Oecologia (2015) 177:669-677
DOI 10.1007/s00442-014-3127-z

POPULATION ECOLOGY - ORIGINAL RESEARCH

Life history trait differentiation and local adaptation in invasive
populations of Ambrosia artemisiifolia in China

Xiao-Meng Li - Deng-Ying She - Da-Yong Zhang -
Wan-Jin Liao

Received: 10 January 2014 / Accepted: 18 October 2014 / Published online: 2 November 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract Local adaptation has been suggested to play
an important role in range expansion, particularly among
invasive species. However, the extent to which local adap-
tation affects the success of an invasive species and the fac-
tors that contribute to local adaptation are still unclear. This
study aimed to investigate a case of population divergence
that may have contributed to the local adaptation of inva-
sive populations of Ambrosia artemisiifolia in China. Com-
mon garden experiments in seven populations indicated cli-
nal variations along latitudinal gradients, with plants from
higher latitudes exhibiting earlier flowering and smaller
sizes at flowering. In reciprocal transplant experiments,
plants of a northern Beijing origin produced more seeds at
their home site than plants of a southern Wuhan origin, and
the Wuhan-origin plants had grown taller at flowering than
the Beijing-origin plants in Wuhan, which is believed to
facilitate pollen dispersal. These results suggest that plants
of Beijing origin may be locally adapted through female
fitness and plants from Wuhan possibly locally adapted
through male fitness. Selection and path analysis suggested
that the phenological and growth traits of both populations
have been influenced by natural selection and that flower-
ing time has played an important role through its direct and
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indirect effects on the relative fitness of each individual.
This study evidences the life history trait differentiation
and local adaptation during range expansion of invasive A.
artemisiifolia in China.
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Introduction

Successful biological invasions are most often associated
with large-scale geographical expansion from newly colo-
nised areas, which usually exposes populations to strong
selection pressures under novel environmental conditions
(Colautti et al. 2010). Local adaptation is considered to be
one of the most important mechanisms underlying the suc-
cessful range expansion of invasive species (Eriksen et al.
2012; Sherrard and Maherali 2012; Colautti and Barrett
2013; Kilkenny and Galloway 2013). A recent study found
clear evidence that the adaptation of invasive species to the
variations in climate conditions encountered during range
expansion has a greater impact on the species’ fitness than
its escape from competitive pressures (Colautti and Barrett
2013). However, local adaptation is not always observed; for
example, common garden and reciprocal transplant experi-
ments revealed no evidence for local adaptation in inva-
sive populations of Buddleja davidii (Ebeling et al. 2011).
Therefore, the extent to which local adaptation affects the
success of an invader varies across different situations. The
degree to which adaptation is a local phenomenon, which
has been identified as one of the 100 fundamental ecological
questions (Sutherland et al. 2013), is also an important con-
cept in invasive biology and requires further study.
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One powerful approach for understanding adaptation
is to identify the agents and targets of natural selection
(Conner and Hartl 2004). For species with large-scale
distributions, natural selection for ecologically important
traits may lead to phenotypic differentiation as a result
of environmental variation along geographic gradients.
According to a number of reports, sets of phenotypic
traits can be genetically differentiated among populations
of different origins in both invasive and non-invasive spe-
cies (Leger and Rice 2007; Gonzalo-Turpin and Hazard
2009; Eriksen et al. 2012). Apart from the studies con-
ducted by Colautti and Barrett (2010, 2013), the effects
of natural selection on phenotypic traits in invasive spe-
cies have rarely been measured. Therefore, the factors
that contribute to local adaptation are still unclear, despite
the importance of adaptation in evolutionary biology and
invasion biology.

Reproductive timing is an important adaptation to variable
conditions along a latitudinal gradient (Griffith and Watson
2005, 2006; Barrett et al. 2008; Colautti and Barrett 2010).
Populations at higher latitudes or elevations might evolve to
mature to seed-producing stages earlier to ensure successful
reproduction in shorter growing seasons, resulting in a cli-
nal pattern of plant size and flowering time (Santamaria et al.
2003; Griffith and Watson 2006; Haggerty and Galloway
2011). A recent study on the invasive species Lythrum sali-
caria demonstrated that the evolution of earlier flowering at
its northern invasion front significantly increased the fitness
of this species and facilitated its range expansion (Colautti
and Barrett 2013). The clinal photoperiod along latitudinal
gradients might also influence the initiation of flowering
(Deen et al. 1998; Santamaria et al. 2003; Haggerty and Gal-
loway 2011). In short-day species in particular, the plants’
initial flowering occurs when the day length decreases to
a critical photoperiod. Different threshold day lengths for
flowering may evolve under different photoperiods at differ-
ent latitudes, which may result in a clinal pattern of flower-
ing time (Deen et al. 1998; Genton et al. 2005a).

