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Activated carbon seed technologies provide some
protection to seedlings from the effects of post-emergent
herbicides
Thomas P.Munro1,2 , Alison L. Ritchie3,4 , ToddE. Erickson4,5 , DaleG.Nimmo1 , Jodi N. Price1

Invasive plant species create barriers to native species’ reestablishment after land degradation. Postemergent herbicides are
preferred (over preemergent) for use in restoration as they are not expected to affect native seeds. However, recent studies
found that postemergent herbicides can persist in soils and reduce native species’ seed germination and seedling emergence.
Activated carbon seed enhancement technologies (SETs) can protect seeds from preemergent herbicides but are untested with
postemergent herbicides. We explored the effects of two postemergent herbicides, Roundup and Fusilade, on seedling emer-
gence and health of five species native to Banksia Woodlands of Western Australia. We investigated if activated carbon SETs
protect seeds and seedlings from any negative effects caused by herbicide application. A randomized block design was used, and
herbicide applied to the soil after seeds (nonenhanced and enhanced with activated carbon SETs) were sown under field con-
ditions. Roundup considerably reduced seedling emergence of Acacia pulchella, Banksia menziesii, and Eucalyptus todtiana,
whereas Fusilade did not negatively affect emergence. Both herbicides considerably reduced seedling health for A. pulchella,
B. menziesii, and E. todtiana. Activated carbon increased A. manglesii emergence in all treatments. Activated carbon also nota-
bly increased the percentage of healthy A. pulchella, B. menziesii, and E. todtiana seedlings in herbicide treatments, indicating
that activated carbon can provide protection from postemergent herbicides applied to the soil before seedling emergence.
Roundup and Fusilade should not be used in restoration when soil seed banks are the source of native seeds, and a time lag
is required when direct seeding after herbicide application.
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Implications for Practice

• Roundup acts as a preemergent herbicide reducing seed-
ling emergence for some species contrary to its product
statements.

• Activated carbon SETs improved seedling health with
herbicide application but did not improve seedling emer-
gence for most species.

• Modifications to the activated carbon formulations are
needed to determine if these large-seeded species can be
protected from the effects of postemergent herbicides to
improve seedling emergence. This includes the investiga-
tion of other components such as biochar that may reduce
hardsetting and improve seed germination and seedling
emergence.

• Delays in direct seeding are required after the application
of both Roundup and Fusilade. These herbicides should
not be used in sites where soil seed banks are the source
of native species.

Introduction

Invasive plant species compete with native species and reduce
plant establishment and growth in restoration (Groves &
Willis 1999; Gibson-Roy et al. 2010; Stanbury et al. 2018).

Herbicides are commonly used to control invasive plants during
ecological restoration (Stevens et al. 2016). There are two main
types of herbicides used to control invasive plants: preemergent
herbicides, which affect seeds and seedlings before and after emer-
gence; and postemergent herbicides, which affect foliage. Pre-
emergent herbicides reduce seedling emergence and survival
(native and exotic species) and delay restoration by persisting in
the soil, requiring a time lag after application (up to 1 year) before
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sites can be direct seeded (Rhoades et al. 2002;Madsen et al. 2016;
Davies et al. 2017). Postemergent herbicides are at times preferred
by restoration practitioners as they are not expected to affect seeds
(soil seed bank or direct seeded), and therefore do not require a
delay to direct seeding after herbicide application.

