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Abstract

1. Invasive plants are a major problem for land managers and have widespread and

lasting environmental impacts. The invasive shrub Amur honeysuckle (Lonicera

maackii) is a pervasive and noxious plant in theMidwest region of theUnited States.

2. Despite this, many land managers may be uncomfortable with herbicide control of

this and other invasive plants due to unknown impacts on ecosystem components

including soils.

3. To examine if herbicide control of Amur honeysuckle impacts soil enzyme activity

and soil communities, we treated Amur honeysuckle with Garlon® 4 (triclopyr) sus-

pended inBasalBarkOil, BasalBarkOil aloneanduntreated controls, thenassessed

soil community, soil enzyme activity and arbuscular mycorrhizal density changes

among treatments and across the subsequent growing season.

4. We found that basal bark herbicide treatments of Amur honeysuckle do not neg-

atively impact soil enzyme activity, nor do they impact fungal, prokaryotic or

oomycotan diversity or community structure. There was a slight but likely ecolog-

ically unimportant effect on community structure associated with basal bark oil

applications, but not with herbicide applications. Arbuscular mycorrhizal coloniza-

tion was negatively affected by herbicide use but this is likely due to reduction in

host health and/or mortality.

5. Taken together, this suggests that herbicide control of Amur honeysuckle does not

impact soils and land managers can treat these invasive plants without concern for

negative soil outcomes.
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1 INTRODUCTION

Invasive plants have broad and long-lasting impacts on invaded ecosys-

tems. It is generally assumed that invasive plants can outcompete

and replace native plants (Daehler, 2003), but the strength of this

community turnover is not well understood (Oduor, 2013; Thomas &

Palmer, 2015). Invasive plants are also known to negatively impact ani-

mal behaviour (Stewart et al., 2021), particularly so for native insect

pollinators (Sunny et al., 2015). The clearest evidence for negative

ecosystem impacts of invasive plants comes from studies demonstrat-

ing that invasive plants dramatically and rapidly alter soil properties

(Gibbons et al., 2017; Stefanowicz et al., 2017), soilmicrobial communi-

ties (Zhang et al., 2018, 2019) and soil functionality (Carey et al., 2017;

Jo et al., 2017), potentially having long-lasting effects, even after plant

removal (Corbin &D’Antonio, 2012).

A major invasive plant of concern in the Midwestern region of the

United States is Amur honeysuckle (Lonicera maackii [Rupr.] Herder.;

Caprifoliaceae), which is listed as a state controlled noxious weed in

the states of Illinois, Indiana, Minnesota, Ohio and Wisconsin (www.

mipn.org). Amur honeysuckle (endemic to Manchuria, China) was ini-

tially established as an ornamental plant that became naturalized in

the United States (Luken & Thieret, 1996) due to extensive seed

production capability (Belcher &Hamer, 1982) and resistance to freez-

ing (Gaffney & Belcher, 1978). Amur honeysuckle has rapid growth

and environmental plasticity and may reduce native plant leaf area

and impact ecosystem hydrodynamics (McNeish & McEwan, 2016).

Mechanical removal alone is largely ineffective because of resprouts

from remaining roots and stems (McDonnell et al., 2005), but numer-

ous herbicide control options exist for Amur honeysuckle. These

include stumpcutting followedbyherbicidepainting (often glyphosate)

(Cipollini et al., 2009; Frank, Nakatsu, et al., 2018; Frank, Saunders,

et al., 2018), foliar herbicide spraying of glyphosate (Leahy et al., 2018)

and basal bark application using triclopyr formulations (Baker, 2019;

Kleiman et al., 2018), among others. Given that glyphosate works best

as a foliar agent, and the potential for off target effects from foliar

spraying is high (Leahy et al., 2018), it has been recommended that

basal bark spraying using triclopyr formulations provides the highest

mortality whilst being highly targeted (Kleiman et al., 2018).

Despite the targeted nature of basal bark spraying/painting that,

when done correctly, does not directly contact understory plants/soil,

a ‘ring of death’ has been documented whereby ground vegetation

displays a circular mortality pattern approximately in the same area

as the belowground root mass (Baker, 2019). It is uncertain by what

action this ring of death manifests, but since no direct triclopyr

application occurs to the understory, we presume that this action is

modulated via root transport into the soil. One plausible mode of

action for this mortality is via herbicide translocation from the roots

either directly into the soil (exudates) or via microbial intermediates

(likely frommycorrhizal transportation)whereby these herbicidal com-

pounds are translocated from honeysuckle to neighbouring plants

that are part of the same mycorrhizal network. Triclopyr is biode-

graded within soils relatively quickly (Douglass et al., 2016; Wang

et al., 2019) with a half-life as short as 5 days. While research into

the toxicity of triclopyr on microbes is scant, it has been demon-

strated to suppress growth of ectomycorrhizal fungi and bacteria in

vitro (Baarschers et al., 1988; Chakravarty & Sidhu, 1987), but it is

unknown if this suppression occurs in soils. Furthermore, it is poorly

studied how the control of Amur honeysuckle impacts belowground

communities and soils. One study (Frank, Nakatsu, et al., 2018) demon-

strated changes in bulk soil chemistry following control treatments

via rhizodeposition, but no study to our knowledge has investi-

gated changes in soil microbial communities with control of Amur

honeysuckle.

To investigate the belowground soil microbial impacts of control-

ling Amur honeysuckle with basal bark applications of triclopyr, we

conducted the first examination of herbicide impacts on soil microbial

communities (prokaryotes, fungi and oomycota), soil enzyme activ-

ity and arbuscular mycorrhizal density in Amur honeysuckle. We

applied basal bark applications of triclopyr along with two controls

and queried soil communities and enzyme activity. We anticipated

that herbicide control of Amur honeysuckle would impact soil commu-

nities by facilitating a shift in communities, and decreasing diversity

estimates, which are generally associated with increases in plant mor-

tality. We further predict that herbicide application will be positively

related to increases in soil enzyme activity as increased host mor-

tality may lead to increased organic matter inputs and be negatively

associated with arbuscular mycorrhizal density concomitant with host

mortality.

2 MATERIALS AND METHODS

2.1 Study location and treatment applications

Mature Amur honeysuckle plants were located at Nachusa Grasslands

(The Nature Conservancy, Franklin Grove, IL, USA) within the same

wooded tract. A total of 30 plants were tagged and randomly assigned

to one of three treatments (Herbicide with carrying oil, carrying oil

and untouched controls), but due to unforeseen plant mortality dur-

ing the course of this study unrelated to our treatments, only eight

plants per treatment were retained (n = 24; see Table S1 for loca-

tions and application dates). Some plants were specifically selected

for inclusion because we have background understory vegetation data

(Baker, 2019), and we added additional plants because they were in

close proximity to these targeted plants, were of the same general

age and size (height and spread) and are located in similar woodland

environments. The proximity of the plants means they experience the

same climatic, weather and environmental conditions, therefore dif-

ferences may be attributed primarily to treatment effects. Each plant

was randomly assigned into treatments. Prior study at these sites doc-

umented ‘ring of death’ areas inwhich herbaceous plants died in a small

area immediately around treated Amur honeysuckle plants (Baker,

2019). Treatments were implemented within 1 week of each other

in late February 2020. Following Baker (2019) and Czarapata (2005),

http://www.mipn.org
http://www.mipn.org
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treatments were applied using backpack sprayers exclusively dedi-

cated to basal bark treatment. Herbicide treatment consisted of a 12%

herbicide solution (Garlon® 4Ultra [60% triclopyr]; DowAgroSciences

LLC, Indianapolis, IN, USA) diluted into basal bark oil (Bark Oil Red LT,

Loveland Products, Inc, Greeley, CO, USA). Basal Bark Oil treatments

consisted of only the basal bark oil, and the control treatment was not

sprayed. Basal Bark Oil treatments were applied with a new sprayer

with no legacy of herbicide residue. All spray applications consisted of

spraying each stem with a vertical band between 15 and 30 cm from

ground level upwards until the stemswere fully coated but themixture

did not run off, per label instructions.

2.2 Soil and root sampling

Samples were collected twice across the growing season in May and

September (n = 48). We selected these two sampling points because

we wanted to capture soil dynamics across a growing season at full

photosynthetic capacity, so we sampled well after full leaf emergence

and prior to senescence. Soils were collected using a hand-held slide-

hammer coring device (Giddings Machine Company, Windsor, CO,

USA). Cores were 5 cm in diameter and 10 cm deep. The core was

cleaned, and a ‘dummy’ core was taken between each sampling plot

to prevent sample contamination between plots. The observed ‘ring of

death’ patches had an average radius of 25 cm. We sampled soil cores

15 cm from the root crown to remain firmly within the ‘ring of death’

zoneandavoid interferencewith root sampling. Soilswere immediately

placed on ice in a cooler and frozen at −20◦C within 8 h of collection.