Sex allocation, either through investment allocation
or temporal allocation (dichogamy), may exhibit adap-
tive plasticity or differentiation in relation to plant size or
environmental conditions (Friedman and Barrett 2011).
For example, smaller plants may have larger male invest-
ment, because the energetic and temporal limitations of the
smaller plants may impose severe limitations for female
success, as the size-advantage hypothesis and time-com-
mitment hypothesis predict (Paquin and Aarssen 2004).
However, taller wind-pollinated plants may have greater
male investment due to the more effective pollen dis-
persal (Paquin and Aarssen 2004; Friedman and Barrett
2011). Variable sex allocation under diverse environments
has been reported in several species and is thought to be

@ Springer

adaptive (Freeman et al. 1981; Paquin and Aarssen 2004;
Friedman and Barrett 2011).

A. artemisiifolia is an aggressive annual weed native to
North America that has invaded many ecosystems world-
wide, and its wide distribution and disruptiveness to these
ecosystems are of great concern. High levels of genetic
diversity and an outcrossing mating system have been
reported in both native and invasive populations of A. arte-
misiifolia (Genton et al. 2005b; Friedman and Barrett 2008;
Chun et al. 2010; Gaudeul et al. 2011; Gladieux et al. 2011;
Li et al. 2012). Phenotypic differentiation has been found
in A. artemisiifolia populations from different latitudes in
several studies through common garden experiments and
reciprocal transplant experiments (Genton et al. 2005a;
Hodgins and Rieseberg 2011), but the factors underlying
the observed differentiation or local adaptation were not
well assessed. In the present study, local adaptation over
a latitudinal gradient was examined in invasive Chinese A.
artemisiifolia populations through common garden experi-
ments and reciprocal transplant experiments, coupled with
a selection analysis and path analysis on southern and
northern populations. Specifically, we aimed to address the
following two questions:

1. Does genetic differentiation occur along latitudinal
gradients for phenotypic traits?

2. Are populations locally adapted to their sites of origin
in China, and if so, which traits are involved?

Materials and methods

Common ragweed, A. artemisiifolia (Asteraceae), is a
monoecious annual weed in which female flowers are
formed on the leaf and branch axils and male flowers form
racemes on the primary stem and lateral branches (Payne
1963). The first invasive specimen of A. artemisiifolia
collected in China was from Zhejiang Province in 1935,
and this invasive species now exhibits a wide range, from
Guangdong Province in the south to Heilongjiang Province
in the north, covering latitudes ranging from 23°N to 46°N
(Wan et al. 2009).

Common garden experiment

In 2008, we collected seeds from seven geographically
separated populations along a latitudinal cline in China to
perform common garden experiments (Online Resource
1, Table OR1). Seeds were collected from ten to 30 plants
in each population of origin and stored separately for each
maternal family. On 16 April 2009, three randomly selected
seeds from each maternal family were sown per plastic pot
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(350 x 330 mm) after 2 weeks of cold stratification for
each population. The pots were placed at random in the
Beijing Normal University garden (39.96°N, 116.36°E).
Three weeks after planting, the surviving seedlings were
thinned to one plant per pot. For each population, pots in
which none of the three seeds germinated were randomly
filled with a single seedling from another pot with more
than one seedling. As a result, a total of 153 individu-
als from 131 families were investigated (Online Resource
1, Table OR1). The plants were watered as needed during
the growing season. To investigate the variation of phenol-
ogy across the seven populations, we recorded the day of
cotyledon emergence and the first day of flowering for all
153 plants. The flowering time was defined as the number
of days from sowing to the appearance of pollen release.
When the first flower opened, we measured plant height.

