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Mayweed chamomile (Anthemis cotula L.) is an annual crop weed that has become
a substantial impediment to diversify traditional wheat-based cropping systems such
as in the Pacific Northwest (PNW), USA. Some of the broadleaf rotational crops are
vulnerable to the weed as they are less competitive or lack compatible herbicides for
A. cotula management. Although A. cotula has been present in the PNW for more than
a century, traits that contribute to invasiveness and how these vary among the weed
populations have not been investigated. We assessed trait variation with a common
garden greenhouse experiment by comparing 19 A. cotula populations from the PNW
and Kashmir Valley, India. Seeds from individual plants from each population were used
to grow plants through their senescence. We measured phenological (e.g., flowering
duration), morphological (e.g., plant biomass), reproductive fitness (e.g., number of
flower heads), and physiological (floral scent VOCs: volatile organic compounds) traits
on individual plants and analyzed the data using mixed-effects models. We found
high inter-population variation in most of the traits measured, but the variation was
not associated with the geographical distance. Seedling emergence within 30 days of
planting ranged from 2 to 49% for PNW populations to 55 to 72% for Indian populations.
Flowering duration ranged from 2 to 3 months among populations. Other traits such
as initial and final flowering dates, the total number of flower heads, and floral scent
VOCs also differed among populations. These trait patterns may indicate a localized
adaptation of A. cotula populations to environmental or management regimes, variation
arising from anthropogenic or natural dispersal, multiple introductions, genetic drift, or
combinations of these. Regardless of the processes, the trait variation suggests that
weed management plan for A. cotula may need to be tailored to specific locations instead
of a uniformly adopted plan across the region.

Keywords: agricultural management practices, agroecosystems, floral scent volatile organic compounds,
invasiveness, local adaptation, Pacific Northwest, selection pressure
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INTRODUCTION

Mayweed chamomile (Anthemis cotula L.) is an annual, bushy,
ill-scented globally invasive weed (Kay, 1971; Adhikari et al,
2020a) that is especially problematic under the Mediterranean
and Mediterranean-like climates such as in the Pacific Northwest
(PNW), USA (Lyon et al., 2017) and the Kashmir valley, India
(Shah et al., 2008, 2009). It prefers moist soils and commonly
found in poorly drained areas, disturbed lands, field edges,
roadsides, and in crop fields (Kay, 1971). It is native to Eurasia
in regions with Mediterranean climates. In the modern era, it has
been introduced, presumably as a contaminant of crop seed and
other plant materials, and distributed globally (Kay, 1971; Mack
and Erneberg, 2002; CABI, 2018). In Europe, it is considered
as archaeophyte (anciently introduced plant species) in some
countries, whereas outside this continent the species was first
reported in South America (1816), followed by Africa (1838),
North America (1841), Australia (1873), Antarctica (1903), and
Asia (1933) (Global Biodiversity Information Facility, 2018)
[details of global distribution are reviewed and reported in
Adhikari et al. (2020a)].

Globally, there has been limited study (if any) of the ecological
and economic threats of A. cotula to the local ecosystems. It is
aggressively weedy in many croplands and pastures, reducing
crop yields and forage quality (Adhikari et al., 2020a). In cereal-
based cropping systems worldwide, climate change is motivating
producers to diversify their operations by incorporating fall- and
spring-sown pulses, canola, and cover crops (Eigenbrode et al.,
2013; O’Leary et al., 2018). In the Pacific Northwest (PNW), USA,
A. cotula was first reported in 1877 and has been a problematic
weed, especially in cereal-based systems, reducing crop yield and
contaminating harvests (Smitchger et al., 2012; Adhikari et al,,
2020a). In the PNW, specifics of diversification differ with the
climatic zone (Douglas et al., 1992; Karimi et al., 2018). Many
of these crops are either less competitive with A. cotula than
the cereal crops or prevent the use of effective herbicides for
its management (Lyon et al., 2017). As a result, although it has
been present for decades in the PNW that is historically known
for cereal productions and exports, anecdotal accounts from
local producers indicate that A. cotula is one of the significant
barriers to the adoption of new crops such as cover crops and
broadleaf rotational crops in the region. Despite these issues,
there has been no systematic assessment of the biology of A.
cotula in the PNW or elsewhere and whether its populations
differ in phenotypic traits that contribute to its invasiveness
and weediness.

Reproductive traits are critical for invasive populations to
maintain their fitness and increase their invasiveness. In the
PNW, A. cotula blooms from May to November, producing
up to 200 conspicuous and attractive flower heads with white
rays and yellow disc florets. Like many other asters (Rollin
et al,, 2016; Miller et al., 2018), it is self-incompatible (Kay,
1971), and the flowers are visited by a diverse suite of insects
(Adhikari et al., 2020a). The traits such as abundant flower heads
and long flowering periods of A. cotula might help attract and
compete for pollinators maximizing its seed production. Each
A. cotula can produce thousands of small (length < 2mm and

weight < 0.5mg) seeds that are primarily dispersed by human
activities (Shimono and Konuma, 2008; CABI, 2018). Whether
germinate immediately or remain dormant for up to 25 years
in the soil (Darlington, 1931), the capacity of A. cotula seeds
to germinate facultatively (Ilnicki and Johnson, 1959) should
facilitate the spread and persistence of A. cotula infestations
across landscapes.