Frozen samples were shipped on dry ice overnight to the University

of Memphis for processing. Previous work recommends storing soils

at −20◦C for soil enzyme analysis (DeForest, 2009; Turner & Romero,

2010;Wallenius et al., 2010). Soil for DNA analysis was transitioned to

−80◦C immediately after arriving at the lab. Roots for arbuscular myc-

orrhizal fungi (AMF) colonization measurements were hand collected

from the target plant. Soil was gently brushed aside to follow a large

root from the target plant into the soil until fine roots began branch-

ing off. Fine roots were carefully detached from the main root, shaken

to remove excess soil and placed in a sterile plastic bag. Disturbed soil

was pushed back into place, ensuring all exposed roots were covered.

Gloves were worn at all times to protect root samples from microbial

contamination. For some plants, it was impossible to sample AMF col-

onization because fine roots were absent due to the cessation of root

production and root decomposition. Thusly, we were only able to mea-

sure AMF colonization on 29 samples (we measured five samples for

AMF colonization for each treatment and each time, except we could

only measure four samples for theMay Bark Oil treatment). Fine roots

were gently washed in distilled water, shaken off to remove excess

water, placed in sterile plastic tubes, frozen (−20◦C) and shipped to

SanDiego StateUniversity. Fine root sampleswere cleared in hotKOH,

bleached, acidified and stainedwithTrypanblue. AMFcolonizationwas

quantified using the magnified gridline intersect method at 50 points

per sample (McGonigle et al., 1990).

2.3 Soil enzyme activity

Soils were sieved using a brass #10 (2 mm) sieve to homogenize

samples, break-up large aggregates and remove rocks and roots.

Homogenized samples were used for DNA extraction (below) and to

query total soil enzyme activity. To query broad soil enzymatic activity,

we used a fluorescein diacetate (FDA) hydrolysis assay, which mea-

sures the amount of fluorescein that is formed as a result of FDA

hydrolysis (Adam & Duncan, 2001; Schnürer & Rosswall, 1982). FDA

(3′, 6′-diacetyl-fluorescein) can be hydrolyzed by various enzymes

and is considered a robust measure of broad enzymatic activities of

microorganisms; FDA can be hydrolyzed by enzymes including such as

proteases, lipases and esterases, among others (Green et al., 2006), and

resultant fluorescence was measured in triplicate on a Synergy™HTX

Multi-Mode Microplate Reader (BioTek, Winooski, VT, USA) at wave-

lengths 475–510 nm. Soils (4.0 g) were placed into a 50-ml centrifuge

tube and 15ml of buffer (6.9 gNaH2PO4 and 41.8ml of 1MNaOH to a

final volume of 1 L)was added. Then, 250 μl of FDA stock (2mg fluores-

cein diacetate per millilitre in acetone) was added along with 15 ml of

acetone and samples were agitated for 5 min and centrifuged at 8000

rpm for 10 min. Samples were then diluted with FDA Buffer/acetone

(1:1).

2.4 DNA extraction and sequence generation

Total soil genomic DNA (gDNA) was extracted using the DNeasy

PowerSoil Pro Kit (QIAGEN, Germantown, MD, USA) following

standard protocols. DNA was quantified using a NanoPhotometer

N60 (Implen, Munich, Germany) and samples were normalized to

a concentration of 50 ng/μl. Community metabarcoding libraries

were generated using a Fluidigm Access Array system that uses

microfluidics to isolate each sample and PCRs and indexing are done

using 30 nl reactions and is a powerful way to sequence microbial

communities (Brown et al., 2016) whilst minimizing cross-sample

contamination. Libraries were generated targeting fungal, bacterial

and oomycotan soil communities using the primer pairs ITS1F-ITS2

(targeting the ITS1 region of the rRNA operon of fungi; Gardes &

Bruns, 1993; White et al., 1990), 515F(Parada)−806R(Apprill) (tar-

geting the V4 region of 16S rRNA gene of bacteria and archaea;

Apprill et al., 2015; Parada et al., 2016) and ITS30o-ITS4 (targeting

the ITS2 region of the rRNA operon for oomycota; Riit et al., 2016;

White et al., 1990), respectively. Final sequencing constructs were

generated using native PCR parameters by using a two-step proce-

dure with a total of 35 PCR cycles at 60◦C annealing temperatures

and 72◦C extension temperatures. Final constructs (Brown et al.,

2016) consisted of i5-CS1-Forward Primer-Target Sequence-Reverse

Primer-Index-i7 (see Table S2 for sequences of primers, linkers and

barcodes used), where i5 and i7 were the Illumina sequencing linkers,

CS1 and CS2 were Fluidigm-specific amplification primer pads and

index was sample-specific barcodes. Sequences were generated on

one reaction of Illumina MiSeq (250PE). Fluidigm library construction
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and sequencing were conducted at the WM Keck Center (Urbana, IL,

USA).

2.5 Bioinformatics and statistics

Sequences were processed using the program mothur (v.1.44.3;

Schloss et al., 2009) following the removal of primers using Cutadapt

(v.2.8; Martin, 2011). Briefly, paired reads were contiged (Bacteria

and Oomycota), whereas only the forward read for Fungi was used,

as the ITS1 region can be too long to contig well with 250PE reads

with the inclusion of Fluidigm-specific sequence fragments. Sequences

with ambiguous base pairs and with homopolymers longer than 10

were culled and retained sequences underwent pseudo-single linkage

clustering (Huse et al., 2010). Sequences were classified into taxo-

nomic lineages using aNaïve Bayesian classification (Wang et al., 2007)

against the RDP training set for prokaryotes (v.10) and the UNITE

non-redundant species hypothesis data set for fungi (v.6; Nilsson

et al., 2019) locally modified to include plant, stramenopiles and PhiX

sequences to aid in off-target sequences identification. All sequences

that were not fungi or prokaryotes were culled. Oomycota reads were

not screened until after Operational Taxonomic Unit (OTU) demar-

cations and representative sequences of each Oomycota OTU were

identified using BLASTn against GenBank (nr/nt) with environmen-

tal sequences excluded. Chimeric reads were identified and removed,

sequences were demarcated into OTUs using the abundance-based

VSEARCH (Rognes et al., 2016) implementation within mothur at a

97% threshold and all OTUs with less than 10 sequences globally were

culled to prevent the inclusion of spurious OTUs (Brown et al., 2015;

Oliver et al., 2015). Final sample × OTU matrices for bacteria and

archaea, fungi andoomycotawere generated andused for downstream

analyses.

2.6 Analyses

Community diversity estimates (observed richness [Sobs]; complement

of Simpson’s diversity [1 – D]; and Simpson’s evenness [Ed]) were cal-

culated using an iterative subsampling approach (1000 iterations and

themean values used in all downstream analyses). Subsampling depths

(Prokaryotes, 9000 sequences per sample; Fungi, 7000 samples per

sample; Oomycota, 50 sequences per sample) were chosen to retain

most samples whilst maximizing the number of reads sampled. Given

the low abundance of Oomycota reads, we tested if doubling the sub-

sampling depth (to 100 sequences) would result in additional OTUs

identified usingBoneh estimates (Boneh et al., 1998), but average addi-

tional predictedOTUswereminimal (0.23; range0–0.66), thereforewe

used a subsampling depth of 50. Not all samples contained Oomycota

reads and consequently, only 30 samples (out of 48) were retained for

all Oomycotan analyses (all treatment and time combinations had at

least three samples retainedwhich still allowed for statistical analyses:

Control Time 1= six, Control Time 2= four; Herbicide Time 1= seven;

HerbicideTime2= six; BarkOil Time1= four, BarkOil Time2= three).

To test if honeysuckle control impacts soilmicrobial diversity,weuseda

two-way ANOVA framework (Treatment, Time and Treatment× Time).

Diversity datawere tested for normality using Anderson–Darling tests

and richness and evenness for each microbial group were normal, but

diversity was not and thus transformed using Box–Cox transforma-

tions prior to analyses (λ = 2 for Fungi and Bacteria, and λ = 0.503

for Oomycota). To test if soil enzyme activity changed across our

experimental framework, we used a similar two-way ANOVA. To test

impacts on AMF colonization, AMF abundance (the number of points

out of 50 atwhichmycorrhizal structureswere detected) was analysed

using a generalized linear model with a quasipoisson error distri-

bution and the same independent variables (Treatment, Time and

Treatment× Time).