Since their introduction in the 1970s, glyphosate (active
ingredient in the nonselective herbicide Roundup) and
Fluazifop-p-butyl (active ingredient in the grass selective herbi-
cide Fusilade) have been two of the most commonly used post-
emergent herbicides (Baylis 2000). Although postemergent
herbicides have no intended impacts on seed germination and
seedling emergence, there is increasing evidence to the contrary
(Aksoy et al. 2007; Aksoy & Dane 2007; Gomes et al. 2017).
The grass-specific herbicide Fluazifop-p-butyl has had negative
effects on seed germination, seedling emergence, and health for
a range of species including dicots (Rokich et al. 2009; Bun-
dock 2014). Both Roundup and Fusilade have been found to
persist in the soil postapplication (Rokich et al. 2009; Tesfamar-
iam et al. 2009; Bott et al. 2011). The mechanisms behind these
negative effects on seeds are unknown; it is unclear if these her-
bicides impact the emerging radicle by persisting in the soil
(Rokich et al. 2009; Bundock 2014) or if they have direct effects
on seeds (Gomes et al. 2017; Gomes et al. 2019). If these post-
emergent herbicides have preemergent effects, they can deplete
native seed banks and limit direct seeding success, increasing
the difficulty in restoring native ecosystems.

Activated carbon has been used with seed enhancement tech-
nologies (SETs), such as extruded pellets and in seed coatings,
enabling seeds to be sown along with preemergent herbicide
application (Madsen et al. 2014; Clenet et al. 2019; Brown
et al. 2021). Due to the porous structure of activated carbon, it
can immobilize compounds within herbicides (Derylo-
Marczewska et al. 2010), protecting native seeds from the nega-
tive effects of preemergent herbicides (Madsen et al. 2014;
Davies 2018; Clenet et al. 2020). However, the effectiveness
of activated carbon in immobilizing postemergent herbicides
has rarely been investigated. With evidence accumulating of
the adverse effects of postemergent herbicides on seeds and
seedlings—and concern regarding their widespread use—
knowledge on the ability of activated carbon to alleviate the
impacts of postemergent herbicides is urgently needed.

We investigated the effects of two postemergent herbicides on
seedling emergence and early growth of five species common in
BanksiaWoodlands ofWestern Australia and evaluated the effec-
tiveness of activated carbon in SETs to protect seeds and seed-
lings from the potential effects of postemergent herbicides.
BanksiaWoodlands of the Swan Coastal Plain bioregion inWest-
ern Australia are species diverse (1,130 described taxa), and have
been reduced by approximately 60% of the pre-European extent
and 72%within the Perth region through clearing or severe degra-
dation from mining, horticulture, and urban expansion (Turner
et al. 2006; Stevens et al. 2016; Ritchie et al. 2021). Banksia
Woodlands are listed as a Threatened Ecological Community
under Australia’s national environmental law, the Environmental
Protection and Biodiversity Conservation Act 1999 (Department
of Energy and Environment 2016), yet land degradation is ongo-
ing (approximately 0.34% loss by area per year in total and

approximately 1.2% in the Perth metropolitan area) and the risk
of species loss is increasing (Ritchie et al. 2021). Hence, ecolog-
ical restoration and conservation management, including the use
of herbicides to suppress invasive plant species inmanaged Bank-
sia Woodlands (Brown et al. 2016; Stevens et al. 2016), are
required to reverse the impacts of fragmentation and habitat loss.

We addressed the following questions:

(1) Do postemergent herbicides affect seedling emergence and
health of the study species? We first explored the effects of
two commonly used postemergent herbicides on five seeded
species.

(2) Does activated carbon delivered in extruded pellets and seed
coatings improve seedling emergence by protecting seeds
and seedlings from preemergent effects of postemergent
herbicides? We explored the ability of activated carbon
SETs to protect native seeds and seedlings from two com-
monly used postemergent herbicides.

Methods

Study Site and Species Selection

This study was conducted in a post-sand extraction mine that
requires active restoration (the Gaskell Sand Quarry, operated
by Hanson Construction Materials), located approximately
25 km north of Perth,Western Australia (Fig. 1). Prior to mining,
the vegetation community consisted of Banksia Woodlands;
post-mining the site was dominated by the exotic grass wild oats
(Avena fatua L.). The restoration goal is to return 70% of the
Banksia Woodlands species (Government of Western Austra-
lia 2011; Stevens & Dixon 2017). Site-sourced seeds of five spe-
cies commonly found in Banksia Woodlands (representing the
common life-forms—herbs, shrubs, and trees) were used
(Table 1). Seeds of all species were X-rayed (Faxitron MX-20
Digital X-ray cabinet, Tucson, AZ, U.S.A.) to quantify batch via-
bility, and seeds with nonviable embryos were discarded. Seeds
were deemed viable when they appeared uniform in color and
possessed no obvious tissue damage, fractures, or abnormalities.
Viable seeds were then treated to alleviate dormancy (Table 1).