Within and among field agricultural management practices
that differ across farms and climatic zones in the PNW
could cause genetic trait variation in A. cotula, facilitating
adaptation to formerly hostile climate niches of the species.
Such local adaptation facilitates survival or avoidance of human
and climatic selection pressures by maximizing plant fitness
(Joshi et al., 2001; Baythavong, 2011; Lemke et al.,, 2015) and
buffering the weed against short-and long-term environmental
(e.g., climate, disturbance) fluctuations (Peterson et al., 2019).
Alternatively, although A. cotula seeds do not have a specialized
mechanism for long-distance dispersal, human activity could
counteract local adaptation by moving seeds (e.g., via uncleaned
crop seeds and farm equipment) of A. cotula randomly among
infested and non-infested sites in the landscape, homogenizing
populations. Pollen-mediated gene flow also homogenizes the
populations at local scales (Hokanson et al., 1997; Bai et al., 2014;
Ohadi et al.,, 2017). Human activity could drive or accentuate
localized variation if movements are non-random and caused by
land ownership and farm-specific management practices.

Invasion by A. cotula is part of a global pattern of
unprecedented species invasion. Invasive species have displaced
native species, negatively affected biodiversity, altered ecosystem
structure and function, and disrupted natural and agricultural
landscapes, causing severe ecological and economic impacts
worldwide (Vila et al, 2011; Van Kleunen et al., 2015; Pysek
et al.,, 2020). Considerable economic effects occur in cropping
systems where invasive weeds cause an estimated annual cost of
$1 billion in African smallholder farms (Pratt et al., 2017), $1.4
billion in the UK, $2.4 billion in Australia, and $27 billion in the
USA (Pimentel et al., 2001, 2005; Oerke, 2006). Cropping systems
are particularly vulnerable to plant invasion because intensive
farming practices have fragmented, simplified, or disturbed
landscapes, facilitating invasive weeds while contributing to the
loss of native species (Tilman et al., 2011; Chaudhary et al,
2016; Adhikari et al., 2019). Climate change exacerbates the
adverse effects of invasions (Bradley et al., 2010). Climate change
includes the direct impacts of climate change on weed and
crop interactions (Bradley et al., 2010; Matzrafi et al., 2019;
Ziska et al., 2019) and indirect effects of changes in cropping
systems in response to climate change (Chongtham et al., 2019;
Weisberger et al., 2019). Invasive agricultural weeds like A. cotula,
with wide distributions and long invasion histories, can become
more difficult to manage under these circumstances (Adhikari
et al., 2020b; Sharma et al., 2020), necessitating additional study
to understand invasion drivers, future invasion potential, and
avenues to improve management. Knowledge of the phenotypic
and genotypic variation in invasive weed populations can help
understand their invasiveness (Richards et al., 2006) and guide
optimum management to mitigate their negative impacts on
ecosystems (Sterling et al., 2004; Vander Zanden et al., 2010).
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Anthemis cotula is a model species for globally invasive annual
agricultural weeds. Critical for understanding these invasions is
the delineation of the variability of invasive species throughout
invaded landscapes. Genetic and phenotypic variability or
uniformity has implications for ongoing invasiveness and current
management practices. To understand the invasion ecology of
A. cotula in the PNW, we investigated the interpopulation
variation of its key performance and reproductive traits using
a common garden greenhouse experiment. We collected A.
cotula seeds from farms in the inland PNW spanning different
precipitation zones (Supplementary Table 1) and compared
seedling emergence, number of branches, plant height, plant
volume, initial date of budding, initial and final date of flowering,
anthesis, number of flower heads, flower size, number of florets,
flowering duration, plant life, biomass production, and floral
scent profiles among populations. To compare with PNW
populations, we also included populations from Kashmir Valley,
India (Figure 1), where A. cotula was first reported in 1972
(Stewart, 1972) and widely occurs in disturbed habitats of
forests, rangelands, wastelands, and most recently it is invading
the fringes of agricultural lands (Shah et al., 2008, 2009; M.
Shah, Pers. Comm.). Anthemis cotula in these two regions,
that have similar Mediterranean-like climates as in its native
range, is considered as a problematic weed. Most of the studies
(though they are limited) in A. cotula regarding its seed
germination, competition with crops, plasticity, and abiotic and
biotic interactions have been conducted either in PNW or in
Kashmir Valley (see Adhikari et al., 2020a). However, none
of these studies have focused on phenotypic trait comparisons
among populations. We asked: (1) How do phenotypic traits vary
among A. cotula populations? (2) Does the variation increase
with geographical distance? (3) What processes most likely
account for the trait variation? (4) Does this variation have
implications for weed management?

MATERIALS AND METHODS

This paper is a companion to Adhikari et al. (2021), which
used a common greenhouse experiment to assess intrapopulation
trait variation for PNW populations of A. cotula. Here,
further data were collected from that experiment to include
additional populations from the PNW and from India to evaluate
interpopulation trait variation for the weed within and among
regions. Therefore, the methods are similar to those in Adhikari
etal. (2021).