To examine if soil microbial communities are impacted by herbi-

cide control of Amur honeysuckle, we used PerMANOVA (Anderson,

2001) tests using Bray–Curtis dissimilarity matrices (iteratively sub-

sampled at 1000 interactions at the same subsampling depths as above

and the average dissimilarity values used here) using the adonis func-

tion in the R package vegan (Oksanen et al., 2017) with 999 iterations

using the model Treatment, Time and Treatment × Time. Because of

the sparseOomycotan sequence representation,we refrain from inclu-

sion of these data for multivariate analyses. Where appropriate, post

hoc tests were conducted to identify which treatments differed with

the pairwise.perm.manova function in the R package RVAIDeMemoire

(Hervé, 2021)with FDRcorrected p-values and999 iterations. Further,

to visualize community-level similarities, we used nonmetric multidi-

mensional scaling (NMDS) as implemented by mothur (solved across

four axes for Prokaryotes and five axes for Fungi [Stress = 0.179 and

0.187, respectively]). Further, stacked histograms were used to visual-

ize class-level taxonomic identities (family level for Oomycota) across

our samples.

Additionally, we examined if there was an effect of Treatment, Time

or Treatment × Time interactions on the relative abundance of fungal

functional guilds, for which there are several good curated functional

databases for species and/or genera. Using the database FungalTraits

(Põlme et al., 2020), we queried obtained taxonomic identities for each

OTU and assigned them into functional guilds. Functional guilds were

retainedwhere fungal OTUs could be unambiguously assigned to func-

tional guilds, and where a functional guild consisted of at least 2.5%

of all OTUs, resulting in analyses of the following guilds: Ectomycor-

rhizal (EcM; 47 OTUs), Mycoparasites (27 OTUs), Plant Pathogens (42

OTUs) and Saprotrophs (300 OTUs). For each sample, relative abun-

dances of these guildswere determined and tested if they are normally

distributed (Anderson–Darling tests); Saprotrophs were normally dis-

tributed (A = 0.206, p = 0.862) where EcM, Mycoparasites and Plant

Pathogens were not normal and transformed to increase normality

using Box–Cox transformation (λ = 0.137 for EcM, λ = 0.397 for Plant

Pathogens and λ = 0.381 for Mycoparasites) prior to analyses. Using

ANOVA tests, we tested if theses relative abundances change with

Treatment, Time and Treatment× Time interactions.

To examine how individual OTUs responded to treatments, we iden-

tified biomarker taxa that were overrepresented in treatments using

Linear Discriminant Analysis Effect Size (LEfSe; Segata et al., 2011)
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tests as implemented in mothur. We aimed to find biomarker OTUs

thatwereoverrepresentedwith treatment (class)whilst accounting for

abundance variability associated with time (subclass), and after test

implementation, signed Linear Discriminant Analysis (LDA) log scores

and associated p-values were calculated.

All statistics were conducted using a combination of JMP Pro (v.15;

SAS Institute, Cary, NC, USA), R (v.3.3.3; R core team) and mothur

(v.1.44.3).

3 RESULTS

3.1 Treatment efficacy

All plants subject to the herbicide treatment died in the course of the

study. One oil plant also died from non-herbicide causes (Table S1).

3.2 Sequence information

Initial Fluidigm sequencing generated >2.2 million prokaryotic

reads, >1.7 million fungal reads and >70,000 oomycotan reads,

and after quality control, 7011 prokaryotic OTUs, 1037 fungal

OTUs and 23 oomycotan OTUs were retained. All sequences are

deposited in the Sequence Read Archive (SRA) at NCBI under

the accessions: BioProject (PRJNA767064) and BioSamples

(SAMN21882608–SAMN21882751).

3.3 Taxonomic summaries

Soil communities associated with Amur honeysuckle are diverse

(Figure 1; Tables S3 and S4). Fungal communities are dominated by

Ascomycotan taxa with numerous members of Basidiomycota and

Zygomycota. We use ‘Zygomycota’ here sensu latissimo as this phylum

has been recently restructured (Spatafora et al., 2016), but the UNITE

database used does not fully encompass these changes. Prokary-

otic communities are dominated by Proteobacteria, Verrucomicrobia

and Planctomycetes (Figure 1; Table S3), with 44 OTUs identified

as Archaea (13,465 sequences—0.8%, mainly belonging to Thaumar-

chaeota) (Table S4). Almost all the oomycotan taxa belong to the orders

Pythiales and Saprolegniales (Table S3).

3.4 Treatment responses

Soil enzyme activity did not differ with applied treatments, sampling

dates, or their interactions (F5,54 = 1.406, p = 0.2368), neither did

microbial diversity estimates for prokaryotes (Sobs: F5,42 = 1.612,

p = 0.1778; 1 – D: F5,42 = 0.805, p = 0.5522; ED: F5,42 = 1.188,

p= 0.3314), fungi (Sobs: F5,42 = 0.208, p= 0.9573; 1 – D: F5,42 = 1.228,

P = 0.3128; ED: F5,42 = 1.506, p = 0.2083) or oomycota (Sobs:

F5,23 = 0.215, p = 0.9524; 1 – D: F5,23 = 0.073, p = 0.9957; ED:
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TABLE 1 Results of PerMANOVA tests across Herbicide, Basal
BarkOil and control treatments (Treatment), sampling dates (Time)
and their interactions for each targeted organismal group. Presented
are Pseudo-F test statistics, p-values and associated R2 values.
Significant results are in bold

Test Pseudo-Fdf p-values R2

Prokaryotes

Treatment F2,42 = 1.643 0.018 0.069

Time F1,42 = 0.868 0.566 0.018

Treatment× Time F2,42 = 0.819 0.784 0.034

Residuals 0.879

Fungi

Treatment F2,42 = 1.300 0.013 0.055

Time F1,42 = 0.968 0.540 0.021

Treatment× Time F2,42 = 0.763 0.997 0.032

Residuals 0.892

F5,23 = 0.246, p = 0.9373). PerMANOVA tests demonstrated that

few significant but weak shifts in community structure occur with

treatment (Table 1; Figure 2; Bacteria: F2,42 = 1.644, p = 0.018,

R2 = 0.068; Fungi: F2,42 = 1.300, p = 0.013, R2 = 0.055). Post hoc

pairwise PerMANOVA tests indicate that fungal and prokaryotic com-

munity structure is statistically different between control plants and

oil plants (p = 0.015 and 0.042). AMF colonization of fine roots was

low (6.2% ± 0.8% overall root colonization), and root AMF coloniza-

tion was affected by treatment (χ2 = 12.942, p = 0.002), but not Time

(χ2 = 0.000, p= 0.992) or their interaction (χ2 = 0.563, p= 0.755). Post

hocpairwise tests indicate colonizationwas significantly reduced in the

herbicide treatment compared to oil plants (p = 0.010) and marginally

reduced compared to control plants (p= 0.099).

TABLE 2 Results of ANOVA tests of functional guilds relative
abundances across Herbicide, Basal BarkOil and control treatments
(Treatment), sampling dates (Time) and their interactions for each
fungal functional guild, significant responses are in bold and italics

Test F-statistic p-value

Saprotrophs

Treatment 0.881 0.421

Time 4.798 0.034

Treatment× Time 1.139 0.329

Mycoparasites

Treatment 1.030 0.365

Time 0.107 0.744

Treatment× Time 0.434 0.650

Plant Pathogens

Treatment 2.553 0.089

Time 4.336 0.043

Treatment× Time 0.349 0.707

Ectomycorrhizal

Treatment 2.871 0.067

Time 0.560 0.458

Treatment× Time 0.423 0.657

We tested if the relative abundances of OTUs that belong to fungal

functional guilds changed with Treatments, Time, or Treatment × Time

interactions; these results suggest that functional guilds are not

affected by herbicide treatments of Amur honeysuckles (Table 2).