Seed Enhancement Using Activated Carbon

The type of SET used was based primarily on seed size and shape.
Three species were enhanced with extruded pellets, the moderately
sized seed of two shrub species—Acacia pulchella (PricklyMoses)
and Gompholobium scabrum (Painted Lady) were embedded
inside a 12-mm diameter pellet to account for the larger seed size,
and the smaller seeded herbaceous species—Anigozanthos man-
glesii (red and green kangaroo paw) was embedded inside 8-mm
diameter pellet. When larger seeds (A. pulchella and G. scabrum)
were embedded in 8-mm pellets, seeds were often at the edge of
the pellet leaving them exposed to herbicide or they became dis-
lodged. The two tree species—Eucalyptus todtiana (coastal black-
butt pricklybark) and Banksia menziesii (firewood banksia) were
not suited to the extruded pellet process due to their irregularly
shaped, large seeds and thereforewere coatedwith activated carbon
using a rotary seed coater.

Restoration Ecology2 of 10

Postemergent herbicides reduce seedling emergence

 1526100x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/rec.13875 by T

echnical U
niversity O

strava, W
iley O

nline L
ibrary on [08/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



The extruded pellet formula used during this study was modi-
fied from the original Madsen et al. (2014) formula by Brown
et al. (2019), with the main changes being a reduction in the
amount of activated carbon (Table S1). The extruded pellet pro-
cess was carried out according to methods outlined in Brown
et al. (2019) extruding a soil-dough containing seeds, organic,
and inorganic compounds through an industrial pasta-making
machine (TR-75 Pasta Extruder, Rosito Bisani Imports Inc., Los
Angeles, CA, U.S.A.) with an 8-mmand 12-mmdiameter circular
die depending on species. Because the seeds are placed into a
pasta extruder and then extruded in pellets, not completely uni-
form in size, the exact number of seeds in each pellet is unknown.
Therefore, a subsample of 30 random pellets for each species
were weighed, broken apart, and the number of seed counted to

calculate the average number of seeds in a pellet of a given
weight. For each species, average seeds per pellet were as follows:
A. pulchella 2.3 seeds/pellet, A. manglesii 1.2 seeds/pellet, and
G. scabrum 2.3 seeds/pellet. We then used the averages to deter-
mine the number of nonenhanced seeds used.

Seed coating was applied using a rotary coater (RP14DB ver-
tical drum coater, BraceWorks Automation and Electric, Lloyd-
minster, SK, Canada) following Madsen et al. (2010) and
Guzzomi et al. (2016) using activated carbon as the primary
powder and Selvol-205 a polyvinyl alcohol (Sekisui Specialty
Chemicals America, Dallas, TX, U.S.A.) at 8%w/v as the binder
(Table S2). Using a large commercial-scale seed coater on rela-
tively small batches (<80 mL) of the native species required
additional material to bulk the seed batches up to approximately

Figure 1. Aerial image of the study site (red circle) situated within the Gaskell Sand Quarry operated by Hanson Construction Materials (insert), and the location
relative to Perth, Western Australia.

Table 1. Species used in the field experiment and their life-form, family, subclass (M = monocot; D = dicot), seed storage type (S = soil stored; C = canopy
stored), dormancy class (MPD = morphophysiological; PY = physical; ND = nondormant), and treatment (smoke water = seeds soaked in smoke water for
24 hours, dry heat = dry seeds exposed to 100�C oven for 3 hours, wet heat = seeds soaked in near boiling water >90�C for 1 minute). Dormancy treatments
were carried out using guidelines outlined in Rokich et al. (2009) and Bundock (2014).