Reciprocal transplant experiments

For field reciprocal transplant experiments, we collected
seeds from 12 maternal plants from each of the follow-
ing two A. artemisiifolia populations: one from Beijing
(BJ) in the north and one from Wuhan (WH) in the south
(Online Resource 1, Table OR1). Approximately 15 seeds
from each maternal plant were subjected to cold stratifica-
tion for 2 weeks and then planted in small, soil-filled pots
in a greenhouse in Beijing in April 2011. The emergence of
cotyledons was recorded as germination. In mid-May 2011,
the seedlings with two fully opened cotyledons from each
maternal plant were divided almost evenly into two groups,
with 48 and 50 individuals being transplanted at the Wuhan
and Beijing sites, respectively (Online Resource 1, Table
OR1). At each transplant site, the seedlings from different
origins were planted alternatively at a distance of 1.5 m,
so that every seedling from one origin was surrounded by
four seedlings from another origin. Extra seedlings were
planted around the perimeter of the experimental plots to
reduce edge effects. Ample water was supplied during the
first month after transplantation.

For each plant, we recorded the dates on which the
first male and female flowers began anthesis, which were
defined based on the emergence of pollen release and
forked stigmas, respectively, and quantified the flowering
time as the number of days from sowing to the appearance
of the first flower. Plant height was measured at time of
first flowering, and the senescence time was estimated as
the number of days from sowing to the date when all of
the branches and leaves had perished. The lengths of the
growth and reproductive periods were calculated as the
number of days from germination to senescence and from
the first flowering to senescence, respectively. We estimated
the number of female and male flowers for each plant by

counting the female flowers and measuring the lengths of
male inflorescences on a section of the branches, respec-
tively, just before plant senescence. The branches to be
investigated were selected evenly from different sections of
the plants from the bottom up, and the number of branches
investigated was one-fourth of the number of branches
on that plant. We counted male flowers from a subset of
738 male inflorescences on 64 plants that were randomly
selected from the two origins at the two transplant sites. The
fit of a regression model relating the number of male flow-
ers and raceme length was then assessed (for the BJ-origin
plants at Beijing, ¥ = 8.3 + 8.175X, r* = 0.873, P < 0.01;
for the WH-origin plants at Beijing, Y = 14.365 + 5.407X,
? = 0.836, P < 0.01; for the BJ-origin plants at Wuhan,
Y = 23.078 + 3.058X, r* = 0.656, P < 0.01; and for the
WH-origin plants at Wuhan, ¥ = 16.146 + 4.248X,
P =0.683,P< 0.01), and the number of male flowers was
estimated based on the raceme length recorded for each
plant. The proportion of male flowers was used to estimate
the sex allocation for each plant. When the plants senesced,
we measured plant heights, harvested the aboveground
parts and dried them at 80 °C for 48 h. We weighed the
overall aboveground dry biomass and estimated 1,000-seed
weight and seed number for every plant.

Statistical analyses

To determine whether life history traits varied among popu-
lations originating from different latitudes in the common
garden experiment, the population means and SEs for flow-
ering time and flowering plant height were derived from the
estimated marginal means in a linear mixed model through
restricted maximum likelihood analysis, with the popula-
tion as a fixed effect and the maternal family nested within
the population as a random effect (IBM SPSS Statistics
20). The correlations between the traits and latitudes were
then assessed based on the population means.

To investigate genetic differentiation and environmental
effects on phenological traits (flowering time and senes-
cence time), growth traits (aboveground biomass, flower-
ing plant height and final plant height), reproductive traits
(the proportion of male flowers, 1,000-seed weight at har-
vest and seed number per plant) in the reciprocal transplant
experiments, we performed a generalised linear mixed
model analysis (IBM SPSS Statistics 20) using the trans-
plant site, seed origin and their interaction as fixed effects
and the maternal family nested within the original popu-
lation as a random effect. The data were fit to a binomial
distribution with a logit link function for the proportion of
male flowers. Significant differences between the two origi-
nal populations within the transplant sites were assessed
by comparing the estimated marginal means in the models
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through a least significant difference test (IBM SPSS Sta-
tistics 20). To identify the traits under direct selection that
are likely to represent adaptations to different sites, we
estimated selection gradients (B) for each site as the partial
regression coefficients of the relative fitness on the stand-
ardised characters, including flowering time, senescence
time, aboveground biomass and proportion of male flowers
(Lande and Arnold 1983; Conner and Hartl 2004). Relative
fitness was defined as the individual seed number relative
to the mean seed number for the plants at each site. Pheno-
typic and genotypic  were estimated based on all individu-
als and family means, respectively. A likely path diagram
was then constructed, and a path analysis was performed
to elucidate the direct and indirect effects of the traits on
the relative fitness. The path coefficients were calculated
as regression coefficients in multiple regressions for the
potentially causal traits on the relative fitness and the inter-
mediate traits according to the path diagram for the two
sites (SPSS version 20 Regression) (Mitchell 2001). The
traits were standardized in the path analysis by subtract-
ing the mean of the site from an individual value and then
dividing the difference by the SD of the site.