Seed Collection

Seeds of 22 A. cotula populations were collected in two ways. In
one method, we visited 11 known A. cotula on-farm infestation
sites (i.e., populations) in the PNW across different precipitation
or agroecological zones (see Supplementary Table1 for site
details) during 2018 and collected seeds from six different
individuals (hereafter, PNW1: Foothill road, Genesee, Kambitsch,
Palouse, Parker Farm, Potlatch, Spillman Farm, St. John, Tensed,
Thornton, and Troy). Seeds from each individual were kept
separate, constituting a half-sib family. For the other samples, we
used A. cotula seeds collected and sent by local producers from

PNW (four populations, hereafter, PNW2: Colfax, Cook Farm,
Dayton 1, and Dayton 2) as well as seeds provided by scientific
collaborators collected in the eastern USA (three populations:
Illinois, Michigan, and New York) and Kashmir valley, India
(four populations, hereafter Indian: Indian 1, Indian 2, Indian
3, and Indian 4). The seeds from producers and collaborators
were not separated by source plant. All seeds were collected from
A. cotula infesting crop fields except for seeds of Indian origin,
which were collected from uncultivated lands.

Greenhouse Common Garden Experiment
To measure phenotypic traits among 19 populations, an
experiment was conducted from February 27 to August 25,
2019. Twenty seeds from each plant from the 11 populations
in which seed maternity was known (66 individuals) and the
seeds of each of the other 11 populations were planted (n = 5)
for a total of 385 pots (13 x 13 x 13.5cm), to measure
inter-population variation in phenotypic traits. The 2.3L pots
(spaced at 10cm) filled with a commercial greenhouse soil
mix (PRO-MIX BX containing 75 to 80% Canadian sphagnum
peat moss along with perlite and vermiculite) were distributed
on the greenhouse bench set at 15-h photoperiod of sunlight
and supplemental artificial light (photosynthetic photon flux =
595 wmol/s) in a randomized complete block design with five
blocks (average temperature = 22.9 £ 0.26°C and humidity =
437 £ 9.5% (mean £ SE). The space between blocks was
maintained at 30 cm. Pots were regularly watered as needed
and not fertilized. Two populations from the eastern USA
(from Illinois and Michigan) did not germinate by 30 days,
and another (from New York) was determined to be scentless
chamomile or false mayweed [Tripleurospermum maritimum
(L.) W.D.J. Koch] and were excluded from the study. Maps of
the seed collecting sites of the remaining 19 populations are
shown in Figurel, and the details including GPS locations,
elevation, and edaphic and climatic variables are provided in
supplementary (Supplementary Table 1) materials (additional
details in Adhikari et al., 2021).

Phenotypic Traits

We collected data on 15 phenotypic traits from each plant in the
study. There were four phenotypic categories: (a) phenological
(7): percent seedling emergence in first 30 days, total days
taken to first budding (time spent on vegetative growth), days
from budding to flowering (days in anthesis), the initial date of
flowering, the final date of flowering (days), flowering duration
(days), and plant life (days); (b) morphological (4): plant height
(cm), number of branches, plant volume (md?/4 x h, d =
average plant diameter in cm and h = plant height in cm) at
first flowering, and aboveground dry biomass (g) at harvest;
(c) reproductive (3): total number of flower heads and size
and number of ray florets of first or terminal flower; and (d)
physiological (1): floral scent profiles. All traits were measured
on every plant in the study except for flower size, number of ray
florets, and floral scent characterization. Flower size and number
of ray florets were measured on a sample of five blooming plants
per population, and floral scent characterization were measured
on a sample of 4 to 9 blooming plants per population.
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Pacific Northwest* (11 PNW1 + 4 PNW2) and four from Kashmir Valley, India.

FIGURE 1 | Maps showing 19 population origins (see Supplementary Table 1 for each site’s climate and geographical details). There were 15 populations from the

Floral Scent Analysis

Due to the potentially important, unique, and prominent scent
of A. cotula flowers (aka stinking chamomile) as well as time and
resource constraints, we focused on floral scents only, but other
physiological traits can also be associated with the invasiveness.
In addition to other floral traits (Rowe et al., 2020), floral
scent is also a key trait for pollinator-dependent plants’ fitness
(Majetic et al., 2009; Schiestl, 2015). As an obligate out-crosser
and a generalist species (Kay, 1971; Adhikari et al., 2020a), A.
cotula floral scents could attract a wide range of pollinators
and maximize seed production and increase its invasiveness.
For the floral scent characterization of A. cotula, we chose 11
populations (seven from PNWI1, two from PNW2, and two
from Kashmir valley, India) with at least four plants, each with
five flowers blooming at the time of volatile collection. Solid
phase micro-extraction (“SPME”: field sampler with 100-pum
polydimethylsiloxane coated fiber) was used to collect volatile
organic compounds (VOCs) from 4 to 9 available individuals
from each population, and VOC profiles were compared among
all 11 populations. Five live flowers, still attached to plants,
were inserted into a 90 mL glass tube, and cotton was pushed
in around the stems at the base of the tube to contain
the airspace (Supplementary Figure 1). SPME fibers were then
inserted through a 1 mm hole of a septum (PTFE silicon septum;
10mm diameter) in the top of the tube and exposed for an
hour. The fibers were then retracted for further analysis in
gas chromatography/mass spectrometry (GC/MS; Agilent 7890A
gas chromatograph/5973 Mass Selective Detector); helium was
used as the carrier gas, and the injector temperature was
held at 250°C. Volatile organic compounds were provisionally

identified based on match (>80%) between their spectra and
National Institute of Standards and Technology-11 spectral
library linked to Agilent Mass Hunter software. Abundance (total
chromatogram m/z; mass-to-charge ratio), richness (expressed as
the number of compounds), Simpson’s diversity (Simpson, 1949),
and Pielou’s evenness (Pielou, 1966) of VOCs are presented here
(additional details of floral scent characterization protocols in
Adhikari et al., 2021).