Life-Form Species Family Subclass Seed Storage Type Dormancy Class Treatment

Herb Anigozanthos manglesii Haemodoraceae M S MPD Dry heat
Shrub Acacia pulchella Fabaceae D S PY Wet heat

Gompholobium scabrum Fabaceae D S PY Wet heat
Tree Eucalyptus todtiana Myrtaceae D C ND No treatment

Banksia menziesii Proteaceae D C ND No treatment
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250 mL (the minimum requirement to coat material in this
machine). Woody fruits of Astroloma spp. and rice were mixed
with E. todtiana to coat, then the E. todtiana seeds were sepa-
rated via sieve separation. Banksia menziesii did not require
any additional rice or native seed for bulking due to the large
seed size. However, bulking of B. menziesii seeds batches with
rice provided a more consistent coat with less clumping of
coated seeds; therefore, this method was preferred. Once a suffi-
cient coat was achieved, seeds were placed in stacked sieves and
dried under fan-forced air.

Experimental Design

We used a randomized block design, which was replicated four
times (Fig. S1). Each block consisted of three herbicide
treatments—a control (no herbicide), Fusilade, and Roundup.
Each treatment block contained fifteen 40 � 40–cm subplots
(three subplots per species), with each subplot containing 30none-
nhanced seeds and 30 enhanced seeds arranged in alternating
rows of 10 (Fig. S1). Wild oats (Avena fatua L.) were the only
vegetation present post-mining, no clearing or herbicide treatment
was conducted prior to sowing, and there was noweed emergence
from the seed bank noted during the experimental period. Seeds
were sown by creating furrows 5 mmdeep and covering the seeds
with a thin layer of sand. The experiment was installed in lateMay
2019, to coincide with autumn rain. Herbicides were applied
using an electric knapsack (Solo 414 10-L Knapsack Sprayer)
using a blanket spraymethod, immediately after seedswere sown.
Roundup (360 g/L glyphosate) was applied at 13.5 mL in 2 L of
water (2.43 g/L active ingredient), and Fusilade (128 g/L
Fluazifop-p-butyl) at 12 mL in 3 L of water (0.51 g/L active
ingredient) both applied at 3.3 L/ha. The recommended rate for
Fusilade is 6.6 L/ha; however, the site is located on the Gnangara
Mound, a groundwater system that supplies drinking water to
Perth (Government of Western Australia & Department of Water
and Environmental Regulation 2019) so the rate was restricted to
3.3 L/ha due to State Government regulations.

As this was a time limited field trial with no rain forecast post-
setup, a rain event was simulated to promote germination. Using
data from the Bureau of Meteorology collected from the nearest
weather station (Whiteman Park 009263), an average rainfall
event for May was estimated to be 2.5 mm a day. This was
achieved by determining the size of each field block (42 m2)
and using a portable water trailer calibrated to deliver 2.5 L of
water in 5.5 seconds. This resulted in each block being watered
for a total of 3 minutes and 50 seconds to achieve an average
rainfall event (2.5 mm) across the study site.

Data Collection

Seedling emergence was recorded when the first shoot had visi-
bly protruded from the pellets or soil surface. Newly emerged
seedlings were marked with colored toothpicks; colors corre-
sponding to seedling emergence time. Seedling emergence and
health data were then recorded twice weekly until emergence
began to plateau (approximately 54 days), and then recorded
weekly. Seedlings were assigned to health categories as follows:

healthy—full color and no signs of damage, and unhealthy—
included spotting, discoloration, wilting, leaf curling, visible
dead tissue, and dead individuals. Sampling took place over an
84-day period.

