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Abstract

Despite the importance of life-history characteristics in determining a species’ success, we still lack basic information about some fundamental
life-history elements found across the life cycle of introduced plants. Our study assesses rapid evolutionary divergence in life-history charac-
teristics of the beach daisy Arctotheca populifolia by comparing introduced Australian and source South African plants and measuring eight key
variables including seed mass, germination, reproductive output and survival. This is the first study that compares the life history of an intro-
duced plant species with its single original source population, providing a precise and powerful method for detecting evolutionary divergence.
We found that introduced A. populifolia has evolved a suite of weedy life-history characteristics in less than 90 years: the introduced plants use
a live-fast die-young strategy of germination and survival and produce significantly more inflorescences and more seeds that germinate faster.
This knowledge adds to the remarkable data that we already have on the rapid evolutionary divergence occurring in the morphology, physiology
and defence of this introduced plant and highlights the speed and scope of evolutionary divergence possible in plants. To fully understand and
manage the future of our plant species, we must consider their potential for ongoing change in key aspects of life history.
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Introduction including seed mass, germination, reproductive output and
survival.

The South African beach daisy A. populifolia (Asteraceae)
was introduced to Australia in the 1930s, and has since
introduced range can lead to rapid evolutionary changes in ;prl(gaci and bfc?me established algng bthe entire southerg
introduced plant and animal species (Lee 2002; Stockwell et alto Austrg 1a’s east coast (AVH database 2022). We use
al. 2003; Phillips et al. 2006). There have been several ex- ~ COmmon-environment experiments to compare the native and
amples of introduced plant populations undergoing dramatic 1ntrodu§ed _plants but with a novel key addition: instead of
changes in morphology (Dachler and Strong 1997; Buswell ~ comparing introduced plants to plants from across the na-

et al. 2011; Brandenburger et al. 2019b) and there have been tive range, as is usually dope ?n this type of §tudy, we com-
a vast number of studies of enemy release and subsequent pared introduced A. populifolia plants to their actual parent

changes in growth and defence traits in plants (e.g. evolu- population. Comparing introduced plants to native plants
tion of increased competitive ability: EICA; Bossdorf et al. from across a broad range can 1ntroduce variation which can
2005; Colautti e al. 2009). However, there is surprisingly confound the assessment of evolutionary change. Colautti

little information about basic elements of fitness and life his- et al. (2009) gnaly§ed 32 comparisons of native .and intro-
tory such as germination and survival, and no study to our duced populations in common-environment experiments and

knowledge that compares the life history of an introduced f(l).und that amo;lg-popllllaﬁwn I'larlgtlolrl ddlée. tothOngphlc
plant species with its single original source population. Thus, /€S Was so substantial that when included in the analyses,
the overarching aim of our study was to fill this gap in our it could alter the significance, magnitude or even direction of
knowledge by assessing the extent of possible evolutionary ~ SOM€ differences between native and introduced populations.

divergence in the life-history characteristics of introduced Us%ng the actual source populatlon provides an accurate
Arctotheca populifolia. We did this by comparing intro- point of reference against which to assess what changes have

duced and source plants and measuring eight key variables taken place and provides a powerful and precise test of the

By moving species beyond their natural dispersal limits,
humans have unintentionally set up a global experiment
in ecology and evolution. New selective pressures in the
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evolutionary divergence possible since introduction. We as-
sessed eight response variables for our investigation, some of
which are traits (sensu Violle et al. 2007), while others, such
as germination rate and seedling survival, are key aspects of
life-history strategy.

Seed mass is a fundamental trait that correlates with the
timing of germination, initial seedling size, seedling establish-
ment and seedling survival (Harper et al. 1970; Jakobsson and
Eriksson 2000; Leishman et al. 2000; Moles and Leishman
2008). Theory suggests that if introduced plants experience
enemy release, they may allocate resources from defence to
increased growth and/or reproduction (Keane and Crawley
2002), with one possible outcome being the production of
larger seeds in the introduced range (Daws et al. 2007).
Therefore, we predicted that introduced A. populifolia would
have larger seeds than would source A. populifolia.