Saprotrophs and plant pathogens did have reduced relative abundance

in September compared toMay, but thiswas independent of treatment.
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TABLE 3 Biomarker OTUs identified using LEfSe analyses for treatments (class) whilst controlling for variation for sampling date (subclass). All
fungal biomarkers and bacterial biomarkers that have a total sequence count>1000 are presented along with LDA tests statistics and associated
p-values

Biomarker OTU Treatment LDA p-value Taxonomic ID Ecological role

Fungi

Otu0003 Herbicide 4.374 0.0329 Mortierella humilis Saprotroph

Otu0004 Oil 3.914 0.0146 Mortierella humilis Saprotroph

Otu0012 Oil 3.905 0.0277 Cryptococcus terricola Saprotroph

Otu0171 Herbicide 3.765 0.0437 Tomentella stuposa Ectomycorrhizal

Otu0383 Oil 3.411 0.0498 Pleomassariaceae sp. Saprotroph

Bacteria

Otu00002 Herbicide 3.868 0.0276 Spartobacteria

incertae sedis
Unknown

Otu00008 Oil 3.543 0.0413 Actinoallomurus Unknown

Otu00019 Herbicide 3.055 0.0289 Roseiarcus Phototropha

Otu00036 Control 3.164 0.0027 Pyxidicoccus Soil-borneb

Otu00039 Control 2.883 0.0335 Terrimicrobium Fermentative

Saprotrophc

Otu00043 Oil 3.155 0.0003 Acidisoma Chemoorganotrophd

Otu00051 Control 2.978 0.0033 Gaiella Unknown

Otu00061 Oil 2.999 0.0119 Gp1 Unknown

Otu00068 Control 2.690 0.0163 Pseudarthrobacter Unknown

Otu00081 Control 2.842 0.0086 Gp16 Unknown

Otu00112 Oil 2.943 0.0059 Actinoallomurus Unknown

Otu00126 Herbicide 2.662 0.0002 Spartobacteria

incertae sedis
Unknown

Otu00141 Control 2.849 0.0343 Pedomicrobium Putative

Mn-bindinge

Otu00161 Oil 2.543 0.0273 Gp3 Unknown

Ecological roles, where unambiguously known, are determined for fungi using the FungalTraits database (Põlme et al., 2020) and for bacteria using primary

literature.
aKulichevskaya et al. (2014).
bGarcia andMüller (2014).
cQiu et al. (2014).
dReis and Teixeira (2015).
eMoore (1981).

Full list of functional guild relative abundances is presented in Table S5

andOTUs that belong to guilds are presented in Table S6.

3.5 Biomarker taxa

In all, therewere 79 prokaryotic OTUs (all bacteria) that are biomarker

taxa for a treatment (whilst accounting for sampling date) and five

fungal biomarker taxa. Of these, 13 prokaryotic and two fungal taxa

are overrepresented in the herbicide treatment, 36 prokaryotic and

three fungal taxa are overrepresented in the oil treatment and 30

prokaryotic taxa are overrepresented in the control plants. See Table 3

for common biomarker taxa and Table S7 for full biomarker taxa for

treatments. No oomycotanOTUswere identified as biomarkers.

4 DISCUSSION

The strategies land managers or conservationists choose to control

invasive plants are often dictated by tradition, supplies and time

available for control. These may include a combination of mowing, cut-

ting and herbicide treatments, among others. Although these removal

treatments may achieve their goal of invasive plant suppression, the

effects of removal treatment on soil health and belowground com-

munities remain poorly resolved. Land managers may be concerned

about unintended direct and/or indirect effects of herbicides on other

organisms in the environment. It is well established that invasion

by non-native plants can alter soil communities and functionality

(Stefanowicz et al., 2017; Zhang et al., 2019), but most investiga-

tions into herbicide impacts on soil communities focus on either
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non-targeted plants across a large area or direct application onto

soils (Cerdà et al., 2021; Du et al., 2018; Köberl et al., 2020; Tang

et al., 2019; Thiour-Mauprivez et al., 2019). Both of these scenarios

result in direct herbicide application onto soils (but see Frank, Nakatsu,

et al., 2018). Of these studies, there are varied soil responses, includ-

ing reduced microbial diversity and abundance of ammonia oxidation

genes when exposed to mesotrione (Du et al., 2020), reduction of

dehydrogenase activity with glufosinate exposure (Pampulha et al.,

2007) and broad reduction in organic carbon for several herbicide

classes (Lupwayi et al., 2004). However, a general consensus is that

glyphosate formulations do little to impact soil microbial communi-

ties or functionality (Guijarro et al., 2018; Kepler et al., 2020; Weaver

et al., 2007). Thisworkexpandson theseprevious studies to investigate

if targeted triclopyr herbicide control of Amur honeysuckle impacts

soil microbial communities and functionality. We demonstrate that by

and large, herbicide control of Amur honeysuckle with triclopyr does

not impact microbial community structure, functionality or diversity.

This indicates that land managers can control Amur honeysuckle using

cost-effective, targeted and labour-efficient basal bark treatments

with triclopyr formulations without worrying about adverse effects in

soils.

In this work, we examined the impacts of basal bark application

of a triclopyr formulation on below ground microbial communities

and soil functionality by comparing herbicide treatment against two

controls, basal bark oil only spray (carrying oil for herbicide) and

unsprayed, across the growing season following treatment applica-

tion (May and September). We detected no discernible differences

in broad enzymatic soil activity using FDA assays, which indicates

that triclopyr management of Amur honeysuckle does not affect

FDA hydrolysis in these soils. Previous work has reported that the

presence of Amur honeysuckle does not alter the activity of sev-

eral soil enzymes including peroxidases, phenol oxidase, phosphatase

and β-glucosidase (Woods et al., 2019), therefore it may not be sur-

prising that plant mortality induced by herbicides does not impact

soil enzyme activity either. Additionally, we fail to identify any dif-

ferences in metabarcoding-derived fungal, prokaryotic or oomycotan

richness, diversity or evenness estimates and there is relative stabil-

ity in taxonomic profiles across treatments (Figure 1). PerMANOVA

tests indicated that communities differed with treatment for prokary-

otes and fungi; however, these community shifts were slight, with low

R2 values and post hoc tests indicating that the triclopyr treatment

did not differ in community structure from the control plots. Further-

more, there was no detectable changes in the abundance of fungal

functional guilds with treatments, that is relative abundances of four

major guilds remained stable no matter which treatment was applied.

The only treatment with differing soil community composition was

the basal bark oil only treatment, based on post hoc examinations.

Taken together, these results indicate that while there may be some

community turnover (i.e., addition, loss or replacement of taxa) with

treatments across the growing season, this turnover is not associated

with the herbicide use and does not impact community diversity and

soil enzyme activity, likely due to functional redundancy within these

communities.

This community response, albeit weak, to basal bark oil in below

ground communities, but not herbicide application, is interesting and

likely resulted from dose-dependent inputs. Even though the Gar-

lon 4 used was mixed into basal bark oil, which acts as a surfactant

in the herbicide application, this basal bark oil was diluted so these

plots did not receive as large of a dose as the oil-only treatment.

This bark oil contains petroleum distillates, tall oil fatty acids and

nonylphenol ethoxylate as listed active ingredients. These chemical

classes include numerous compoundswith high aromaticity which sug-

gests that utilization and/or degradation of these carbon rings requires

specialized microbial organisms, which may induce community shifts,

like the minor ones seen here. Tall oil fatty acids and related com-

pounds canbebiodegradedby specificmicrobes in soils (Prokkola et al.,

2014) and functionally modify cellulolytic compounds (Setälä et al.,

2020). Similarly, nonylphenol is readily biodegraded in soils (Chang

et al., 2007) and has been demonstrated to shift bacterial commu-

nity structure (Lozada et al., 2004) and to impact ammonia-oxidizers

(Wang et al., 2014). So, it is perhaps not surprising that additions of

these compounds within basal bark oil might shift microbial commu-

nities toward aromatic degraders and other chemoorganotrophs as

seen for several biomarker taxa in the oil treatment (Table 3). How-

ever, it should be noted that we have no direct evidence that addition

of these oils directly shifts rates of ammonia oxidation or is enriched

for taxa that can degrade these compounds. Additional work is needed

to confirm this mode of action. Additionally, AMF colonization did

not differ between herbicide and oil-only treatments. Colonization

was reduced for herbicide treatment plants, which is unsurprising

because mycorrhizae likely reduce associations with dying plants as

they provide few carbohydrate resources, even if minimal resources

remain (Pepe et al., 2018). But the lack of AMF colonization differ-

ences between herbicide and oil-only treatments, and the lack of

functional guild differences across all treatments, suggests that the

small fungal community changes did not have strong effects on fungal

community functionality. Future work could measure AMF coloniza-

tion in surrounding plants to determine if reduced colonization of dying

honeysuckle is accompanied by increased colonization of other sur-

rounding plants, which might provide increased carbohydrates under

reduced competition for sunlight.

Together, the lack of changes in broad soil enzymatic activity and

microbial diversity, and only minor shifts in community composition in

the oil-only application, points to the stability of these soil communi-

tieswith treatments and time. This suggests that landmanagersmaybe

able to treat Amur honeysuckle with basal bark spraying of herbicides

without major impacts on soil communities and soil enzyme activity,

likely preserving broad soil functionality. Combined with the high effi-

cacy of the treatment (100% mortality in our experiment), our results

indicate that this strategy is an important component in the restoration

and recovery of invaded plant communities.