Data Analysis

All statistical analyses were implemented within the R statistical
package (R Development Core Team 2019). Generalized linear
mixed models (GLMMs) were used to explore the effects of
SET enhancement and herbicide treatments on seedling emer-
gence and health. Two response variables were used: the propor-
tion of emerged seedlings within each subplot, and the proportion
of emerged seedlings classified as “healthy.” Only three species
(A. pulchella, B. menziesii, and E. todtiana) were used in the
health analysis due to low levels of emergence and high levels
of herbivory forG. scabrum and A. manglesii seedlings. The pro-
portion of emerged seedlings and the proportion of healthy seed-
lings were both modeled specifying a binomial distribution of
errors for the number of successes (seedling emergence/healthy
seedling) and failures (nonemergence/unhealthy seedling) within
a fixed number of Bernoulli trials (total number of seeds in a sub-
plot) (Zuur et al. 2009). SET enhancement was a categorical var-
iable with two levels (enhanced or nonenhanced) and herbicide
treatment was a categorical variable with three levels (control,
Fusilade, and Roundup). Five candidate models were constructed
including these two predictor variables. The first included only
SET enhancement (“enhancement”), the second included only
herbicide (“treatment”), the third included both SET enhancement
and herbicide treatment as main effects (“enhancement
+ treatment”), the fourth included an interaction between SET
enhancement and herbicide treatments (“enhancement � treat-
ment”), and the final model included only an intercept term (“null
model”). Due to the blocking design of the experiment, three sub-
plots within each block are not independent from each other, as
such “block” was specific as a random effect in all models to
account for nonindependence (Zuur et al. 2009; Harrison 2015).

To compare the level of support for each candidate model we
used model selection using Akaike’s information criterion
(AICc) adjusted for small-sample bias (Wagenmakers &
Farrell 2004; Burnham et al. 2011). The models with the lowest
AICc were considered to have the most statistical support
explaining variations within the data (Wagenmakers & Far-
rell 2004; Burnham et al. 2011). AICc differences or Δi (differ-
ence between the lowest AICc and the AICc for all other
models) was also calculated to determine models of adequate
support. As such Δi values less than 2 were considered to have
similar levels of support and therefore were further investigated
in terms of parameter estimates (Wagenmakers & Farrell 2004;
Burnham et al. 2011). Tests for overdispersion were conducted
to ensure that estimations of means and standard errors for
parameter were not biased (Harrison 2014). When overdisper-
sion was present (ratio ! dispersion parameter ! >1.5), then
an observation level random effect was included to account for
the extra variance in the response variable (Bolker et al. 2009;
Crawley 2013; Harrison 2014). Results were considered
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significant for seedling emergence and health parameters when
the confidence intervals did not overlap zero.

Results

Model Selection

There was substantial model uncertainty among candidate
models explaining the proportion of seedlings that emerged

(Table 2). The enhancement + treatment model was substan-
tially supported for three species (Banksia menziesii, Acacia
pulchella, and Anigozanthos manglesii) and was the most parsi-
monious model in each case (Table 2). The enhancement model
had substantial support for two species (A. pulchella and Gom-
pholobium scabrum) and was the most parsimonious model
for one species (G. scabrum). The treatment model also had sub-
stantial support for two species (B. menziesii and Eucalyptus

Table 2. Summary table of generalized linear mixed models (GLMMs) representing the model selection for seed enhancement technology application and
herbicide treatment effects on the proportion of seedlings that emerge for each species. Bold values indicate models with Δi < 2 and were considered to have
similar levels of support and were therefore further investigated.

Species Model K AICc Δi wi

Banksia menziesii Enhancement + treatment 6 412.7 0.00 0.471
Treatment 5 413 0.34 0.397
Enhancement � treatment 8 415.2 2.55 0.132
Null model 3 494.5 81.76 0.000
Enhancement 4 495.9 83.22 0.000

Acacia pulchella Enhancement + treatment 6 446 0.00 0.376
Enhancement 4 446.1 0.11 0.356
Enhancement � treatment 8 446.7 0.68 0.268
Null model 3 464.9 18.84 0.000
Treatment 5 465.8 19.81 0.000

Eucalyptus todtiana Treatment 5 366.8 0.00 0.729
Enhancement + treatment 6 369.1 2.37 0.223
Enhancement � treatment 8 372.7 5.94 0.037
Null model 3 375.9 9.09 0.008
Enhancement 4 378.1 11.33 0.003