Results
Latitudinal pattern of phenotypic traits

The traits measured in the common garden experiments in
2009, including flowering time and flowering plant height,
displayed a significant clinal pattern along the latitudinal
gradient (Fig. 1). Plants originating from northern popula-
tions (MD, SP and DD) flowered approximately 40 days
earlier than plants from southern populations (NJ, WH,
JD and NC). The flowering plant height from the northern
populations was approximately half that of the southern
populations.

Differentiation of phenological traits

In the reciprocal transplant experiment, the transplant site
and plant origin significantly affected both flowering time
and senescence time, and the interaction between the two
factors significantly affected flowering time (Table 1). At
the Beijing transplant site, the beginning of flowering var-
ied from 1 to 24 August 2011 for the BJ-origin plants and
from 12 August to 4 September 2011 for the WH-origin
plants. At the Wuhan transplant site, the plants from BJ and
WH began to flower from 29 June to 24 July 2011 and from
5 July to 22 August 2011, respectively. The plants from
BJ flowered earlier (in Beijing, Figy = 6.340, P < 0.05; in
Wuhan, Figy = 27.200, P < 0.001; Fig. 2a) and senesced
earlier (in Beijing, Figy = 6.340, P < 0.05; in Wuhan,
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Fig. 1 Latitudinal variation in a flowering time and b flowering plant
height among Chinese invasive populations of Ambrosia artemisiifo-
lia in a common garden experiment. Data (mean + SE) were derived
from the estimated marginal means in a linear mixed model through
restricted maximum likelihood analysis, with population as a fixed
effect and maternal family nested within the original population as a
random effect. Fitted lines are regression analyses based on the mean
values

F, g4 = 27.200, P < 0.001; Fig. 2b) than those from WH at
both transplant sites. The plants from BJ exhibited shorter
growth periods than those from WH at both sites (in Bei-
jing, Fygy = 7.414, P < 0.01; in Wuhan, F, g, = 4.614,
P < 0.05) but presented longer reproductive periods than
the plants from WH at the Wuhan site (F)g; = 9.258,
P <0.01).

Differentiation of growth traits

The three following growth traits were significantly
affected by the transplant site: aboveground biomass, flow-
ering plant height and final plant height. The origin of the
plants significantly affected flowering plant height and final
plant height, and the effect of the interaction between the
transplant site and plant origin on aboveground biomass
was significant (Table 1). At the Wuhan site, plants origi-
nating from the BJ population displayed shorter flowering
plant height (F, g, = 11.345, P < 0.01; Fig. 2c) and less
aboveground biomass (Fig1 = 7.785, P < 0.01; Fig. 2e)
than WH-origin plants, and plants from the BJ population
were shorter at harvest than WH-origin plants at both trans-
plant sites (in Beijing, F 4 = 6.350, P < 0.05; in Wuhan,
F ¢ = 16.300, P < 0.001; Fig. 2d). At the Beijing site, the
plants of WH origin were slightly taller at flowering than
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Table 1 Results of ANOVA for phenological, growth and reproductive traits of Ambrosia artemisiifolia in the reciprocal transplant experiments

Transplant site

Flowering time (days) Fgq = 321.80%%%*
F| g3 = 426.06%**
F| gy =32.99%%*

F| g6 =24.03%%%

F) g = 52.21%%%

F 79 = 73652.22%%%
F gy = 89.15%**

Fygo = 12.17%%%

Senescence time (days)
Flowering plant height (cm)
Final plant height (cm)
Aboveground biomass (g)
Proportion of male flowers
Seed number per plant
1,000-Seed weight (g)

Origin Transplant site x origin
Fgq = 321.80%%* Fgq = 6.92%%

F| g3 = 8.01%* Fg3=0.07
Fgq=9.93%* Figqa= 175

F g6 = 20.64%%* Flge =245

Fig =357 F g = 3.95%
Fiq9=244 F 79 = 437.95%%*

Fy g =3.007 Fy g = 6.08%
Fgo=T7.14%* Fgo=19.39%%*

A generalised linear mixed model was used, with the transplant site, plant origin and their interaction as fixed effects and maternal family nested
within the origin as a random effect. Data were fitted to a binomial distribution, with a logit link function for the proportion of male flowers trait