Data Analysis

To assess phenotypic trait variation among A. cotula populations
for plant height, plant volume, and dry biomass, a linear mixed
model was used:

Yijk = ai+ B+ (aB); + €

Where yjj is the response variable, @; is a fixed effect due
to population, B; is a fixed effect due to block, (ap); is a
random effect of the population within the block, and e is
the error term. The R package “Ime4” was used for analysis
(Bates et al., 2015). Residuals were examined for homogeneity
of variance, and qq-plots were used to check for normality. For
dependent variables that were counts, a generalized linear mixed
model with a Poisson distribution and log link function were
used instead, following the model framework described above.
The count variables were days to seedling emergence, days to
first budding, days to anthesis, days to first and last flowering,
flowering duration (days), number of branches, number of flower
heads, and plant life (days). For generalized linear models, the
residual plots were also examined for homogeneity of variance.
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TABLE 1 | Phenotypic trait variation of A. cotula among 19 populations.

Variance
Population Percent seedling First day of Anthesis First day of Flowering Total Plant height Plant Final day of Total flower Plant life Dry biomass
emergence budding flowering period branches volume flowering heads
Colfax 4.40 0.21 0.03 0.16 0.28 0.07 6.61 3,602 0.17 0.13 0.06 1.39
Cook farm 7.30 0.69 0.02 0.32 0.08 0.52 6.72 1,599 0.10 0.40 0.02 0.62
Dayton 1 8.71 0.52 0.34 0.96 0.31 0.70 3.05 2,056 0.23 0.43 0.10 2.21
Dayton 2 6.78 1.03 0.11 2.89 0.19 0.51 7.20 4,009 0.13 0.43 0.05 1.28
Foothill RD 0.58 0.52 0.09 0.53 0.19 0.65 3.66 3,387 0.05 0.67 0.06 1.91
Genesee 2.94 0.23 0.02 0.17 0.07 0.44 4.12 1,826 0.03 0.28 0.03 1.18
Indian 1 7.05 0.21 0.05 0.26 0.05 0.98 2.56 1,641 0.02 0.72 0.03 0.59
Indian 2 7.92 0.42 0.04 0.16 0.23 0.62 1.71 3,055 0.15 0.75 0.06 0.86
Indian 3 9.92 0.12 0.06 0.20 0.27 0.43 5.18 2,515 0.16 0.39 0.08 1.06
Indian 4 13.98 0.28 0.04 0.1 0.22 0.43 6.27 3,448 0.11 0.26 0.08 1.37
Kambitsch 4.87 0.11 0.04 0.08 0.13 0.57 3.94 1,975 0.06 0.91 0.04 1.49
Palouse 2.66 0.27 0.06 0.41 0.14 0.49 2.37 2,933 0.09 0.61 0.06 0.82
Parker 1.42 0.26 0.01 0.30 0.14 0.47 2.27 1,474 0.07 0.86 0.05 1.45
Potlatch 219 0.13 0.10 0.07 0.09 0.58 3.64 1,642 0.03 0.75 0.03 0.77
Spillman farm 2.74 0.21 0.02 0.21 0.15 0.56 3.24 4,051 0.06 0.73 0.05 1.47
St. John 2.66 0.15 0.03 0.15 0.14 0.35 3.43 2,710 0.07 0.72 0.05 0.59
Tensed 4.80 0.11 0.03 0.11 0.11 0.40 3.53 3,097 0.06 0.62 0.04 1.44
Thornton 0.63 0.17 0.01 0.10 0.05 0.46 1.63 3,274 0.03 0.88 0.03 1.51
Troy 5.27 0.08 0.02 0.10 0.11 0.45 3.75 2,968 0.06 0.51 0.01 1.68

Values are un-pooled variance component estimates from general or generalized linear mixed models.
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FIGURE 2 | Phenotypic trait estimates (blue diamonds) and data points (black filled circles) among 19 A. cotula populations. Analyses were done with linear or
generalized linear mixed effect models, where population and block were treated as fixed effects, and block and population interaction were treated as random
effects. The mean estimates are from the post-hoc tests using emmeans (estimated marginal means or least-square means) in R.

We calculated un-pooled variance from the models to assess the
trait variation among populations. Estimated marginal means
and post-hoc tests were made using the R package “emmeans”
(Lenth et al., 2019). For flower size (cm?), floral VOC diversity,
and evenness, for which fewer plants were sampled (see above)
simple linear models, and for the number of ray florets, and
VOC abundance and richness, generalized linear models with a
Poisson distribution and log link function were used.