ACKNOWLEDGEMENTS

We gratefully thank The Nature Conservancy in Illinois, Bill Kleiman

and Cody Considine. This work was supported by a Friends of

Nachusa Grasslands Scientific Research Grant (SPB), Center for



JAMES ET AL. 9 of 11

Biodiversity Research SEEDGrant (SPB), Department of Biological Sci-

ences at University of Memphis (SPB and MS) and NSF #1937255

(NAB). We acknowledge members, both past and present, of the

Peoria, Meskwaki, Sauk, Ochethi Sakowin, Myaamia, Kiikaapoi and

Potawatomi tribes who call the area in and around the Nachusa

Grasslands preserve home.

CONFLICTS OF INTEREST

Elizabeth Bach is employed by The Nature Conservancy, which owns

andmanages the land on which work was conducted. Elizabeth Bach is

an Associate Editor of Ecological Solutions and Evidence, but took no

part in the peer review and decision-making processes for this paper.

The authors declare no other conflicts of interest.

AUTHOR CONTRIBUTIONS

Shawn Brown and Elizabeth Bach originally conceived of this project

with input from Nicholas Barber. Elizabeth Bach conducted the spray-

ing and sampling. Jonathan James, Maryam Shahrtash, Nicholas Bar-

ber, Ryan Buck, Kaleb Baker and Shawn Brown conducted the data

generation and analyses portions of this project. Jonathan James

and Shawn Brown wrote the contribution and all authors edited and

approved the final text.

DATA AVAILABILITY STATEMENT

The data have been deposited with links to BioProject accession num-

berPRJNA767064 in theNCBIBioProject database (https://www.ncbi.

nlm.nih.gov/bioproject/). All BioSamples archived with this BioProject

were used in this work.

PEER REVIEW

The peer review history for this article is available at https://publons.

com/publon/10.1002/2688-8319.12157.

ORCID

ElizabethM.Bach https://orcid.org/0000-0002-0073-7016

NicholasA. Barber https://orcid.org/0000-0003-1653-0009

ShawnP. Brown https://orcid.org/0000-0002-4687-1720

REFERENCES

Adam, G., & Duncan, H. (2001). Development of a sensitive and rapid

method for the measurement of total microbial activity using fluores-

cein diacetate (FDA) in a range of soils. Soil Biology and Biochemistry, 33,
943–951. https://doi.org/10.1016/S0038-0717(00)00244-3

Anderson,M. J. (2001). Anewmethod for non-parametricmultivariate anal-

ysis of variance. Austral Ecology, 26, 32–46. https://doi.org/10.1111/j.
1442-9993.2001.01070.pp.x

Apprill, A., McNally, S., Parsons, R., & Weber, L. (2015). Minor revision to

V4 region SSU rRNA 806R gene primer greatly increases detection of

SAR11bacterioplankton.AquaticMicrobial Ecology,75, 129–137. https://
doi.org/10.3354/ame01753

Baarschers, W. H., Donnelly, J. G., & Heitland, H. S. (1988). Microbial toxi-

city of triclopyr and related herbicides. Toxicity Assessment, 3, 127–136.
https://doi.org/10.1002/tox.2540030204

Baker, K. (2019). Controlling Lonicera maackii (Amur Honeysuckle): Basal bark
and prescribed fire efficacy and impacts (MS thesis). Northern Illinois

University.

Belcher, C., & Hamer, D. (1982). Improved technique for harvesting amur

honeysuckle seeds [Lonicera maackii]. Tree Planters’ Notes U.S. Forest
Service, 33, 17–19.

Boneh, S., Boneh,A., &Caron,R. J. (1998). Estimating theprediction function

and the number of unseen species in sampling with replacement. Jour-
nal of theAmerican Statistical Association,93, 372–379. https://doi.org/10.
1080/01621459.1998.10474118

Brown, S. P., Ferrer, A., Dalling, J. W., & Heath, K. D. (2016). Don’t put all

your eggs in one basket: A cost-effective and powerful method to opti-

mize primer choice for rRNA environmental community analyses using

the Fluidigm Access Array. Molecular Ecology Resources, 16, 946–956.
https://doi.org/10.1111/1755-0998.12507

Brown, S. P., Veach, A. M., Rigdon-Huss, A. R., Grond, K., Lickteig, S.

K., Lothamer, K., Oliver, A. K., & Jumpponen, A. (2015). Scraping

the bottom of the barrel: Are rare high throughput sequences arti-

facts? Fungal Ecology, 13, 221–225. https://doi.org/10.1016/j.funeco.
2014.08.006

Carey, C. J., Blankinship, J. C., Eviner, V. T., Malmstrom, C. M., & Hart, S. C.

(2017). Invasive plants decrease microbial capacity to nitrify and den-

itrify compared to native California grassland communities. Biological
Invasions,19, 2941–2957. https://doi.org/10.1007/s10530-017-1497-y

Cerdà, A., Daliakopoulos, I. N., Terol, E., Novara, A., Fatahi, Y., Moradi, E.,

Salvati, L., & Pulido, M. (2021). Long-termmonitoring of soil bulk density

and erosion rates in two Prunus Persica (L) plantations under flood irri-

gation and glyphosate herbicide treatment in La Ribera district, Spain.

Journal of Environmental Management, 282, 111965. https://doi.org/10.
1016/j.jenvman.2021.111965

Chakravarty, P., & Sidhu, S. S. (1987). Effect of glyphosate, hexazinone and

triclopyr on in vitro growth of five species of ectomycorrhizal fungi. Euro-
pean Journal of Forest Pathology, 17, 204–210. https://doi.org/10.1111/j.
1439-0329.1987.tb01017.x

Chang, B. V., Chiang, B. W., & Yuan, S. Y. (2007). Biodegradation of

nonylphenol in soil. Chemosphere, 66, 1857–1862. https://doi.org/10.
1016/j.chemosphere.2006.08.029

Cipollini, K., Ames, E., & Cipollini, D. (2009). Amur Honeysuckle (Lonicera
maackii) management method impacts restoration of understory plants

in the presence of White-Tailed Deer (Odocoileus virginiana). Invasive
Plant Science and Management, 2, 45–54. https://doi.org/10.1614/IPSM-

08-108.1

Corbin, J. D., & D’Antonio, C. M. (2012). Gone but not forgotten? Invasive

Plants’ legacies on community and ecosystem properties. Invasive Plant
Science and Management, 5, 117–124. https://doi.org/10.1614/IPSM-D-

11-00005.1

Czarapata, E. (2005). Invasive plants of the Upper Midwest. The University of
Wisconsin Press.

Daehler, C. C. (2003). Performance comparisons of Co-occurring native

and Alien invasive plants: Implications for conservation and restoration.

Annual Review of Ecology, Evolution, and Systematics, 34, 183–211. https://
doi.org/10.1146/annurev.ecolsys.34.011802.132403

DeForest, J. L. (2009). The influence of time, storage temperature, and sub-

strate age on potential soil enzyme activity in acidic forest soils using

MUB-linked substrates and l-DOPA. Soil Biology and Biochemistry, 41,
1180–1186. https://doi.org/10.1016/j.soilbio.2009.02.029

Douglass, C. H., Nissen, S. J., Meiman, P. J., & Kniss, A. R. (2016). Impacts of

imazapyr and triclopyr soil residues on the growth of several restoration

species. Rangeland Ecology & Management, 69, 199–205. https://doi.org/
10.1016/j.rama.2016.01.006

Du, X.-P., Cai, Z.-H., Zuo, P., Meng, F.-X., Zhu, J.-M., & Zhou, J. (2020).