Anigozanthos manglesii Enhancement + treatment 6 369.1 0.00 0.593
Treatment 5 371.7 2.61 0.161
Enhancement 4 371.9 2.82 0.144
Enhancement � treatment 8 373.7 4.66 0.058
Null model 3 374.2 5.17 0.045

Gompholobium scabrum Enhancement 3 138.9 0.00 0.536
Null model 2 139.8 0.86 0.350
Enhancement + treatment 5 143.2 4.31 0.062
Treatment 4 143.9 5.04 0.043

Enhancement � treatment 7 147.1 8.24 0.009

Table 3. Summary table of generalized linear mixed models (GLMMs) representing the model selection for seed enhancement technology application and her-
bicide treatment effects on the proportion of healthy seedlings for three species (Acacia pulchella, Banksia menziesii, and Eucalyptus todtiana). Bold values indi-
cate models with Δi < 2 and were considered to have similar levels of support and were therefore further investigated.

Species Model K AICc Δi wi

Banksia menziesii Enhancement 3 257.3 0.00 0.453
Null model 2 258.7 1.42 0.224
Enhancement + treatment 5 259 1.71 0.192
Treatment 4 260.1 2.81 0.112
Enhancement � treatment 7 263.6 6.34 0.019

Acacia pulchella Enhancement + treatment 5 190.4 0.00 0.608
Treatment 4 191.7 1.34 0.311
Enhancement � treatment 7 194.4 4.06 0.081
Null model 2 250.1 59.71 0.000
Enhancement 3 250.9 60.48 0.000

Eucalyptus todtiana Enhancement + treatment 6 171.1 0.00 0.609
Enhancement � treatment 8 172 0.90 0.388
Enhancement 4 181.7 10.69 0.003
Treatment 5 190.6 19.59 0.000

Null model 3 198 27.00 0.000
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todtiana) and was the most parsimonious model for one species
(E. todtiana). The enhancement � treatment model received
substantial support for only one species (A. pulchella). The null
model was not well supported, having substantial support for
only one species (G. scabrum).

There was also substantial model uncertainty among candidate
models explaining the proportion of healthy seedlings (Table 3).
The enhancement + treatment model had substantial support for
all three species tested (B. menziesii, A. pulchella, and
E. todtiana) and was the most parsimonious model for two species
(A. pulchella and E. todtiana). The enhancement model was sup-
ported by one species for which it was the most parsimonious
(B. menziesii). The treatment model received support from one

species (A. pulchella). The enhancement � treatment model
received substantial support for only one species (E. todtiana).
The null model also received substantial support for one species
(B. menziesii).

Seedling Emergence

The enhancement + treatment model had the most support for
B. menziesii, A. pulchella, and A. manglesii (Table S3; Fig. 2).
The application of Roundup substantially reduced (confidence
intervals did not overlap zero) the emergence of B. menziesii
and enhancement application reduced seedling emergence in all
treatments (Table S3; Fig. 2A). Seedling emergence for

Figure 2. Percent seedling emergence showingmedians with upper and lower quartiles (� SE) from the most parsimonious models for all the species determined
by model selection. (A) Banksia menziesii (enhancement + treatment), (B) Acacia pulchella (enhancement + treatment), (C) Anigozanthos manglesii
(enhancement + treatment), (D) Eucalyptus todtiana (treatment), and (E) Gompholobium scabrum (enhancement). Enhancements are indicated by black lines
and nonenhancements by red lines, and combined enhancements and nonenhancement are indicated by yellow lines. Confidence intervals for these results are
reported in Table S3.
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A. pulchella was considerably reduced by enhancement applica-
tion in all treatments (Table S3; Fig. 2B) and the application of
Roundup considerably reduced seedling emergence (Table S3;
Fig. 2B). Here the application of Roundup was comparable to
the addition of enhancement in reducing seedling emergence for
A. pulchella. Seedling emergence for A. manglesii was increased
by the addition of enhancement in all treatments and the applica-
tion of both herbicides (Table S3; Fig. 2C). The treatment model
had the most support for E. todtiana where seedling emergence
was lower with Roundup application (Table S3; Fig. 2D). The
enhancement model provided the most support for G. scabrum
where seedling emergence increasedwith enhancement (although
the increase was negligible due to overall low levels of emergence
approximately 1%; Table S3; Fig. 2E).