Significance levels are indicated:" 0.05 < P <0.10, * P < 0.05, ** P < 0.01, *** P < 0.001
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(a) 120 1 m(b)180' a -e- Beijing
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S § 45 $2 35 -
82 30 s 5
8 g : 8'2 3.0 H
1.5 =~ 25
0 . i 2.0 - .
Beijing Wuhan Beijing Wuhan

Transplant site

Fig. 2a-h Phenotypic traits (mean £ SE) for plants from the two ori-
gins at each transplant site. Values were derived from the estimated
marginal means in a linear mixed model, with transplant site, plant
origin and their interaction as fixed effects and maternal family nested
within the origin as a random effect. Asterisks indicate significant dif-
ferences between the two origins (P < 0.05)

plants of BJ origin (Figq= 3.317, P = 0.072; Fig. 2c), and
aboveground biomass was similar between the two original
populations (F g; = 0.005, P = 0.946; Fig. 2e).

Differentiation of reproductive traits

The transplant site affected all the investigated reproductive
traits, including proportion of male flowers, seed number
and 1,000-seed weight. Only the 1,000-seed weight was
influenced by plant origin. The proportions of male flow-
ers, seed number and 1,000-seed weight were affected by
the interaction between plant origin and the transplant site
(Table 1). Comparisons between the two original popula-
tions indicated that the seed number and 1,000-seed weight
were significantly differentiated. At the Beijing site, plants
from BJ displayed more seeds per plant (F,g, = 6.884,
P < 0.05; Fig. 2g) and a smaller seed size (F gy = 22.857,
P <0.001; Fig. 2h) than those from WH. No difference was
found for the proportion of male flowers (F, ;o = 1.720,
P = 0.193; Fig. 2f) between the BJ and WH plants. At the
Wauhan site, the plants from the two origins displayed simi-
lar seed numbers (F; g, = 0.233, P = 0.631; Fig. 2g) and
1,000-seed weights (Fig0 = 0.368, P = 0.546; Fig. 2h).
The WH plants had a larger proportion of male flowers than
BJ plants (F ;o = 3.308, P = 0.073; Fig. 21).

Selection analysis

The selection analyses based on individual phenotypes
or family means produced similar results for B (Table 2).
At the Beijing site, there was weak selection to decrease
flowering time, both across individual plants (P = 0.031),
and marginally across families (P = 0.099) (Table 2).
Additionally, the direct selection on aboveground bio-
mass and the proportion of male flowers were significant,
with a higher aboveground biomass and lower proportion
of male flowers resulting in increased seed production. At
the Wuhan site, flowering time and senescence time were
significantly selected. Plants showing earlier flowering
and later senescence were favoured in Wuhan. The selec-
tion favoured a lower proportion of male flowers based on

@ Springer



674

Oecologia (2015) 177:669-677

Table 2 Selection gradients (8) for phenotypic selection based on individual phenotypes and genotypic selection based on family means for A.

artemisiifolia at each site in the reciprocal transplant experiments

R? B

Flowering time (days)

Senescence time (days) Aboveground biomass (g)

Proportion of male flowers

Beijing site

Phenotypes 0.849 (P <0.001) —0.098 (P =0.031)

Family means 0.876 (P <0.001) —0.136 (P = 0.099)
Wauhan site

Phenotypes  0.500 (P <0.001) —0.409 (P = 0.002)

Family means 0.472 (P = 0.004) —0.367 (P = 0.029)

0.046 (P = 0.328)
0.062 (P = 0.365)

0.297 (P = 0.013)
0.401 (P = 0.018)

0.412 (P < 0.001)
0.341 (P < 0.001)

—0.282 (P < 0.001)
—0.315 (P < 0.001)

0.178 (P = 0.097)
0.069 (P = 0.544)

—0.219 (P = 0.047)
—0.261 (P = 0.108)

B Were estimated from the partial regression coefficients of a linear multiple regression of relative fitness (seed number) on the four standardised
characters: flowering time, senescence time, aboveground biomass and the proportion of male flowers. The overall and determinate coefficients

for each trait (R?) of the models and significance levels are reported

phenotypes (P = 0.047) and on family means at the Wuhan
site (P = 0.108).