Germination is a critical stage in the life of any plant, with
germination behaviour affecting establishment and survival
(Crawley 1997). However, the first study comparing the
germination strategies of a species in its introduced and na-
tive ranges was carried out relatively recently (Hierro et al.
2009). These authors found that the germination strategy of
Centaurea solstitialis (Asteraceae) in either range was affected
by the degree of climatic risk experienced by the plants in
their early stage of development, with variation in rainfall
after germination being a critical factor selecting for delayed
germination. Since A. populifolia flowers sporadically all year
round (SANBI database 2017) and can be subject to several
desiccatory stresses including exposure to high temperatures,
high light intensity and wind (Hesp 1991), we would also
expect delayed germination under conditions of increased
climatic risk. However, because introduced A. populifolia
plants in Australia experience rainfall that is two to three
times higher throughout the year than in the native range,
especially in the hotter summer months (Brandenburger et al.
2019b), we predicted that the reduction in climatic risk in the
introduced range would select for seeds that germinate with
less delay and at a higher percentage than source seeds. These
predictions align with a recent review of species in their intro-
duced and native ranges which found a tendency for intro-
duced plants to germinate earlier, at greater percentages and
over a wider range of germination conditions than plants in
the native range (Gioria and Pysek 2017).

The establishment, persistence and spread of any species
are critically dependent on its reproductive output. In the case
of introduced species this is especially crucial—if reproductive
output is low and the founding population is small, then the
introduced species may fail to establish in a new range (Sakai
et al. 2001). According to the EICA hypothesis (Blossey and
Notzold 1993), plants introduced to in a new range should
be able to allocate more resources to reproduction because
they require fewer resources for defence. However, support
for EICA has been mixed. Some studies report that intro-
duced species have the same amount of reproductive output
in their home range as in their introduced range (Maron
et al. 2004; Mason et al. 2008; Felker-Quinn et al. 2013).
However, other studies (Willis and Blossey 1999; Blair and
Wolfe 2004; Stastny et al. 2005), including a meta-analysis
investigating 36 plant species in native and introduced ranges
(Hawkes 2007), report that introduced plants show increased
reproductive output in their new ranges. Therefore, we pre-
dicted that introduced A. populifolia would have a greater
reproductive output than source A. populifolia would.
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Since a previous study found no evidence for higher vegeta-
tive reproduction in the introduced populations (no differ-
ence in total biomass between introduced and source plants;
Brandenburger ef al. 2019b), we predicted that the greater
reproductive output would be allocated to sexual as opposed
to clonal reproduction.

Ever since Baker described his traits of the ideal weed (19635,
1974), introduced plants have been associated with a live-fast,
die-young strategy. Recent evidence of this strategy has been
provided by meta-analyses reporting higher growth rates in
introduced plants (van Kleunen et al. 2010; Felker-Quinn e#
al. 2013), and a previous study on A. populifolia which found
that the introduced Australian plants grow longer than the
source South African plants with the same amount of bio-
mass, indicating a faster growth rate (Brandenburger et al.
2019b). Therefore, our final prediction was that the intro-
duced plants would have a lower rate of survival to the end
of the year-long experiment than would the South African
source plants.

In summary, our hypotheses were that compared to source
plants, introduced plants would have:

1. Larger seeds;

2. A higher per cent of germination with less delay;
3. Greater reproductive output; and

4. Lower rates of survival.

Methods

In previous work, we used microsatellite data to deter-
mine which population of South African A. populifolia was
most likely to be the source for the A. populifolia in eastern
Australia (Brandenburger et al. 2019b). By sampling popula-
tions spanning the whole native range of A. populifolia, we
found that the population in Arniston is at least 10%° times
more likely to be the source population for this introduction
of A. populifolia than any other South African population
studied (Brandenburger et al. 2019b). The 10”-fold differ-
ence is in fact conservative (i.e. probably an underestimate).
The assessment has nothing to do with mutation rates but
is based on the log of odds for the South African location
that is genetically most similar to Australia, versus competing
South African sources, with a deliberate change to make the
test conservative (i.e. making the competitor locations genet-
ically more similar to Australia; for details, see https://dx.doi.
org/10.6084/m9.figshare.c.4392740). Therefore, we set up
a common-environment glasshouse experiment using seeds
collected from Arniston, South Africa and from four popula-
tions spanning 600 km of the introduced range in Australia.
Comparing introduced A. populifolia plants to their actual
source population in Arniston provides a precise and powerful
tool to measure evolutionary divergence in life-history charac-
teristics since introduction and is a method that has been used
in previous studies of the same introduction (Brandenburger
et al. 2019a, b, 2020). Since these three previous studies
showed that 29/30 traits and life-history characteristics do
not differ significantly among the Australian populations
[see Supporting Information—Appendix S1], we adopted the
same method of treating the four Australian populations as a
group in our analyses. All plants were grown under standard
glasshouse conditions at the University of New South Wales,
Sydney, Australia. Temperatures were controlled between
10 °C and 25 °C; daily watering occurred with automatic
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drippers at 5 pm, as well as 9 am in the seedling stages; and all
plants grew in soil with the same composition of river sand,
cocopeat and nutrients. For further experimental details, see
Brandenburger et al. (2019b).