To assess if the population trait means or variances
differed among populations, we conducted a permutational
multivariate analysis of variance (PERMANOVA) on a Bray-
Curtis dissimilarity matrix (Bray and Curtis, 1957) of ten
phenotypic traits [plant height, total number of branches,
first budding date, first flowering date, anthesis, plant life,
flowering period, last day of flowering, total number of flower
heads, and plant dry biomass]. Due to their different units

and scales, all trait values were standardized by percent
transformation using the function “decostand” in “vegan”
package in R (Oksanen, 2019). For this analysis, only the
traits measured on every plant in the study were selected, and
so the traits such as floral scent VOCs, number of florets,
and flower sizes were excluded (see above for the details).
The package “vegan” was used for conducting PERMANOVA.
Using the package “ggfortify,” principal component analysis
biplots were created to show clusters of traits based on their
similarity. Canonical correspondence analysis (CCA) was used
to investigate whether climatic (mean annual precipitation,
mean annual maximum and minimum temperatures, mean
actual annual evapotranspiration, and mean annual water deficit)
and edaphic (soil moisture) variables (Supplementary Table 1)
across population origins were associated with any of the
phenotypic traits. After calculating the Variance Inflation Factor
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TABLE 2 | Inter-population estimates (mean + SE) among 11 populations in VOCs abundance, richness, diversity, and evenness collected per five flowers for 1 h.

Population Abundance (m/z) Richness Diversity Evenness

Colfax 1,110,362 + 5272 6.5+ 1.28°2 0.50 +£0.082 0.57 £0.072
Dayton 1 7,354,616 &+ 1213 12.6 + 1.59%° 0.63 +0.072° 0.63 £0.072
Genesee 2,161,421 £ 424P 9.1 £0.87% 0.69 £0.05% 0.80 £0.042
Ind 3 3,717,518 £+ 862' 10.6 + 1.46%° 0.69 +0.072° 0.67 £0.074
Ind 4 3,987,934 + 893 10.0 + 1.413%¢ 0.65 +0.072° 0.66 £0.072
Kambitsch 3,552,388 =+ 628" 146 +£1.27° 0.71 £0.05%° 0.68 +0.05%
Palouse 2,727,340 =+ 5229 14.6 +£1.21° 0.82 +£0.05° 0.82 £0.052
St. John 3,365,359 + 6129 11.0 + 1.18¢ 0.69 +0.05%° 0.68 +£0.052
Tensed 2,867,691 + 536' 12.1 +£1.1% 0.77 +0.05%° 0.77 £0.052
Thornton 2,600,412 £+ 510° 12.0 + 1.10°° 0.69 +0.05%° 0.72 £0.052
Troy 2,832,532 + 532° 9.7 4+ 0.96%° 0.62 +0.05%° 0.70 £0.052

The letters next to each mean + SE are from the post-hoc tests.

(VIF) for each variable to test the goodness of fit in the CCA
model, we removed all variables with >10 VIF (indicating
strong collinearity with other variables and not contributing to
variance explanation; Belsley et al., 2005), but kept mean annual
minimum temperature and soil moisture for the final model.
To determine whether the phenotypic trait correlations were
associated with the geographical distances among populations,
we tested the correlation between the Euclidean distance
matrix of population sites and the Bray-Curtis dissimilarity
matrix of phenotypic traits using a Mantel test (number of
permutations = 999). The traits evaluated by the Mantel test
were plant height, first flowering date, plant volume, total
branches, last flowering, total flowers, first budding, flowering
duration, anthesis, plant life, and dry mass. To show the
clustering of different populations based on their phenotypic trait
similarities, all trait values were standardized, and a dendrogram
(agglomerative clustering method = “complete,” k = 4) was
constructed. All data analyses were performed using R 3v.5.1
(R Development Core Team, 2018).

RESULTS

Variance components and mean estimates for each trait were
different among the 19 populations (Table 1). Anthemis cotula
seedling emergence differed among populations (Figure 2;
Table 1; Supplementary Table 2). The emergence in PNW
populations ranged from 2 to 49% within 30 days of planting,
and the emergence of Indian populations ranged from 55
to 72% during the same period. Most populations reached a
similar plant volume by their first flowering, although Indian
populations had a smaller volume than Tensed and Thornton
populations  (Figure2; Table1; Supplementary Table 2).
Similarly, plants from Kambitsch, Spillman Farm, and Indian
1 populations flowered for the most extended periods (about
3 months), while plants from Cook Farm, Colfax, and St. John
flowered for the shortest period (about 2 months) (Figure 2;
Table 1; Supplementary Table 2). A shorter flowering period
was associated with fewer total flower heads in the Cook Farm
population but not in the Colfax and St. John populations
(Figure 2; Table1; Supplementary Table 2). Plants from

Kambitsch, Spillman Farm, and Thornton populations lived
for the longest periods (about 5 months) (Figure 2; Table 1;
Supplementary Table 2), while plants from Cook Farm lived for
<4 months. The total number of branches at first flowering also
differed among populations. The Palouse population produced
the greatest number of branches per plant, other populations
producing intermediate numbers, and Spillman Farm and
Thornton populations producing the fewest branches (Figure 2;
Table 1; Supplementary Table 2). Individuals from Potlatch also
had more branches than plants from the Spillman and Thornton
populations. Tensed individuals had the greatest dry biomass at
harvest, significantly greater than Indian, Spillman, and Genesee
populations  (Figure2; Table1; Supplementary Table 2).
Anthesis and plant height at first flowering did not differ among
populations (Figure 2; Table 1; Supplementary Table 2).

The number of ray florets did not differ (F(;376) = 0.36;
p = 0.99) among populations, although two Indian populations
tended to have fewer ray florets (mean & SE: Indian population
2: 12.0 £ 1.6; Indian population 3: 12.8 £ 1.6), while Palouse
(15.4 £ 1.8) and Cook Farm (15.8 £ 1.8) had the most. Flower
size was marginally different (F(,576) = 1.65; p = 0.07) among
populations, and plants from Troy (2.25 & 0.15cm) had the
smallest flowers while from St. John (3 £ 0.15cm) had the
largest flowers.