Path analysis indicated that the traits under direct
selection at each site were correlated with flowering time
either directly or indirectly (Fig. 3; Tables OR2, 3, Online
Resource 1). At the Beijing site, aboveground biomass
was strongly selected, with larger plant sizes leading to
greater seed production. Aboveground biomass could be
increased by later flowering through increased plant size
at flowering (Fig. 3a; flowering time — flowering plant
height — aboveground biomass). However, flowering time
had a direct negative effect on aboveground biomass in our
experiment (Fig. 3a; flowering time — aboveground bio-
mass). The proportion of male flowers displayed a strong
negative correlation with relative fitness. At the Wuhan
site, two phenological traits, flowering time and senescence
time, were strongly directly selected, with earlier flower-
ing and later senescence leading to increased seed produc-
tion. However, senescence time was significantly correlated
with flowering time, with later flowering leading to later
senescence and greater seed production (Fig. 3b; flowering
time — senescence time — relative fitness). On the other
hand, the proportion of male flowers, which was negatively
correlated with relative fitness, was influenced by the final
plant height and senescence time. Specifically, plants flow-
ering later presented greater final plant heights and larger
proportion of male flowers (Fig. 3b; flowering time — final
plant height — proportion of male flowers); on the other
hand, plants flowering later led to later senescence and
less proportion of male flowers (Fig. 3b; flowering
time — senescence time — proportion of male flowers).

Discussion

Several studies have provided evidence of genetic differ-
entiation in the life history traits of invasive plants in both
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their native and invasive ranges (Leger and Rice 2007;
Colautti and Barrett 2010; Eriksen et al. 2012). The pre-
sent study clearly demonstrated genetic differentiation in
several life history traits among A. artemisiifolia popula-
tions along a latitudinal gradient within the invasive range
of this species in China (Figs. 1, 2; Online Resource 2).
These results are consistent with those from common gar-
den experiments performed on A. artemisiifolia that indi-
cated a negative correlation between the flowering time
and latitude of origin (Genton et al. 2005a; Hodgins and
Rieseberg 2011).

Furthermore, meta-analyses of local adaptation in
plants revealed that the local plants generally performed
better than introduced plants at their site of origin, but at
a lower frequency than is commonly assumed (Leimu and
Fischer 2008; Hereford 2009), and the results of our recip-
rocal transplant experiments suggest that the BJ and WH
populations may be locally adapted to their habitats accord-
ing to the ‘local vs. foreign’ criterion (Kawecki and Ebert
2004). In this study, the greater seed production observed
in BJ-origin plants at their home site indicated adapta-
tion of the BJ population to their site of origin through
female function (Fig. 2g), since seed production has been
thought as a good estimate of female fitness. On the other
hand, although we lacked direct quantification of male fit-
ness, the greater flowering plant height recorded in WH-
origin plants may indicate local adaptation to the Wuhan
site through male fitness, given that increased height can
increase male fitness returns through more efficient pollen
dispersal (Klinkhamer et al. 1997; Friedman and Barrett
2011). The slightly higher proportion of male flowers of
WH-origin plants also implied that they may exhibit higher
male fitness than BJ plants at the Wuhan site. Furthermore,
the interaction between plant origin and transplant site was
significant for the seed number (Table 1), which also sug-
gested local adaptation because an interaction between
genotype and environment for fitness is thought to be a
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Fig. 3 Results of path analysis
for significant determinants of
relative fitness in population of
A. artemisiifolia grown in com-
mon gardens at a Beijing and

b Wuhan. Relative fitness was
estimated based on seed num-
ber. Line thickness indicates the
magnitude of path coefficients.
Solid lines indicate positive
correlations and dotted lines
negative correlations. Values
above each line are partial cor-
relation coefficients; asterisks
indicate significance: *P < 0.05,
*#P < 0.01, ***P < 0.001

time

Floweirng plant
height

0.924***

(b) Wuhan transplant site

0.473**

Flowering plant
height

0.702***

prerequisite for local adaptation (Kawecki and Ebert 2004).
A previous study by our group comparing the genetic vari-
ation between introduced and native populations of A. arte-
misiifolia demonstrated that the Chinese populations pre-
sented a similar genetic diversity to and twice the genetic
differentiation of the native populations (Li et al. 2012).
These results suggested that there is sufficient genetic vari-
ation on which selection can act and that more restricted
gene flow exists in Chinese invasive populations than in
native populations in North America. Taken together, the
results of these studies may support the occurrence of
local adaptation in Chinese invasive populations. Local
adaptation has also been suggested in European invasive
populations of this species (Genton et al. 2005a; Hodgins
and Rieseberg 2011). Although it was previously reported
that maternal effects were not strong in a common garden
experiment on A. artemisiifolia (Hodgins and Rieseberg