Seedling Health

Banksia menziesii was best supported by the enhancement
model with an increase in the percentage of healthy seedlings
in all treatments, including controls, when seeds were enhanced
(Fig. 3C). The enhancement + treatment model had the most
support for A. pulchella, where the application of seed enhance-
ments increased the percentage of healthy seedlings in all treat-
ments, and herbicide application considerably reduced seedling
health (Table S4; Fig. 3A). For E. todtiana the enhancement +
treatment model had the best support, with herbicide application
reducing the percentage of healthy seedlings (Table S4; Fig. 3B)

and SET application considerably improving seedling health in
all treatments including controls (Table S4; Fig. 3). Hence, there
was an overall improvement in seedling health with enhance-
ments and for two species substantial reductions in seedling
health with herbicide application.

Discussion

Postemergent herbicides are commonly used to control invasive
plant species in restoration, based on the assumption that seeds
are not negatively affected, and can be used in unison with direct
seeding. Here, we found that two commonly used postemergent
herbicides Roundup and Fusilade had preemergent herbicide
effects. Roundup application reduced seedling emergence for
three (B. menziesii, E. todtiana, and A. pulchella) of the five
study species, and both Fusilade and Roundup decreased seed-
ling health for the same three species. The activated carbon
SETs did not improve seedling emergence in herbicide treat-
ments. [Correction added on 28 February 2023, after first online
publication: In the first paragraph of the Discussion section,
fourth sentence, the word “not”was added.] However, the appli-
cation of activated carbon SETs significantly improved the por-
tion of healthy seedlings for all three species tested in all
treatments. Hence, seedling health and survival may be
improved with activated carbon SETs by protecting seedlings
from the negative effects of herbicide postemergence.

Figure 3. Percent healthy seedlings showing medians with upper and lower quartiles (� SE) from the most parsimonious models for the species Banksia
menziesii, Acacia pulchella, and Eucalyptus todtiana determined by model selection. (A) Acacia pulchella (enhancement + treatment), (B) Eucalyptus todtiana
(enhancement + treatment), and (C) Banksia menziesii (enhancement). Enhancements are indicated by black lines and nonenhancements by red lines.
Confidence intervals for these results are reported in Table S4.
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Postemergent Herbicides Have Negative Effects on Seedling
Emergence and Performance of Some of the Study Species

Roundup reduced the emergence of three of the five species
tested, whereas Fusilade had no negative effects on seedling
emergence. Banksia menziesii—the dominant canopy
species—was most adversely affected by Roundup application,
with an approximately 60% reduction in emergence compared
to no-herbicide controls. Many Banksia species are serotinous,
and do not maintain soil seed banks (Cowling & Lamont 1985),
and therefore need to be returned to a restoration site via direct
seeding or tubestock. As such the application of Roundup
should be restricted or removed in managed BanksiaWoodlands
where direct seeding is the primary restoration method for
returning native species. Fusilade at the lower concentrations
used here increased the emergence of A. manglesii seedlings,
but seed germination and seedling emergence of several of the
study species (A. pulchella, A. manglesii, and B. menziesii) have
been reduced at similar concentrations of Fusilade and Fusilade
Forte (Rokich et al. 2009; Bundock 2014). These studies were
conducted in laboratory conditions either without soil or in ster-
ile soil media, which likely exposes the seeds to greater herbi-
cide coverage than field conditions where herbicides can be
degraded by microbes or move deeper in the soil (Rokich
et al. 2009; Tesfamariam et al. 2009; Bundock 2014). Further
studies in the field using various concentrations are required to
determine if Fusilade can control invasive plant species without
negatively affecting native seeds.

