatment, while Fe and
Na decrease; and in willow we observe that Mn increases with
treatment and Fe, Na and Ni decrease with treatment. Mn is the only
nutrient that consistently increases with GBH treatment in T1, and Fe
is the only nutrient that consistently decreased with treatment in T1
over all species. In most cases there was less variability in the GBH
treated samples nutrient concentrations, when compared to the
control samples (Figure 3).

Out of nutrients analyzed, B, Ca, Mg, and Ni were individually
significant in predicting GBH sprayed areas (Table 3). B was added to
the model first as the most significant individual predictor of the
presence of spray. The only nutrients that were not significantly
correlated to B were Ca, Zn, and Mn. These were added to the model
individually, however Zn and Mn were correlated to one another
(rho=0.550, p <0.001), so the most significant of the two in the model
(Mn) was kept in the final iteration. Species was added as a significant
factor; interval was insignificant in the model when added (Table 3).
All other variables were highly related to the response variable
(presence or absence of GBH spray treatment) and it would have been
illogical to include them as predictors because they were dependent
on the treatment itself and not applicable to the controls (ie. herbicide
formula, glyphosate residue concentration, and AMPA residue
concentration). For example, it would be irrelevant to try to predict if
an area was treated if one already knew what herbicide formula was
applied. The model that was found to be the best fit for predicting
GBH treatment was based on predictor variables B, Ca, Mn, and
Species (model #8 in Table 3). This model had the best combination
of overall significance, AIC and BIC values, and each of the
independent variables was significant. The final model expression,
following methods by Ranganathan et al. (2017), for the best fit
model was:

Log. (odds of GBH Treatment (control or GBH sprayed))=
—3.92924 +(0.32606 x B) + (0.00025 x Ca) + (0.27956 x dogwood)
- (1.96930 x fireweed) + (0.00730 x Mn).

For model verification, treatment categories (spray or control)

were compared to the modeled outcome for model #8 (Table 3) and
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FIGURE 3
Nutrient concentrations measured in plant shoot tissues of three forest species: dogwood (Cornus sericea), fireweed (Chamaenerion angustifolium),
and willow (Salix sp.), in cutblocks sprayed with glyphosate-based herbicide (yes) one-year after treatment (T1) and control/untreated areas (no) of the
same stage of maturity in northern British Columbia, Canada. Confidence Intervals (Cl) are provided for each of the mean data points illustrated. Note:
scales on individual nutrient graphs are different from one another.
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TABLE 3 Statistics for models to predict treatment (application of glyphosate-based herbicides).

Model # Predictor variable(s)

ratio Chi-Square

Omnibus Likelihood

Degrees of
freedom

1 B 22.654, p< 0.001 1 137.96 143.94
2 Ca 7.566, p =0.006 1 129.66 135.64
3 Mg 6.527,p =0.011 1 143.89 149.87
4 Mn 1.581, p =0.209 1 171.75 177.65
5 Ni 6.928, p =0.008 1 145.35 151.33
6 Zn 0.470, p =0.493 1 165.88 171.86
7 B,Ca,Mn* 46.306, p< 0.001 3 145.93 157.90
8 B, Ca, Mn, Species * 59.042, p< 0.001 5 137.20 155.40
B, Ca, Mn, Species, Year
9 post-treatment ° 62.531, p< 0.001 9 141.71 171.61

visually compared with a linear trend line. The predicted values were
significantly correlated to the observed (rho=0.559, p<0.001;
r*=0.392) indicating that the four predictor variables were able to
capture approximately 39% of the variation in treatment occurrence.

3.3 Correlations between glyphosate
concentrations and plant nutrients

Statistically significant positive correlations were found between
glyphosate concentration and each of Mn and Zn when GBH
exposure, all species, and intervals (T1-T4) were considered.
Significant negative correlations were found between glyphosate
concentration and Ba, Ca, Mg, and Ni (Table 4).

When considering glyphosate chelation, it should be noted that in
most cases in T1, the plant tissue concentration of glyphosate was
much lower in magnitude than the concentration of the nutrient
being considered.

4 Discussion

4.1 Glyphosate and AMPA concentrations
in plant tissues

Glyphosate residue is present in plants for years after applications
in our study region (Botten et al., 2021). GBH treatments alter
vegetation complexes, creating changes in nutrient cycling and water
availability. The ecological consequences of a drastic change to
vegetation, such as that which is experienced after GBH treatment,
include changes to soil water availability and temperature, altered
electrical conductivity and ion flow, and exposure to increased solar
radiation for surviving plants—all of which have been clearly
documented in forest harvesting studies (Likens et al., 1970; Lousier,
1990). Each of these environmental changes can influence nutrient
availability (Likens et al., 1970; Grand et al.,, 2014) and uptake, as well
as plant stress responses, which likely lead to changes in how nutrients
are used and stored by plants (Kozlowski and Pallardy, 2002;
Marschner, 1974; Costa et al., 2024). Therefore, we deduce that
changes to nutrients from GBH treatments are likely, but complex and
difficult to pattern across space, time, and species. Reduced plant
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diversity, such as that associated with conifer release, has been linked
with altered nutrient ratios and increased variation of nutrient
composition in plants (Abbas et al., 2013).