The amount of trait variation observed between different
genotypes of a species can vary according to the environ-
mental conditions under which the populations are grown
(G x E interactions; Pigliucci 2001). The conditions in our
common garden experiment are not characteristic of either
the native or introduced ranges for A. populifolia. Future re-
searchers might attempt a reciprocal transplant experiment,
growing plants from both introduced and native populations
in both Australia and South Africa. However, such an experi-
ment would be logistically challenging (in addition to the time
and expense required to work at field sites over 11 000 km
apart, we would expect survival under natural conditions to
be low), and even if it was permissible to plant imported seeds
from a different country in natural ecosystems, such an ex-
periment would be ethically questionable.

The environment in which a plant grows can affect several
traits of its offspring, despite the genetic make-up of the plant
(Roach and Wulff 1987; Helenurm and Schaal 1996). To
minimize these maternal effects, we first began by using seeds
collected in the field to grow and pollinate a generation of
parent plants under the same controlled conditions as above
to produce standardized seeds for our experiment (for further
details, see Brandenburger et al. 2019b). In October 2012, we
planted 356 parent plants, of which 215 flowered and 186
produced seeds for use in our experiments.

Seed size and germination

We calculated average seed mass by weighing all the air-dried
seeds produced by each parent plant using a Mettler Toledo
XS analytical balance, and then dividing by the number of
seeds produced. We then randomly selected 10 seeds per
Australian parent plant and 15 seeds per South African parent
plant (unless there were not enough in which case, we used
all available seeds) for germination and planting. In total, we
had 1162 seeds from 111 parent plants. On the 3rd and 4th
of December 2013, seeds from each parent plant were placed
together in Petri dishes with moist filter paper and sealed with
Parafilm. Petri dishes were checked every 3—-4 days for ger-
mination, with any seedlings removed for planting. Ten weeks
after first moistening the seeds, 91 % had germinated and
4 % had disintegrated. On the 10th of February 2014, we
tested the remaining 5 % of the seeds (n = 55) for seed via-
bility by slicing them open and staining them with a 0.1 %
solution of tetrazolium chloride which stains respiring tissue
pink (Hoyle 2022). This gave us the number of ungerminated
but still viable seeds. Overall germination was calculated as
(germinated seeds)/(total seeds). We also calculated germin-
ation of viable seeds: (germinated seeds)/(germinated seeds +
ungerminated but still viable seeds).

Reproductive output

We outcrossed all available individuals from each of the five
populations (one South African and four Australian) every
3—-4 days for the duration of the experiment. For each one
of the five populations, we used a paintbrush to brush the
pollen from all flowering individuals into a Petri dish. We
then mixed the pollen and distributed it back to all the avail-
able inflorescences in that population. We used small strips

of coloured electrical tape to tag inflorescences which had
already been pollinated, and small drawstring organza bags
to exclude external pollinators and collect seeds (Fig. 1). We
ceased pollination on the 7th of October 2014 and finalized
seed collection by the 30th of October 2014. To assess the al-
location to reproductive biomass, we then selected a random
subset of plants from each population, separated reproductive
biomass from vegetative biomass and dried the material at
60 °C for 72 h before weighing it. For a standardized com-
parison of the proportion of biomass that plants were allo-
cating to reproduction, we calculated reproductive biomass
(%) as follows: (reproductive biomass)/(total biomass).