Temporal variability of virioplankton during a Gymnodinium cate-
natum algal bloom. Microorganisms, 8, 107. https://doi.org/10.3390/
microorganisms8010107

Du, Z., Zhu, Y., Zhu, L., Zhang, J., Li, B.,Wang, J.,Wang, J., Zhang, C., & Cheng,

C. (2018). Effects of theherbicidemesotrioneon soil enzymeactivity and

microbial communities.Ecotoxicology andEnvironmental Safety,164, 571–
578. https://doi.org/10.1016/j.ecoenv.2018.08.075

https://www.ncbi.nlm.nih.gov/bioproject/
https://www.ncbi.nlm.nih.gov/bioproject/
https://publons.com/publon/10.1002/2688-8319.12157
https://publons.com/publon/10.1002/2688-8319.12157
https://orcid.org/0000-0002-0073-7016
https://orcid.org/0000-0002-0073-7016
https://orcid.org/0000-0003-1653-0009
https://orcid.org/0000-0003-1653-0009
https://orcid.org/0000-0002-4687-1720
https://orcid.org/0000-0002-4687-1720
https://doi.org/10.1016/S0038-0717(00)00244-3
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.3354/ame01753
https://doi.org/10.3354/ame01753
https://doi.org/10.1002/tox.2540030204
https://doi.org/10.1080/01621459.1998.10474118
https://doi.org/10.1080/01621459.1998.10474118
https://doi.org/10.1111/1755-0998.12507
https://doi.org/10.1016/j.funeco.2014.08.006
https://doi.org/10.1016/j.funeco.2014.08.006
https://doi.org/10.1007/s10530-017-1497-y
https://doi.org/10.1016/j.jenvman.2021.111965
https://doi.org/10.1016/j.jenvman.2021.111965
https://doi.org/10.1111/j.1439-0329.1987.tb01017.x
https://doi.org/10.1111/j.1439-0329.1987.tb01017.x
https://doi.org/10.1016/j.chemosphere.2006.08.029
https://doi.org/10.1016/j.chemosphere.2006.08.029
https://doi.org/10.1614/IPSM-08-108.1
https://doi.org/10.1614/IPSM-08-108.1
https://doi.org/10.1614/IPSM-D-11-00005.1
https://doi.org/10.1614/IPSM-D-11-00005.1
https://doi.org/10.1146/annurev.ecolsys.34.011802.132403
https://doi.org/10.1146/annurev.ecolsys.34.011802.132403
https://doi.org/10.1016/j.soilbio.2009.02.029
https://doi.org/10.1016/j.rama.2016.01.006
https://doi.org/10.1016/j.rama.2016.01.006
https://doi.org/10.3390/microorganisms8010107
https://doi.org/10.3390/microorganisms8010107
https://doi.org/10.1016/j.ecoenv.2018.08.075


10 of 11 JAMES ET AL.

Frank,G. S.,Nakatsu,C.H., & Jenkins,M.A. (2018). Soil chemistry andmicro-

bial community functional responses to invasive shrub removal in mixed

hardwood forests. Applied Soil Ecology, 131, 75–88. https://doi.org/10.
1016/j.apsoil.2018.08.005

Frank, G. S., Saunders, M. R., & Jenkins, M. A. (2018). Short-term vegetation

responses to invasive shrub control techniques for amur honeysuckle

(Loniceramaackii [Rupr.]Herder).Forests,9, 607. https://doi.org/10.3390/
f9100607

Gaffney, F., & Belcher, C. (1978). Winter storage of shrubs for timely spring

shipping. Tree Planters’ Notes U.S. Forest Service, 29, 15–17.
Garcia, R., & Müller, R. (2014). The family Myxococcaceae. In E. Rosen-

berg, E. F. DeLong, S. Lory, E. Stackebrandt, & F. Thompson (Eds.),

The prokaryotes (pp. 191–212). Springer. https://doi.org/10.1007/978-3-
642-39044-9_303

Gardes, M., & Bruns, T. D. (1993). ITS primers with enhanced specificity

for basidiomycetes—Application to the identification ofmycorrhizae and

rusts. Molecular Ecology, 2, 113–118. https://doi.org/10.1111/j.1365-
294x.1993.tb00005.x

Gibbons, S. M., Lekberg, Y., Mummey, D. L., Sangwan, N., Ramsey, P. W., &

Gilbert, J. A. (2017). Invasive plants rapidly reshape soil properties in a

grassland ecosystem.mSystems, 2, e00178–16. https://doi.org/10.1128/
mSystems.00178-16

Green, V. S., Stott, D. E., & Diack, M. (2006). Assay for fluorescein diac-

etate hydrolytic activity: Optimization for soil samples. Soil Biology
and Biochemistry, 38, 693–701. https://doi.org/10.1016/j.soilbio.2005.
06.020

Guijarro, K. H., Aparicio, V., De Gerónimo, E., Castellote, M., Figuerola, E.

L., Costa, J. L., & Erijman, L. (2018). Soil microbial communities and

glyphosate decay in soils with different herbicide application history. Sci-
ence of The Total Environment, 634, 974–982. https://doi.org/10.1016/j.
scitotenv.2018.03.393

Hervé,M. (2021).RVAideMemoire: Testing and plotting procedures for biostatis-
tics. R package.

Huse, S. M., Welch, D. M., Morrison, H. G., & Sogin, M. L. (2010). Ironing

out thewrinkles in the rare biosphere through improvedOTU clustering.

Environmental Microbiology, 12, 1889–1898. https://doi.org/10.1111/j.
1462-2920.2010.02193.x

Jo, I., Fridley, J. D., & Frank, D. A. (2017). Invasive plants accelerate nitro-

gen cycling: Evidence fromexperimentalwoodymonocultures. Journal of
Ecology, 105, 1105–1110. https://doi.org/10.1111/1365-2745.12732

Kepler, R. M., Epp Schmidt, D. J., Yarwood, S. A., Cavigelli, M. A., Reddy, K.

N., Duke, S. O., Bradley, C. A., Williams, M. M., Buyer, J. S., & Maul, J. E.

(2020). Soil microbial communities in diverse agroecosystems exposed

to the herbicide glyphosate. Applied and Environmental Microbiology, 86,
e01744–e01719. https://doi.org/10.1128/AEM.01744-19

Kleiman, L. R., Kleiman, B. P., & Kleiman, S. (2018). Successful control

of Lonicera maackii (Amur Honeysuckle) with Basal Bark Herbicide.

Ecological Restoration, 36, 267–269.
Köberl, M., Wagner, P., Müller, H., Matzer, R., Unterfrauner, H., Cernava,

T., & Berg, G. (2020). Unraveling the complexity of soil microbiomes in

a Large-scale study subjected to different agricultural management in

Styria. Frontiers in Microbiology, 11, 1052.
Kulichevskaya, I. S., Danilova,O. V., Tereshina, V.M., Kevbrin, V. V., &Dedysh,

S. N. Y. (2014). Descriptions of Roseiarcus fermentans gen. nov., sp. nov.,
a bacteriochlorophyll a-containing fermentative bacterium related phy-

logenetically to alphaproteobacterial methanotrophs, and of the family

Roseiarcaceae fam. nov. International Journal of Systematic andEvolutionary
Microbiology, 64, 2558–2565. https://doi.org/10.1099/ijs.0.064576-0

Leahy, M. J., Vining, I. W., Villwock, J. L., Wesselschmidt, R. O., Schuhmann,

A. N., Vogel, J. A., Shieh, D. Y., &Maginel, C. J. (2018). Short-term efficacy

and nontarget effects of aerial glyphosate applications for controlling

Lonicera maackii (Amur honeysuckle) in oak-hickory forests of Eastern

Missouri, U.S.A. Restoration Ecology, 26, 686–693. https://doi.org/10.
1111/rec.12619

Lozada, M., Itria, R. F., Figuerola, E. L. M., Babay, P. A., Gettar, R. T.,

de Tullio, L. A., & Erijman, L. (2004). Bacterial community shifts in

nonylphenol polyethoxylates-enriched activated sludge.Water Research,
38, 2077–2086. https://doi.org/10.1016/j.watres.2004.01.032

Luken, J. O., & Thieret, J. W. (1996). Amur Honeysuckle, its fall from grace.

Bioscience, 46, 18–24. https://doi.org/10.2307/1312651
Lupwayi, N. Z., Harker, K. N., Clayton, G. W., Turkington, T. K., Rice, W. A., &

O’Donovan, J. T. (2004). Soil microbial biomass and diversity after herbi-

cide application. Canadian Journal of Plant Science, 84, 677–685. https://
doi.org/10.4141/P03-121

Martin, M. (2011). Cutadapt removes adapter sequences from high-

throughput sequencing reads. EMBnet.journal, 17, 10–12. https://doi.
org/10.14806/ej.17.1.200

McDonnell, A. L., Mounteer, A. M., Owen, H. R., & Todd, B. L. (2005). Influ-

ence of stem cutting and glyphosate treatment of Lonicera maackii,

an exotic and invasive species, on stem regrowth and native species

richness. Transactions of the Illinois State Academy of Science, 98, 1–17.
McGonigle, T. P., Miller, M. H., Evans, D. G., Fairchild, G. L., & Swan, J. A.