Possible inherent differences exist between forestry cutblocks
targeted for herbicide applications, and those left untreated
(which we used as controls). Generally, we expect blocks targeted
for treatment to exhibit soil nutrient and moisture regimes more
conducive to plentiful shrub and forb growth. On the other hand,
factors such as historic site preparation, the timing and species of
crop trees planted, and the predisposition of the license holder to
use GBH will also have influenced the distribution of treatment
and controls available for study. These potential sources of
confounding variation could not be separated in our analyses. The
benefit of studying the effects of GBH application in an
operational context is that it reflects what we experience in the
real world of forestry in BC. Future studies will benefit from a
more formal experimental design.

4.2 Plant nutrient concentrations after GBH
exposure

Our results support the hypothesis that GBH treatments influence
the concentrations of metal nutrients in perennial forest plant tissues,
albeit in ways that do not show a straightforward pattern. The
complexity in studying nutrients as they relate to GBH within plant
tissues has also been noted in other studies (Werner et al., 2022) and
is due to the highly responsive and plastic nature of nutrient
availability, uptake, movement, interaction with plant chemicals and
use/role in physiological processes at any given time (Mertens et al,
2018). Likely, this is why a higher success in teasing apart trends in
nutrients within plant tissues has been obtained in controlled
greenhouse or lab studies such as those presented by Bernards et al.
(2005), Barrett and McBride (2006), or Cakmak et al. (2009).

In our field study, most nutrients showed significant differences
between control and treated samples in at least one interval out of the
four intervals studied (T1-T4), and when we modeled treatment
based on nutrients, we found that B, Ca, Mg, Mn, and Ni were
significant predictor variables. Furthermore, six nutrients showed
significant correlations between glyphosate residue and nutrient
concentrations across the whole dataset. These relationships indicate
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TABLE 4 Spearman’s correlation coefficients, and p-values, for the
relationships between the variation in the concentration of each nutrient
listed and the variation in glyphosate residue and AMPA concentrations.

Glyphosate AMPA

B 0.096, 0.264 —0.077, 0.368
Ba —0.250, 0.003* —0.058, 0.497
Ca —0.280, < 0.001* —0.238, 0.005*
Cu —0.100, 0.241 —0.163, 0.057
Fe 0.030, 0.723 —0.041, 0.636
Mg —-0.315, <0.001* —0.259, 0.002*
Mn 0.185, 0.030% 0.138, 0.106

Na 0.079, 0.356 0.010, 0.906

Ni —0.443, <0.001* —0.209, 0.014*
Zn 0.313, <0.001* 0.203, 0.017*

Correlation was measured over 143 samples of plant tissues from three forest species:
dogwood (Cornus sericea), fireweed (Chamaenerion angustifolium), and willow (Salix sp.), in
glyphosate-based herbicide treated cutblocks and control (untreated) cutblocks of northern
British Columbia, Canada. Significant correlations are indicated with a*.

that GBH
nutrient concentrations.

treatments are likely having an impact on

Nutrients interact with glyphosate in unique ways. Dulke et al.,
2012 reviewed the literature on effects of glyphosate applications on
plant nutrients and reported that reductions and impediments in Ca,
Mn, Mg, and Fe within plant tissues were most common. Some of this
is consistent with our findings, although the results reviewed in Dulke
et al. (2012) are limited to agricultural plants which may not
be comparable to native boreal plants; we noted that species was a
prominent factor in modeling nutrients in our study. Glyphosate-
induced changes in certain plant nutrients can also indirectly affect
other nutrients. For example, reduced Ni caused by glyphosate has
been reported to affect nitrogen (N,) fixation in plants, since Ni is
essential for N,-fixing microorganisms (Zobiole et al., 2010), while
high Ni in plants may reduce Fe and Mn concentrations (Hewitt and
Smith, 1975).