To record what percentage of plants flowered, as well as
the number of inflorescences produced by each plant, we
grew another season of experimental plants between the 25th
of November 2014 and the 26th of October 2015. We used
seeds from the same batch as the previous season, and ran-
domly selected five seeds per Australian parent plant and 10
seeds per South African parent plant (unless there were not
enough in which case we used all available seeds) for germin-
ation and planting as before. In total, we had 401 seeds from
80 parent plants. Starting in February 2015 (before flowering
began) and continuing until there was negligible flowering in
both source and introduced plants (the end of May 2015), we
checked the plants every 3-4 days and recorded whether a
plant had flowered and how many inflorescences it had pro-
duced. We used small strips of coloured electrical tape to tag
plants and inflorescences which had already been counted.

Survival

To assess survival we recorded which plants survived until
the harvest in November 2014, 11 months after the plants
first germinated.

A summary of the experimental design [see Supporting
Information—Table S1] and sample sizes for all variables and
populations [see Supporting Information—Table S2] can be
found in Supporting Information.

Data analysis

Depending on the response variable, we analysed the data
with generalized linear mixed models (glmm) or linear
mixed models (Imm) using the ‘lme4’ package in R (Bates
et al. 2015). We used the ‘multcomp’ package (Hothorn et
al. 2008) to run a planned contrast between the one South
African and four Australian populations, conditioning on
family as a random effect. For plants flowering and repro-
ductive biomass, singular fit and convergence errors were
overcome by using the ‘glmmTMB’ package to create gen-
eralized linear mixed models built on the template model
builder (Brooks et al. 2017). Likelihood ratio tests were
then used to test for a ‘country’ effect whilst keeping the
populations as random effects. P-values were adjusted
using the Holm test (1979) to account for multiple hypoth-
esis testing. All analyses were performed using R statistical
software, version 3.5.2 (R Core Team 2019). For each vari-
able, details regarding the data type, data family and the
model we used can be found in Supporting Information—
Table S3.

We checked for variation in the introduced range by com-
paring just the Australian populations according to each of
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Figure 1. lllustration of pollination recording and seed collection
techniques. Small strips of coloured electrical tape were used to tag
inflorescences which had already been pollinated or counted, and small
drawstring organza bags were used to exclude external pollinators and
collect seeds.

the eight variables using one-way ANOVAs. Only two vari-
ables showed strong evidence towards a difference among
Australian populations (Tables S4 and S5). This is in line with
previous work showing that the majority of variables (29/30)
show no significant differences among the four Australian
populations (Brandenburger et al. 2019a, b, 2020; Table
S6). Any differences among Australian populations are in-
corporated in the planned contrast between South African
and Australian populations above. Adjusting P-values with a
Holm adjustment (1979) did not change the significance out-
comes in any of the eight one-way ANOVAs. (For full details,
see Supporting Information—Appendix S1).

Results

Contrary to our expectations, we could not reject the null
hypothesis of zero difference in average seed mass between
source and introduced populations (P = 0.89; Fig. 2A).
However, there were substantial differences in germination
behaviour between the source and introduced populations.
A higher percentage of the introduced seeds (97 %) germin-
ated than did the source seeds (82 %) (P < 0.001, Fig. 2B).
After 10 weeks, 99.5 % of the viable introduced seeds had
germinated, but only 94.5 % of the viable source seeds had
germinated, meaning that 5.5 % of the source seeds had been
delayed for future germination (P < 0.01, Fig. 2C). Consistent
with our hypotheses, we found strong evidence that the
Australian introduced plants outperformed the South African
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source plants for most of the reproductive variables. Almost
all introduced plants (99 %) produced inflorescences, while
only 43 % of source plants flowered (P < 0.01, Fig. 2D).
Introduced plants produced an average of 13 inflorescences
per plant, while source plants only produced an average of
1.2 inflorescences per plant (P < 0.001, Fig. 2E). There was
no evidence to suggest a difference between the reproductive
biomass of the two groups (P = 0.76, Fig. 2F). With experi-
mental outcrossing the introduced plants produced more than
10 times as many seeds as the source plants did (P < 0.001,
Fig. 2G), a substantial relative fitness differential which dem-
onstrates that the genotypic divergence is adaptive, not neu-
tral. Only 74.1 % of the introduced plants survived to the end
of the experiment compared with 86.5 % of the source plants
(P = 0.04, Fig. 2H). Full model outputs including sample sizes
and test statistics are shown in Table 1.