Floral scent differed among the tested populations (Table 2;
F(10,78) = 3583262; p < 0.0001) with Dayton1 flowers producing
the highest and Colfax the lowest total VOC concentration. Floral
VOC richness also differed among populations, with the most
compounds detected from Kambitsch (14.6 &+ 1.3 compounds)
and Palouse (14.6 £ 1.2) populations and the fewest from
Colfax (6.5 £ 1.3) populations, while other populations were
intermediate and similar to one another [Table2; F(;o75) =
3.69; p < 0.001]. Floral VOCs diversity and evenness were also
marginally different among tested populations [Table 2; diversity:
Fo,78) = 1.72, p = 0.09 and evenness: F(1975) = 1.93, p = 0.05)].
No VOCs variable was correlated with any of the edaphic or
climatic variables (Supplementary Figure 2).

PERMANOVA on a Bray-Curtis dissimilarity matrix of ten
phenotypic traits [plant height, the total number of branches, first
budding date, first flowering date, anthesis, plant life, flowering
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FIGURE 3 | Principal component analysis biplot of ten selected phenotypic traits [plant height (cm), the total number of branches, first budding date (days), first
flowering date (days), anthesis (days), plant life (days), flowering period (days), last day of flowering (days), the total number of flower heads, and plant dry biomass (g)]
among 19 populations (PERMANOVA: Pseudo-F 15 307) = 3.18; r> = 0.16; P = 0.001).

period, last day of flowering, the total number of flower heads,
and plant dry biomass] indicated that trait composition among
19 populations was dissimilar (Figure 3; Pseudo-F(;5307) = 3.18;
2 = 0.16; P = 0.001). The principal component biplot indicated
that the first and second components combined explained 78.5%
of the total variation (Figure 3). The total number of flower
heads, flowering duration, first and last days of flowering, and
plant life span contributed most to the observed dissimilarity
in phenotypic trait composition among populations (Figure 3).
CCA models showed that both climatic and edaphic variables
did not explain much of the variation among phenotypic traits.
Soil moisture (0.62%; Pseudo-F(; 302) = 1.9; P = 0.13), mean
annual minimum temperature (0.30%; Pseudo-F 302y = 0.9; P
= 0.42), and their interaction (0.35%; Pseudo-F(; 302) = 1.1; P =
0.35) combinedly explained only about 1.3% of the total variation
in phenotypic traits, leaving a significant majority of variance
proportion unexplained (Supplementary Figure 3).

Most of the phenotypic traits were not strongly correlated
with each other or with latitude, longitude, soil moisture or
mean annual minimum temperature (Supplementary Figure 4).
The total number of flower heads was negatively correlated
with the initial date of budding or flowering but positively
correlated with flowering duration and plant life span
(Supplementary Figure4). Our study indicated that
geographical distance between A. cotula populations was
not correlated to the similarity of phenotypic traits (Mantel
test: ¥ = 0.02, N = 306, p = 0.17, number of permutations
= 999). Additionally, dendrogram clustering of 19 A. cotula
populations based on the Bray-Curtis similarity of selected
phenotypic traits indicated that populations did not cluster based

on their geographical proximities (Supplementary Figure 5;
Agglomerative coefficient = 0.66, method = “average,” k = 4).

DISCUSSION

Trait Variation Among PNW Populations

and Governing Processes

Our common garden study found a relatively high inter-
population variation in phenotypic traits such as flowering
period, the total number of flower heads, first budding, first
and last flowering, plant life span, and floral scent VOCs
among A. cotula populations. However, the trait variation was
not associated with geographical distance. We present several
processes that may explain inter-population trait variation
among A. cotula populations and the potential implications for
weed management.

Previous studies have reported that phenotypic traits of
invasive taxa are associated with plants’ invasiveness (Bossdorf
et al., 2005; Pysek and Richardson, 2008), but these traits have
been measured at the species level, rarely among populations
within a species of globally invasive annual crop weed.
Knowledge of plant functional traits among locally adapted
populations can inform invasive species management and
forecast their distributions in the context of global environmental
changes (Ehrlén and Morris, 2015; Peterson et al., 2019).
The extent of trait variation in invading populations can be
determined by local selection pressures, demographic history,
genetic drift, and founder effects (Dlugosch and Parker, 2008;
Hodgins and Rieseberg, 2011). Six non-exclusive processes alone
or in combination potentially account for the trait variations
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among A. cotula populations in our study: selection by local
environmental conditions and farming practices, human-aided
or other natural movement of seeds across the landscape,
trait-based clustering (i.e., population groupings based on their
phenotypic traits) among geographically distant populations, and
possible genetic drift.