(a) Beijing transplant site

0.458y

Flowering

Final plant height

Flowering

Final plant height

Coefficient value
<0.20

0.20 - 0.40
0.40-0.60
>0.60

Senescence
time

Proportion of
male flowers

A3
. *kKk
0.282

relative fitness

0.412***

Aboveground
biomass

Senescence

Proportion of
male flowers

Aboveground
biomass

2011), measurement of the maternal effects involved would
make the findings of this study more convincing.
Remarkably, through selection analysis and path analy-
sis, the present study showed that the flowering and senes-
cence time, aboveground biomass and proportion of male
flowers may contribute to local adaptation in Chinese inva-
sive populations (Table 2). In Beijing, where the growing
season is shorter with cooler temperatures, early flowering
plants could increase the length of the reproductive period
and consequently produce more seeds (Griffith and Wat-
son 2005). Furthermore, flowering time may have indirect
effects on female fitness through aboveground biomass.
On one hand, earlier flowering plants may evolve to grow
faster (Online Resource 2; Fig. OR1) and hence lead to
more biomass (Fig. 3a); on the other hand, earlier flowering
means a shorter period of vegetative growth and thus may
show a smaller plant size, which tends to decrease biomass
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(Fig. 3a). In our experiment, the negative effect of flower-
ing time on fitness (—0.449, calculated from the sum of
the direct effect of flowering time on relative fitness and its
indirect effect through aboveground biomass) was slightly
larger than the positive effect (0.367, calculated from the
indirect effect of flowering time on relative fitness through
the flowering plant height and aboveground biomass), sug-
gesting that earlier flowering may be favoured in Beijing at
higher latitudes (Fig. 3a).

In the selection analysis, we found that earlier flower-
ing and later senescence were directly selected in Wuhan
(Table 2). Because of the longer and warmer growing sea-
son of Wuhan, earlier flowering and later senescence may
lead to a longer reproductive period and, hence, increased
seed production, consistent with the time-commitment
hypothesis (Paquin and Aarssen 2004). However, the selec-
tion for earlier flowering in Wuhan was estimated by using
seed number as an index of fitness, which is an estimate
of female fitness. The results of our reciprocal transplant
experiments indicated that plants originating from WH may
adapt through male function (Fig. 2). We found that final
plant height (which was indirectly but positively influenced
by flowering time) had a significant effect on the propor-
tion of male flowers at the Wuhan site, which conformed
to the ‘size-dependent’ hypothesis of sex allocation (Paquin
and Aarssen 2004; Friedman and Barrett 2011). Mean-
while, senescence time, which was correlated with flower-
ing time, was negatively correlated with the proportion of
male flowers (Fig. 3b). This result was also consistent with
the time-commitment hypothesis which presumes a shorter
time commitment for male function than female function
(Paquin and Aarssen 2004) (Fig. 3b). Overall, the indirect
effects of flowering time on the proportion of male flow-
ers through flowering plant height and final plant height
(0.439) were stronger than the effects via senescence time
(—0.198), suggesting that later flowering was favoured in
the WH population, which may have adapted to its habitat
through male function.

These results demonstrate the importance of flowering
time in both male and female functions. A previous study
detected significant selection on the time to first flower
and vegetative size at flowering based on direct meas-
urements of natural selection on phenotypic traits in the
invasive plant L. salicaria (Colautti and Barrett 2010). A
further study on L. salicaria showed that the rapid evolu-
tion of earlier flowering at the northern invasion front of
this species increased the fitness of northern versus south-
ern populations by as much as 37-fold (Colautti and Bar-
rett 2013). Thus, flowering time is a trait that is likely to
be under selection and may exhibit greater variation under
novel conditions (Kollmann and Banuelos 2004; Samis
et al. 2012; Novy et al. 2013), which is consistent with the
results of the present study (Fig. 3). Our findings suggest

@ Springer

the existence of significant selection on flowering time and
a latitudinal cline of phenological traits, providing evidence
of the important role of the rapid evolution of flowering
time as a local adaptation of invasive A. artemisiifolia dur-
ing the spread of this species in China.
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