Discussion

In less than 90 years, Australian A. populifolia has evolved a
suite of weedy and seedy life-history characteristics: the plants
use a live-fast die-young strategy of germination and survival,
and compared to the source population, the introduced plants
produce more inflorescences and more seeds that germinate
faster. These trends have been reported for several other intro-
duced plants (Colautti et al. 2006; Parker et al. 2013; Yan
et al. 2016; Burns et al. 2019), and may help to explain the
spread and success of A. populifolia in Australia.

A recent review of species in their introduced and native
ranges found a tendency for introduced plants to germinate
earlier, at greater percentages and over a wider range of ger-
mination conditions than plants in the native range (Gioria
and Pysek 2017). Our results for A. populifolia are in line
with this trend. Not only did the introduced plants have a
higher per cent of germination compared to the source plants
(Fig. 2B), but they also germinated nearly all (99.5 %) of their
viable seeds within the first 10 weeks of the experiment, com-
pared to the source plants which delayed 5.5 % of their seeds
for future germination instead (Fig. 2C). The ‘bet-hedging’
strategy displayed by the source plants is usually attributed to
plants needing to offset the risk of uncertain germination suc-
cess by retaining some seeds for future germination (Venable
2007). The fact that introduced A. populifolia have evolved
to germinate almost all of their viable seeds instead of re-
taining a portion for future germination is consistent with the
idea that they are adapting to a less risky environment than
is experienced by their source population. One possible ex-
planation for this could be that the increased rainfall in the
introduced range (throughout the year but especially in the
hotter months; Brandenburger ez al. 2019b) provides a less
climatically risky environment, especially during germination
when seedlings are likely to be more susceptible to desicca-
tion. However, there may be other abiotic or biotic factors
which could also contribute to a less risky environment in
the introduced range (e.g. heightened reproductive success or
decreased herbivory) which could possibly also contribute to
the earlier emergence and success of introduced A. populifolia
(Verdd and Traveset 20035). At the other end of the life cycle,
introduced A. populifolia also displayed a faster life-history
strategy, with significantly fewer Australian plants surviving
until the end of the experiment compared with South African
plants.
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Figure 2. Life-history characteristics of South African source (green) and Australian introduced (yellow) A. populifolia plants. Boxes represent the 25th
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At nearly every stage of reproduction, introduced produced flowers, each flowering plant produced approxi-
Australian A. populifolia outperformed source South African mately 10-fold as many flowers and seeds, and the resulting
A. populifolia under these growing conditions. More plants seeds germinated faster. Although the search for variables
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Table 1. Full model outputs for all variables showing: mean values for South African (SA) and Australian (AUS) plants; sample sizes (n) for SA and AUS
plants; standard error for the mean difference between the two groups (SA and AUS); test statistics; adjusted P-values using the Holm correction
(Holm 1979) to account for multiple hypothesis testing (no variables changed their significance using the Holm test). Likelihood ratio tests (LR) were
undertaken for the glmmTMB models and planned contrasts (z) were undertaken for the other models.

Variable Unit Mean SA  Mean AUS n SA n AUS Std error  Test statistic ~ Adj
P-value

Average seed mass (g) 7.56 7.59 21 89 0.225 z=0.14 P=0.89
Overall germination (%) 82 97 272 890 0.390 z=4.88 P <0.001
Germination of viable seeds (%) 94.5 99.5 243 870 0.731 z=3.27 P <0.01
Plants flowering (%) 43 99 60 109 1.104 LR =9.46 P <0.01
Inflorescence number 1.2 13 60 109 0.167 z=14.25 P <0.001
Reproductive biomass (% of total biomass) 0.012 0.015 36 41 0.200 LR =0.77 P=0.76
Seed number 0.8 9 39 89 0.478 z=5.17 P <0.001
Survival (%) 86.6 74.2 119 217 0.331 z=-2.44 P =0.04

that were correlated with the success of introduced species
has yielded idiosyncratic results over the last decades (Moles
et al. 2012), in order for any species to survive and spread,
it must be able to reproduce successfully. In addition, there
is much evidence to support the idea that introduced species
can develop an increase in reproductive output (Colautti et al.
2006; Hawkes 2007; Parker et al. 2013), with the tenets of
the EICA hypothesis (fewer resources for defence in the intro-
duced range can lead to more resources for growth and repro-
duction; Blossey and Notzold 1995) often underpinning these
results. Introduced plants must then allocate these resources
in a trade-off between sexual and vegetative reproduction for
the greatest chance of successful establishment in a new range
(Sakai et al. 2001).