Evidence for each of these processes differed. First, we
found weak and variable patterns of local adaptation in
A. cotula populations. In general, the plants in drier sites
(Supplementary Table 1) flowered for a shorter period yet
produced a similar number of flower heads compared to those of
wetter sites. For example, plants from Kambitsch and Spillman
(Supplementary Table 1; mean annual precipitation: 625 and
545mm, respectively) flowered for ~1 month longer than
plants from Cook farm, Colfax, and St. John (mean annual
precipitation: 625 mm, 508 mm, and 457 mm, respectively). The
shorter flowering periods were associated with reduced flower
head production in plants from Cook Farm, but not in Colfax and
St. John, suggesting that plants in drier regions tend to maximize
the flower production within the compressed flowering season
(Franks et al., 2007; Shavrukov et al., 2017). Also, Troy plants
(mean annual precipitation: 617 mm) had the smallest flowers,
while St. John (457 mm) had the largest flowers, consistent with
greater investment in flowers that could compensate for a shorter
season and exposure to pollinators. Alternatively, as it occurs
with some other invasive plant species (e.g., Miller et al., 2018),
the long flowering period in some A. cotula populations might
help compete for pollinators that they share with native species.
Variation in floral scent VOCs among A. cotula populations also
could reflect adaptation to local environmental conditions such
as soil moisture (Burkle and Runyon, 2016; Campbell et al., 2019)
and the diversity and abundance of local pools of flower visitors
(Burkle and Runyon, 2019; Kantsa et al., 2019). Although these
patterns in our data could result from local adaptation, climatic
and edaphic variables explained only a small proportion (0.013,
i.e., 1.3%) of the total variation in phenotypic traits.

Second, A. cotula in the PNW mainly occurs in agricultural
fields, hence localized differences in agricultural management
practices such as the competitiveness of the planted crop
(Ogg et al., 1994), crop rotations, herbicide applications (Lyon
et al,, 2017, Hovick et al., 2018), tillage (Ghersa and Martinez-
Ghersa, 2000), and fertilizer application (Zeng et al., 2017) could
have selected for local adaptation in A. cotula traits across
populations. For example, farming practices including tillage,
fertilizer, herbicide regime, crop type, sowing date, and fallow
can affect the flowering phenology of associated weeds (Ekeleme
etal, 2000; Fried et al., 2012; Gaba et al., 2017). Unfortunately, we
were unable to collect precise details of farming history from all
seed collecting sites, so whether farming practices affect A. cotula
in our study populations cannot be evaluated.

Third, trait variation could reflect human-aided movement of
seed, among geographically unrelated A. cotula populations, as
occurs for other weeds (Shimono et al., 2010, 2020), on farming
equipment, and with farming inputs (Blanco-Moreno et al,
2004). Several human-mediated seed contamination pathways
can occur during crop production, harvesting, and crop handling
(Wilson et al., 2016; Gao et al., 2018). The trait-based clustering

of A. cotula populations in our study was not associated
with geographical proximity, as expected from landscape-scale
geneflow, but was geospatially random. For example, based on
the similarities of traits such as anthesis, flowering period, last day
of flowering, plant life, branches, dry biomass, and total flower
heads, plants from Potlatch and Palouse were clustered together,
but the Palouse site is geographically farther from Potlatch
than from many other sites (Figure 1, Supplementary Figure 5,
Supplementary Table 1). The human-aided movement of seeds
between Potlatch and Palouse might have caused these sites’
similarity and other clustering among sites in the region. Again,
records of equipment movements among sites or via common
routes in the region are not available to decipher this mechanism.

Fourth, A. cotula was first reported more than 143 years
ago from the PNW (Adhikari et al, 2020a), and the species
could have been independently introduced multiple times in the
region. The original variation of the introduced populations,
genetic drift, and the number and frequency of introduction
events in the past are unknown, but each A. cotula population
in the PNW could be a composite of multiple genetically unique
seed sources. The agricultural practices or variable climate that
favors different traits in different years could have maintained the
genetic diversity in the initial infestation(s).

Fifth, the randomly introduced small populations isolated
geographically after their introduction (s) might have undergone
genetic drift. Genetic drift can be a strong evolutionary force
in determining traits’ development (Keller and Taylor, 2008;
Luo et al.,, 2015; Boaventura-Novaes et al., 2018; Banerjee et al.,
2019) and increasing genetic and phenotypic differences between
populations (Willi et al., 2007). Hence, it is possible that A.
cotula populations could have received different origins and
have independently experienced genetic drift in the past, causing
trait variation.

Thus, none of the potential drivers of interpopulation A.
cotula trait variation can be ruled out, and it is possible that
several or all contributed to varying degrees. If these factors
are operating simultaneously, they may also interact in their
effects on the weed. Variable farm management practices such
as the timing of planting or other mechanical weed management
inputs in crop fields (Hovick et al., 2018) will be influenced by
climatic and edaphic factors such that both climate and farming
practice together exert unique selection on specific populations.
Variations among populations could reflect long and differing
histories of selection, drift, or pre-adaptation in the native range
before introduction (Keller and Taylor, 2008; Schlaepfer et al.,
2010; Cadotte et al., 2018).

Indian Populations

The Indian populations included in this study and the
PNW populations allow the detection of other potentially
important patterns in A. cotula traits. Most of the traits
including plant height, the total number of branches, first
budding date, first flowering date, anthesis, plant life, flowering
period, last day of flowering, flower size, and the number of
florets in Indian populations were mostly similar with PNW
populations, potentially suggesting that they are genetically
similar with at least some PNW populations. However, Indian
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populations emerged earlier, emitted fewer VOCs, and produced
smaller plant biomass and fewer flower heads than most
PNW populations. Under our experiments conditions, Indian
populations consistently had greater seedling emergence rates
than the 15 PNW populations. The difference in seedling
emergence could reflect differences in age of seed or conditions
of seed collection and storage between Indian and PNW
populations. Indian seeds were collected in 2017, while those
from PNWI1 populations were collected in 2018. Previous
studies have shown that A. cotula germination is lower in
the first year than the second and third year after production
(Roberts and Neilson, 1981). On the other hand, the seedling
emergence of Indian populations was also greater than PNW2
populations which were collected in 2017 or earlier. If an
environmental artifact can be ruled out, the differences between
Indian and PNW populations could reflect differences in selective
regimes invasion histories of A. cotula on the Indian and PNW
collection sites.