As postemergent herbicides, the product statements for
Roundup and Fusilade state they have no effects on seeds and
quickly become inactive by binding to soil (Monsanto 2015;
Syngenta 2018). Contrary to these statements, we recorded
reductions in seedling emergence and health months after herbi-
cide was applied. This suggests that these herbicides remained
active in the soil for weeks’ postapplication, consistent with
other studies (Rokich et al. 2009; Tesfamariam et al. 2009; Bott
et al. 2011). It is likely that the herbicides persist in the soil long
enough to be taken up by the radicle of the germinating
seedlings—a preemergent mechanism (Rokich et al. 2009; Tes-
famariam et al. 2009; Bott et al. 2011).

Activated Carbon SETs Effects on Seedling Emergence and
Health in Herbicide Treatments

The activated carbon SETs did not improve the percentage of
seedlings emerging in the herbicide treatments and reduced
seedling emergence for A. pulchella and B. menziesii. However,
the application of SETs significantly increased the number of
healthy individuals for all species tested including in the no-
herbicide controls. Hence, activated carbon SETs can provide
some protection from postemergent herbicides applied prior to
seedling emergence by increasing seedling survival. Improve-
ments were also found in no-herbicide controls indicating the
pellets in general improved seedling health. Results from this
study support similar findings that activated carbon can immobi-
lize herbicide, protecting seeds and seedlings from negative
effects associated with herbicide application (pre- and postemer-
gent herbicides) (Davies 2018; Brown et al. 2019; Clenet

et al. 2020). The declines in seedling emergence for some spe-
cies with enhancement would need to be offset by improved sur-
vival from healthy seedlings. Further testing to improve
pelleting may assist with those emergence barriers as detailed
below. For species like E. todtiana activated carbon SETs are
clearly beneficial as seedling emergence was not affected and
seedling health was improved.

Future Developments

Reduced emergence was found for A. pulchella embedded in the
larger 12-mm pellets, along with substantial wetting and drying
(hardsetting). Davies et al. (2018) reported similar findings in a
field study suggesting that hardsetting could contribute to seed-
ling death by damaging emerging radicles and creating emer-
gence barriers for enclosed seeds. Hardsetting and emergence
barriers are likely due to the compaction of powder during the
extrusion process or by insufficient moisture capacity within
the pellets causing the water-holding crystals to shrink, drying
out, and hardening pellets (Davies et al. 2018; Clenet
et al. 2019). Dry pellets were observed to crack, which may have
exposed the previously enveloped seed leaving them vulnerable
to herbicide in the soil. It is possible that this hardsetting and
cracking of the pellet exterior during the early stages of the
study, could have reduced the emergence of seedlings from
SETs and contributed to the significant decline in A. pulchella
emergence. Baughman et al. (2021) compared small pellets
(<8 mm), large pellets (9.5 mm), and pillows (16 mm) and
found that smaller pellets yield the highest seedling emergence.
Additionally Brown et al. (2022) found that seedling emergence
and survival was compromised when seeds were positioned in
the middle of activated carbon pellets. As such further research
into the pelleting design, seed positioning and process is
required to determine the primary factor limiting emergence.

Further research is needed to explore production methods
other than extruded pellets and refine the SET process to
improve the protection of enclosed seeds during the germination
phase. Modifying the proportions or types of mineral products
(e.g. calcium bentonite, diatomaceous earth, and sand) used or
water-holding crystals of the pellet formulation could allow for
a softer pellet and more efficient incorporation into the soil pro-
file (Erickson et al. 2019). Additionally, using other products,
such as biochar, could be an alternative to activated carbon, as
it has similar properties, but with higher absorption capacity
(Muter et al. 2014; Xiao & Pignatello 2015; Brown
et al. 2021). The next step is to investigate methods to reduce
these effects of herbicides via SET formula modifications, and
the way they are applied (e.g. alternative method of coating
and extruded pelleting), for a range of seed sizes and species.
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