We see a strong effect of species in predicting most nutrient levels,
which is not surprising. Each focal species is genetically unique, with
separate phenology and perennation strategies that have different
requirements for building and maintaining tissues. Fireweed is an
herbaceous perennial, while dogwood and willow are woody shrubs,
each with different root structures, rooting depth, and absorption
capabilities (Cataldo and Wildung, 1978). Furthermore, mycorrhizal
symbionts unique to each species which influence plant nutrient
access and uptake, may also be variously affected by glyphosate (Zaller
etal, 2018). Wood (2019) demonstrated differences in persistence of
glyphosate across plants with different life strategies, and we observe
the same trend. Physical damage to plants surviving GBH treatment,
including loss of foliage, malformed regrowth, and associated
physiological responses such as reduced photosynthesis and increased
oxidative stress, may also alter nutrient levels (Gomes et al., 2014;
Timms and Wood, 2020).

Our hypothesis was only partly correct: nutrients do change with
GBH treatments in many cases, but this effect does not necessarily
diminish with time. Nutrients measured in T1 (year one post-
treatment) showed the largest number of significant differences in
median and distribution between control and sprayed groups in
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fireweed and dogwood, but the opposite was true for willow. Data for
willow suggested that nutrient concentrations in their tissues may
continue to be altered over a longer period. Willow is often used for
remediation purposes due to its great ability to take up and store
metals (Landberg and Greger, 2022; Licinio et al., 2022) and it has also
been shown to remove glyphosate from soils (Gomes et al., 2016). It
is possible that willows are accumulating nutrients at a different rate,
when compared to other species, accounting for differences between
sprayed and control areas at year 12 post-treatment (T4). Werner et al.
(2022) found that there was also a longer-term trend in changes to
digestible protein and initial increases in the availability of organic
nitrogen in these spaces. It is possible that there is a short-term
nutrient flux that is evident one-year post-treatment, owing to reduced
competition and an increased supply of decaying material (evidenced
by the increase in nutrients found in treated areas at that time), and
then a longer-term effect caused by the changes to overall vegetation
structure and soils.

4.3 Correlations between glyphosate
concentrations and plant nutrients

Considering that there was a large difference in magnitude
between glyphosate and metal ion concentrations found in this study,
as is often the case (Duke et al., 2012), it does not seem feasible that
glyphosate chelation within plant tissues could have been solely
responsible for the significant changes observed in nutrient
concentrations aside from Ni and possibly Zn, both of which were
present in relatively low concentrations. It was impossible to determine
whether metal nutrients were chelated in soil, in plants, or not at all.
The digestion stage of the analysis of metal nutrients separated metal
ions from all organic compounds, including glyphosate, to determine
total metal content (USEPA, 1994); metals that were complexed with
glyphosate were therefore detected as present in the sample, regardless
of whether they were biologically available to plants in their complexed
form. The capacity for chelation by glyphosate is limited by the
number of metal ions that can bind to each glyphosate molecule.
Although the glyphosate molecule has three functional groups to
which metal ions may bind, calculations of stability constants of
glyphosate-metal complexes generally assume either a 1:1 or 2:1
glyphosate:metal ratio (Cactano et al., 2012). Although this study lacks
an analysis of soil nutrient concentrations, Mertens et al. (2018) came
to the same conclusion regarding the likelihood of a significant direct
long-term effect of glyphosate on metal bioavailability in soils.
Whether or not chelation with glyphosate had a significant effect,
various other factors most certainly influenced the changes observed
in plant nutrient concentrations, which is why we see only low
correlations between plant nutrient concentrations and glyphosate
residue concentrations.

5 Conclusion

GBH treatment resulted in significant but not necessarily
consistent or predictable alterations to nutrient availability in the plant
species studied. Species was a large factor influencing nutrient
concentrations. Treatment did not impact all nutrients, and this varied
by species. Higher glyphosate concentrations were correlated with
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higher concentrations of Mn across all samples and treatments.
Fireweed and dogwood seemed to show greater changes in nutrients
due to treatment in the shorter term (year one: T1), whereas willow
showed greater changes over the long-term (year 12: T4), perhaps
related to its ability to uptake and store metal nutrients. In most cases,
at year one post-treatment (T1), nutrients were shown to increase with
the treatment. Some nutrients were significant in predicting the
presence of GBH spray treatments, providing further evidence of a
relationship between nutrient variability and applications of GBH.

Within the scope of this study, it is not possible to determine the
precise cause(s) of changes in plant nutrients in GBH treated areas.
Altered nutrient bioavailability due to chelation by glyphosate is one
possible explanation for small changes to nutrient levels but is unlikely
to be the main cause of the nutrient fluctuations we observed, simply
due to the low concentrations of residue present in plants. Multiple
other factors, some resulting from GBH application, and others
because of differences in species response, likely affect plant nutrient
concentrations. These include changes to plant environmental
exposure, plant perennation type, rooting depth, root absorption, and
existing mycorrhizal associations.
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