Germinability is a crucial reproductive fitness trait. Species
with greater germinability over wider climatic and edaphic
conditions have greater potential invasiveness (PySek and
Richardson, 2008). The Indian populations were from
lower latitude and higher elevation than the PNW sites
(Supplementary Table 1, Supplementary Figure 1) and from
uncultivated habitats with shorter introduction history (ca.
50 years) rather than cultivated agricultural fields with more
extended introduction history (ca.143 years) as in the PNW.
Despite their similar (Mediterranean-like) seasonality, the
climate regimes of the Indian sites are wetter and warmer than
those of PNW sites (Supplementary Table 1). These differences
may have selected for a different emergence rate, at least in the
relatively warm and well-watered conditions of the greenhouse
used in this study. Previous studies have reported that population
origins’ latitude and local environmental conditions could affect
germination rates of seeds (Jonas and Geber, 1999; Gaba et al,,
2017). Early emergence, in general, is typical of invasive species,
particularly in semi-arid ecosystems (Funk, 2013; Gioria and
Pysek, 2017), but as shown in the previous studies (Schutte
et al., 2012; Davis et al., 2013; Hovick et al., 2018), natural (i.e.,
Indian) populations in our research emerged earlier than those
of agricultural (i.e., PNW) populations.

Despite revealing some interesting information on phenotypic
trait variation among A. cotula populations, our study was
limited by not having samples from the native range of A.
cotula. While we have included A. cotula populations from
its two key invading ranges (PNW, USA and Kashmir Valley,
India) with Mediterranean-like climates, we were unable to
obtain seeds from the native range (Mediterranean region) which
would have allowed us to compare the invasive populations
with those of native ones. Even though we included 15 traits
across four phenotypic categories (morphological, phenological,
reproductive, and physiological), we were unable to assess
other traits (e.g., leaf number and specific leaf area, seed
dormancy, stress tolerance etc.) that could also be associated
with the invasiveness of A. cotula. Also, although A. cotula
is globally distributed (Adhikari et al, 2020a), our study
represented only two major continents: North America and

Asia. Nevertheless, our study has provided an important baseline
information on invasive A. cotula traits, and the future studies
are required to investigate more traits of neophytes (i.e.,
introduced after the Columbian Exchange), archaeophytes, and
native populations.

Implications for Weed Management in
PNW and Other Agroecosystems

Whether the trait variation observed among A. cotula
populations resulted from local adaptation to climatic conditions,
farming practices, human-aided movements of seeds, multiple
introductions of genetically unique seed sources, genetic drift,
or some combination of these drivers, the variation could
facilitate A. cotula invasiveness. Trait variation enables the
existence of invasive populations under various competitive
abiotic and biotic conditions (Violle et al., 2012; Lemke et al,,
2015). If the variation in phenotypic traits were a result of
local adaptation, then populations could persist in a wide range
of habitats (Sultan, 1995; Thompson and Fronhofer, 2019),
potentially complicating weed management in highly variable
agricultural landscapes (Clements et al., 2004; Hovick et al,
2018). For example, the adaptation of early and shorter flowering
periods of populations in the drier sites dictates a different
window for herbicide treatments to prevent reseeding than
those in the wetter areas. Also, population-specific differences in
emergence time (i.e., early vs. late) may require site-specific weed
control practices. As A. cotula is an obligate out-crosser and a
generalist species (Kay, 1971; Adhikari et al., 2020a), plasticity,
as expressed by floral scent profiles, could be critical to attract
a wide range of pollinators across sites, which could promote
invasiveness by ensuring high seed set and even competing with
native species for pollination services (Montero-Castano et al.,
2014; David et al., 2017). Hence, the weed management plan
for A. cotula in agricultural fields of the PNW may need to be
tailored to specific locations instead of a uniformly adopted plan
across the region (Sterling et al., 2004). The management plan
should also consider that trait variation is an ongoing process
in response to climatic, edaphic, and management regimes
that potentially facilitate accumulated advantages and promote
weed invasiveness, becoming more challenging to manage
over time.

The human-aided random movement of seeds across various
sites could also complicate weed management plans. For
example, human-aided herbicide-resistant seed movement
among sites or introduction to the new site where frequent
human movement (e.g., with direct road connections and trade
routes) occurs would require similar management practices
such as applying herbicides of similar modes of action than
to the sites with less frequent human movement and with no
herbicide-resistant populations. Some A. cotula populations
in our study differ in herbicide resistance (Adhikari, Burke,
Eigenbrode, unpublished), making the weed more serious
as practices change while the new herbicide chemistries
may not be available as quickly. The trait variation among
the A. cotula population could impede weed management
in different climatic zones, so understanding the biology,
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variability, and whether the weed is currently under selection
for management-important traits across the region will
help implement optimal management during the current

transition of adopting climate-change-resilient diversified
cropping systems.
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