(1990). A newmethod which gives an objective measure of colonization

of roots by vesicular—arbuscularmycorrhizal fungi.NewPhytologist,115,
495–501. https://doi.org/10.1111/j.1469-8137.1990.tb00476.x

McNeish, R. E., &McEwan, R.W. (2016). A review on the invasion ecology of

Amur honeysuckle (Lonicera maackii, Caprifoliaceae) a case study of eco-
logical impacts at multiple scales1. tbot, 143, 367–385. https://doi.org/
10.3159/TORREY-D-15-00049.1

Moore, R. L. (1981). The genera Hyphomicrobium, Pedomicrobium, and
Hyphomonas. In M. P. Starr, H. Stolp, H. G. Trüper, A. Balows, & H. G.

Schlegel (Eds.), The prokaryotes: A handbook on habitats, isolation, and iden-
tification of bacteria (pp. 480–487). Springer. https://doi.org/10.1007/

978-3-662-13187-9_34

Nilsson, R. H., Larsson, K.-H., Taylor, A. F. S., Bengtsson-Palme, J., Jeppesen,

T. S., Schigel, D., Kennedy, P., Picard, K., Glöckner, F. O., Tedersoo, L., Saar,

I., Kõljalg, U., & Abarenkov, K. (2019). The UNITE database for molec-

ular identification of fungi: Handling dark taxa and parallel taxonomic

classifications. Nucleic Acids Research, 47, D259–D264. https://doi.org/
10.1093/nar/gky1022

Oduor, A. M. O. (2013). Evolutionary responses of native plant species to

invasive plants: A review.NewPhytologist,200, 986–992. https://doi.org/
10.1111/nph.12429

Oksanen, J., Blanchet, F. G., Frindley, M., Kindt, R., Legendre, P., McGlinn, D.,

Minchin, P. R., O’Hara, R. B., Simpson, G. L., Solymos, P., Stevens, M. H.

H., Szoecs, E., & Wagner, H. (2017). vegan: Community ecology package. R
package version 2.4-5.

Oliver, A. K., Brown, S. P., Callaham, M. A., & Jumpponen, A. (2015). Poly-

merase matters: Non-proofreading enzymes inflate fungal community

richness estimates by up to 15%. Fungal Ecology, 15, 86–89. https://doi.
org/10.1016/j.funeco.2015.03.003

Pampulha, M. E., Ferreira, M. A. S. S., & Oliveira, A. (2007). Effects of a phos-

phinothricin based herbicide on selected groups of soil microorganisms.

Journal of BasicMicrobiology,47, 325–331. https://doi.org/10.1002/jobm.

200610274

Parada, A. E., Needham, D. M., & Fuhrman, J. A. (2016). Every base mat-

ters: Assessing small subunit rRNAprimers formarinemicrobiomeswith

mock communities, time series and global field samples. Environmen-
tal Microbiology, 18, 1403–1414. https://doi.org/10.1111/1462-2920.
13023

Pepe, A., Giovannetti, M., & Sbrana, C. (2018). Lifespan and functionality

of mycorrhizal fungal mycelium are uncoupled from host plant lifespan.

Science Reports, 8, 10235. https://doi.org/10.1038/s41598-018-28354-
5

Põlme, S., Abarenkov, K., Henrik Nilsson, R., Lindahl, B. D., Clemmensen, K.

E., Kauserud, H., Nguyen, N., Kjøller, R., Bates, S. T., Baldrian, P., Frøslev,

T. G., Adojaan, K., Vizzini, A., Suija, A., Pfister, D., Baral, H.-O., Järv,

H., Madrid, H., Nordén, J., . . . Tedersoo, L. (2020). FungalTraits: A user-

https://doi.org/10.1016/j.apsoil.2018.08.005
https://doi.org/10.1016/j.apsoil.2018.08.005
https://doi.org/10.3390/f9100607
https://doi.org/10.3390/f9100607
https://doi.org/10.1007/978-3-642-39044-9_303
https://doi.org/10.1007/978-3-642-39044-9_303
https://doi.org/10.1111/j.1365-294x.1993.tb00005.x
https://doi.org/10.1111/j.1365-294x.1993.tb00005.x
https://doi.org/10.1128/mSystems.00178-16
https://doi.org/10.1128/mSystems.00178-16
https://doi.org/10.1016/j.soilbio.2005.06.020
https://doi.org/10.1016/j.soilbio.2005.06.020
https://doi.org/10.1016/j.scitotenv.2018.03.393
https://doi.org/10.1016/j.scitotenv.2018.03.393
https://doi.org/10.1111/j.1462-2920.2010.02193.x
https://doi.org/10.1111/j.1462-2920.2010.02193.x
https://doi.org/10.1111/1365-2745.12732
https://doi.org/10.1128/AEM.01744-19
https://doi.org/10.1099/ijs.0.064576-0
https://doi.org/10.1111/rec.12619
https://doi.org/10.1111/rec.12619
https://doi.org/10.1016/j.watres.2004.01.032
https://doi.org/10.2307/1312651
https://doi.org/10.4141/P03-121
https://doi.org/10.4141/P03-121
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1111/j.1469-8137.1990.tb00476.x
https://doi.org/10.3159/TORREY-D-15-00049.1
https://doi.org/10.3159/TORREY-D-15-00049.1
https://doi.org/10.1007/978-3-662-13187-9_34
https://doi.org/10.1007/978-3-662-13187-9_34
https://doi.org/10.1093/nar/gky1022
https://doi.org/10.1093/nar/gky1022
https://doi.org/10.1111/nph.12429
https://doi.org/10.1111/nph.12429
https://doi.org/10.1016/j.funeco.2015.03.003
https://doi.org/10.1016/j.funeco.2015.03.003
https://doi.org/10.1002/jobm.200610274
https://doi.org/10.1002/jobm.200610274
https://doi.org/10.1111/1462-2920.13023
https://doi.org/10.1111/1462-2920.13023
https://doi.org/10.1038/s41598-018-28354-5
https://doi.org/10.1038/s41598-018-28354-5


JAMES ET AL. 11 of 11

friendly traits database of fungi and fungus-like stramenopiles. Fungal
Diversity, 105, 1–16. https://doi.org/10.1007/s13225-020-00466-2

Prokkola, H., Kuokkanen, T., Vähäoja, P., Kangas, T., Karhu, M., Rämö, J.,

& Lassi, U. (2014). Characterization and biodegradation rates of tall oil

soaps in differentwater and soil environments.Water, Air, & Soil Pollution,
225, 2070. https://doi.org/10.1007/s11270-014-2070-2

Qiu, Y.-L., Kuang, X., Shi, X., Yuan, X., & Guo, R. (2014). Terrimicrobium
sacchariphilum gen. nov., sp. nov., an anaerobic bacterium of the class

‘Spartobacteria’ in the phylum Verrucomicrobia, isolated from a rice paddy

field. International Journal of Systematic and Evolutionary Microbiology, 64,
1718–1723. https://doi.org/10.1099/ijs.0.060244-0

Reis, V. M., & dos Teixeira, K. R. S. (2015). Nitrogen fixing bacteria in the

family Acetobacteraceae and their role in agriculture. Journal of Basic
Microbiology, 55, 931–949. https://doi.org/10.1002/jobm.201400898

Riit, T., Tedersoo, L., Drenkhan, R., Runno-Paurson, E., Kokko, H., & Anslan,

S. (2016). Oomycete-specific ITS primers for identification andmetabar-

coding. MycoKeys, 14, 17–30. https://doi.org/10.3897/mycokeys.14.

9244

Rognes, T., Flouri, T., Nichols, B., Quince, C., &Mahé, F. (2016). VSEARCH: A

versatile open source tool formetagenomics. PeerJ,4, e2584. https://doi.
org/10.7717/peerj.2584

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister,

E. B., Lesniewski, R. A., Oakley, B. B., Parks, D. H., Robinson, C. J., Sahl,

J. W., Stres, B., Thallinger, G. G., Horn, D. J. V., & Weber, C. F. (2009).

Introducing mothur: Open-source, platform-independent, community-

supported software for describing and comparing microbial communi-

ties. Applied and Environmental Microbiology, 75, 7537–7541. https://doi.
org/10.1128/AEM.01541-09

Schnürer, J., & Rosswall, T. (1982). Fluorescein diacetate hydrolysis as

a measure of total microbial activity in soil and litter. Applied and
Environmental Microbiology, 43, 1256–1261.