We predicted that enemy release (Keane and Crawley 2002)
may allow introduced A. populifolia to allocate more energy
to seed production and thus produce larger seeds. The fact
that introduced A. populifolia produced substantially more
seeds than did native A. populifolia is consistent with the idea
that the introduced population might have more energy avail-
able for reproduction. However, in this case, it appears that se-
lection favoured the production of more seeds rather than the
production of larger seeds (Fig. 2A and G). Similar increases
in seed number rather than seed size have been observed in
other studies, e.g. in Pinus taeda grown under elevated CO,
(Way et al. 2010). However, there are also examples of species
increasing seed mass rather than number when resource avail-
ability is higher (see Venable 1992). The differing results for
different species likely reflect the fact that a species’ seed mass
is the result of a complex interplay of trade-offs and selective
pressures related to seed production, seed predation, seed dis-
persal, survival in soil, germination success and seedling es-
tablishment (Moles and Westoby 2006). In short, it is not so
simple as larger seeds being better than small ones.

In the case of A. populifolia, we found that even though the
introduced plants produce 10 times as many flowers as source
plants, there was no difference between the reproductive bio-
mass produced by each group. One explanation in this case
would be that introduced A. populifolia have evolved to
produce more, smaller flowers using the same amount of avail-
able floral resources (Sargent ez al. 2007). This in turn would
have implications for pollination and seed-set and could be an
interesting area for future research. Another possible explan-
ation is that the very low variation in the introduced range
(Rollins et al. 2013) might have resulted in a lack of suitable

allelic variation at the relevant locus to change total repro-
ductive biomass. In addition, it is not uncommon for related
characteristics to have negative genetic correlations, for ex-
ample leaf thickness versus leaf number (~total leaf biomass)
(Etterson and Shaw 2001). With low variation in the intro-
duced population, breaking out of such a negative correlation
would be unlikely. Interestingly, Rollins et al. (2013) showed
that although many species of introduced populations which
showed adaptation retained 81 % of their genetic diversity,
others can establish and spread successfully even with very
low levels of genetic diversity. In particular, the introduced
populations of A. populifolia in our study only retained <3 %
of their native diversity (H,) after introduction—the lowest
level out of the 36 species that they investigated.

Even though germination, reproduction and survival are
basic elements of a plant’s life history, this is the first study to
our knowledge that compares the life history of an introduced
plant species with its original source population. Instead of
using a broad range of home range populations, we used gen-
etic techniques to pinpoint the single-parent population for
this introduction to provide a precise and powerful assessment
of evolutionary divergence. Our study adds to the remarkable
data that we already have on the rapid evolutionary changes
occurring in the morphology (Brandenburger et al. 2019b),
physiology (Brandenburger et al. 2019a) and defence traits
(Brandenburger et al. 2020) of introduced A. populifolia. This
species now joins a host of other introduced plants and ani-
mals in both terrestrial and marine environments undergoing
dramatic changes—including the cane toad Rhbinella marina
(Phillips et al. 2006; Phillips and Shine 2006), the marine co-
pepod Eurytemora affinis (Lee 1999) and the brown seaweed
Fucus evanescens (Wikstrom et al. 2006).

With evidence that introduced species can still undergo
morphological changes more than a century after introduction
(Flores-Moreno et al. 2015), we can expect that some intro-
duced species will continue to change over time as a result
of various ecological-evolutionary interactions (Lambrinos
2004), including drivers such as rapid environmental change
or an evolutionary arms race between introduced plants and
their competitors or herbivores. Unfortunately, it appears that
policy and conservation biology are only just beginning to
take this into account: more than half of plant invasion im-
pact studies have lasted less than a year, with less than a 10th
being conducted over 4 or more years (Stricker et al. 2015).
If we are to fully understand and manage introduced species,
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then we must consider the speed and scope of their poten-
tial for evolutionary change (Stockwell et al. 2003; Smith and
Bernatchez 2008).
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