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., &

Huttenhower, C. (2011). Metagenomic biomarker discovery and expla-

nation. Genome Biology, 12, R60. https://doi.org/10.1186/gb-2011-12-
6-r60

Setälä, H., Alakomi, H.-L., Paananen, A., Szilvay, G. R., Kellock, M., Lievonen,

M., Liljeström, V., Hult, E.-L., Lintinen, K., Österberg, M., & Kostiainen,

M. (2020). Lignin nanoparticles modified with tall oil fatty acid for cel-

lulose functionalization.Cellulose,27, 273–284. https://doi.org/10.1007/
s10570-019-02771-9

Spatafora, J. W., Chang, Y., Benny, G. L., Lazarus, K., Smith, M. E., Berbee,

M. L., Bonito, G., Corradi, N., Grigoriev, I., Gryganskyi, A., James, T. Y.,

O’Donnell, K., Roberson, R.W., Taylor, T.N.,Uehling, J., Vilgalys, R.,White,

M. M., & Stajich, J. E. (2016). A phylum-level phylogenetic classifica-

tion of zygomycete fungi based on genome-scale data. Mycologia, 108,
1028–1046. https://doi.org/10.3852/16-042

Stefanowicz, A. M., Stanek, M., Nobis, M., & Zubek, S. (2017). Few effects

of invasive plants Reynoutria japonica, Rudbeckia laciniata and Solidago
gigantea on soil physical and chemical properties. Science of The Total
Environment, 574, 938–946. https://doi.org/10.1016/j.scitotenv.2016.
09.120

Stewart, P. S., Hill, R. A., Stephens, P. A., Whittingham, M. J., & Dawson, W.

(2021). Impacts of invasive plants on animal behaviour. Ecology Letters,
24, 891–907. https://doi.org/10.1111/ele.13687

Sunny, A., Diwakar, S., & Sharma, G. P. (2015). Native insects and invasive

plants encounters. Arthropod-Plant Interactions, 9, 323–331. https://doi.
org/10.1007/s11829-015-9384-x

Tang, T., Chen,G., Liu, F., Bu,C., Liu, L., &Zhao, X. (2019). Effects of transgenic

glufosinate-tolerant rapeseed (Brassica napus L.) and the associated her-
bicide application on rhizospheric bacterial communities. Physiological
and Molecular Plant Pathology, 106, 246–252. https://doi.org/10.1016/j.
pmpp.2019.03.004

Thiour-Mauprivez, C., Martin-Laurent, F., Calvayrac, C., & Barthelmebs, L.

(2019). Effects of herbicide on non-target microorganisms: Towards a

new class of biomarkers? Science of The Total Environment, 684, 314–325.
https://doi.org/10.1016/j.scitotenv.2019.05.230

Thomas, C. D., & Palmer, G. (2015). Non-native plants add to the British

flora without negative consequences for native diversity. Proceedings of
the National Academy of Sciences of the United States of America, 112,
4387–4392. https://doi.org/10.1073/pnas.1423995112

Turner, B. L., & Romero, T. E. (2010). Stability of hydrolytic enzyme activity

andmicrobial phosphorus during storage of tropical rain forest soils. Soil
Biology and Biochemistry, 42, 459–465. https://doi.org/10.1016/j.soilbio.
2009.11.029

Wallenius, K., Rita, H., Simpanen, S., Mikkonen, A., & Niemi, R. M. (2010).

Sample storage for soil enzyme activity and bacterial community pro-

files. Journal of Microbiological Methods, 81, 48–55. https://doi.org/10.
1016/j.mimet.2010.01.021

Wang, Q., Garrity, G. M., Tiedje, J. M., & Cole, J. R. (2007). Naïve Bayesian

classifier for rapid assignment of rRNA sequences into the new bacte-

rial taxonomy. Applied and Environmental Microbiology, 73, 5261–5267.
https://doi.org/10.1128/AEM.00062-07

Wang, S., Zhang, C., Lv, Z., Huang, H., Cao, X., Song, Z., & Shao, M. (2019).

Degradation of 3,5,6-trichloro-2-pyridinol by a microbial consortium in

dryland soil with anaerobic incubation. Biodegradation, 30, 161–171.
https://doi.org/10.1007/s10532-019-09873-y

Wang, Z., Yang, Y., Sun, W., Xie, S., & Liu, Y. (2014). Nonylphenol biodegra-

dation in river sediment and associated shifts in community structures

of bacteria and ammonia-oxidizing microorganisms. Ecotoxicology and
Environmental Safety, 106, 1–5. https://doi.org/10.1016/j.ecoenv.2014.
04.019

Weaver, M. A., Krutz, L. J., Zablotowicz, R. M., & Reddy, K. N. (2007). Effects

of glyphosate on soil microbial communities and its mineralization in a

Mississippi soil. Pest Management Science, 63, 388–393. https://doi.org/
10.1002/ps.1351

White, T., Bruns, T., Lee, S., Taylor, J., Innis, M., Gelfand, D., & Sninsky, J.

(1990). Amplification and direct sequencing of fungal ribosomal RNA

genes for phylogenetics. In M. A. Innis, D. H. Gelfand, J. J. Sninsky, &

T. J. White (Eds.), PCR Protocols: A guide to methods and applications (pp.
315–322). Academic Press.

Woods, M. J., Roberson, E., Cipollini, D., & Rúa, M. A. (2019). White-tailed

deer and an invasive shrub facilitate faster carbon cycling in a forest

ecosystem. Forest Ecology and Management, 448, 104–111. https://doi.
org/10.1016/j.foreco.2019.05.068

Zhang, P., Li, B., Wu, J., & Hu, S. (2019). Invasive plants differentially affect

soil biota through litter and rhizosphere pathways: A meta-analysis.

Ecology Letters, 22, 200–210. https://doi.org/10.1111/ele.13181
Zhang, P., Neher, D. A., Li, B., & Wu, J. (2018). The impacts of above- and

belowground plant input on soil microbiota: Invasive Spartina alterniflora
versus native Phragmites australis. Ecosystems, 21, 469–481. https://doi.
org/10.1007/s10021-017-0162-8

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: James, J. J., Bach, E. M., Baker, K.,

Barber, N. A., Buck, R., Shahrtash, M., & Brown, S. P. (2022).

Herbicide control of the invasive Amur honeysuckle (Lonicera

maackii) does not alter soil microbial communities or activity.

Ecological Solutions and Evidence, 3, e12157.

https://doi.org/10.1002/2688-8319.12157

https://doi.org/10.1007/s13225-020-00466-2
https://doi.org/10.1007/s11270-014-2070-2
https://doi.org/10.1099/ijs.0.060244-0
https://doi.org/10.1002/jobm.201400898
https://doi.org/10.3897/mycokeys.14.9244
https://doi.org/10.3897/mycokeys.14.9244
https://doi.org/10.7717/peerj.2584
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1007/s10570-019-02771-9
https://doi.org/10.1007/s10570-019-02771-9
https://doi.org/10.3852/16-042
https://doi.org/10.1016/j.scitotenv.2016.09.120
https://doi.org/10.1016/j.scitotenv.2016.09.120
https://doi.org/10.1111/ele.13687
https://doi.org/10.1007/s11829-015-9384-x
https://doi.org/10.1007/s11829-015-9384-x
https://doi.org/10.1016/j.pmpp.2019.03.004
https://doi.org/10.1016/j.pmpp.2019.03.004
https://doi.org/10.1016/j.scitotenv.2019.05.230
https://doi.org/10.1073/pnas.1423995112
https://doi.org/10.1016/j.soilbio.2009.11.029
https://doi.org/10.1016/j.soilbio.2009.11.029
https://doi.org/10.1016/j.mimet.2010.01.021
https://doi.org/10.1016/j.mimet.2010.01.021
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1007/s10532-019-09873-y
https://doi.org/10.1016/j.ecoenv.2014.04.019
https://doi.org/10.1016/j.ecoenv.2014.04.019
https://doi.org/10.1002/ps.1351
https://doi.org/10.1002/ps.1351
https://doi.org/10.1016/j.foreco.2019.05.068
https://doi.org/10.1016/j.foreco.2019.05.068
https://doi.org/10.1111/ele.13181
https://doi.org/10.1007/s10021-017-0162-8
https://doi.org/10.1007/s10021-017-0162-8
https://doi.org/10.1002/2688-8319.12157

	Herbicide control of the invasive Amur honeysuckle (Lonicera maackii) does not alter soil microbial communities or activity
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Study location and treatment applications
	2.2 | Soil and root sampling
	2.3 | Soil enzyme activity
	2.4 | DNA extraction and sequence generation
	2.5 | Bioinformatics and statistics
	2.6 | Analyses

	3 | RESULTS
	3.1 | Treatment efficacy
	3.2 | Sequence information
	3.3 | Taxonomic summaries
	3.4 | Treatment responses
	3.5 | Biomarker taxa

	4 | DISCUSSION
	ACKNOWLEDGEMENTS
	CONFLICTS OF INTEREST
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT
	PEER REVIEW

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


