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Summary

� Climate warming may affect biological invasions by altering competition between native

and non-native species, but these effects may depend on biotic interactions.
� In field surveys at 33 sites in China along a latitudinal and temperature gradient from 21°N
to 30.5°N and a 2-yr field experiment at 30.5°N, we tested the role of the biocontrol beetle

Agasicles hygrophila in mediating warming effects on competition between the invasive plant

Alternanthera philoxeroides and the native plant Alternanthera sessilis.
� In surveys, native populations were perennial below 25.8°N but only annual populations

were found above 26.5°N where the invader dominated the community. Beetles were present

throughout the gradient. Experimental warming (+ 1.8°C) increased native plant performance

directly by shifting its lifecycle from annual to perennial, and indirectly by releasing the native

from competition via disproportionate increases in herbivory on the invader. Consequently,

warming shifted the plant community from invader-dominated to native-dominated but only

in the presence of the beetle.
� Our results show that herbivores can play a critical role in determining warming effects on

plant communities and species invasions. Understanding how biotic interactions shape

responses of communities to climate change is crucial for predicting the risk of plant invasions.

Introduction

Ecological studies that predict responses of non-native species
invasions to climate change are critical for invasive species man-
agement and native species conservation. Climate change has
been shown to facilitate non-native species’ spread to higher lati-
tudes or elevations in invaded ranges or to new ranges, and thus
is expected to exacerbate their detrimental effects (Hellmann
et al., 2008; Walther et al., 2009). In the context of non-native
species invasions with climate change, emphasis has been placed
on the questions of how distribution and performance of non-
native species will respond directly to climate change (Bradley
et al., 2010). A great deal of effort has been devoted, therefore, to
estimating non-native species’ dispersal and performance poten-
tial under changing climate with experimental, observational and
modeling studies (Smith et al., 2000; Dukes et al., 2011; Chown
et al., 2012; Sandel & Dangremond, 2012; Concilio et al.,
2013). However, the success and consequent impacts of non-
native species in new environments are determined by interac-
tions with native competitors and natural enemies (i.e. pathogens
and herbivores) in addition to climate (Kolar & Lodge, 2001;
Eskelinen & Harrison, 2013). Moreover, a large body of studies
has demonstrated the crucial role of biotic interactions (e.g. facili-
tation, competition and herbivory) in mediating responses of

native plant species and communities to climate change (Peters
et al., 2006; Post & Pedersen, 2008; Spasojevic et al., 2014;
Alexander et al., 2015). How biotic factors – specifically native
competitors and herbivores – affect non-native plant species inva-
sions under changing climate has received comparatively little
attention (but see Morri€en et al., 2010; Ortega et al., 2012; Lu
et al., 2013) and has largely been overlooked in modeling and
experimental studies.

Native competitors (e.g. coexisting native plant species) act as
an important biotic filter against non-native species invasions
(Kolar & Lodge, 2001). The impact of climate change on com-
petition between native and non-native plant species depends on
their relative sensitivity to climate change as a function of their
physiological and morphological traits (Soudzilovskaia et al.,
2013). Compared with co-occurring native species, non-native
invasive species as a group generally show higher resource-use
efficiency, growth rates and phenotypic plasticity, and earlier
emergence (also known as seasonal priority), and these traits have
been shown to confer competitive advantages to non-native inva-
sive species (Wolkovich & Cleland, 2011; Drenovsky et al.,
2012; Ordonez & Olff, 2013). Climate change is expected to
favor plants with these functional traits and thus to further bene-
fit non-native invasive species at the cost of native species (Dukes
& Mooney, 1999; Walther et al., 2009). However, in a
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meta-analysis including 157 non-native species and 204
co-occurring native species, Sorte et al. (2013) found that
co-occurring non-native and native species respond similarly to
climate changes (e.g. increases in temperature or CO2) in terres-
trial habitats, although non-native species show stronger
responses in aquatic habitats. The inconsistency between theoret-
ical predictions and empirical findings highlights the importance
of studies of functional traits associated with non-native species
success that interact with climate change.

Natural enemies (e.g. herbivores and pathogens) are another
important biotic factor that regulates native plant community
composition (Peters et al., 2006; Post & Pedersen, 2008) and
could also be a crucial determinant of non-native species inva-
sions under climate change (Morri€en et al., 2010; Lu et al.,
2013). Leaving behind their coevolved specialist enemies is recog-
nized as an important reason underlying the success of non-native
species in new environments (Enemy release hypothesis; Keane
& Crawley, 2002), whereas biotic resistance arising from native
herbivores has been proposed to explain their failure (Biotic resis-
tance hypothesis; reviewed by Maron & Vil�a, 2001). Climate
change, such as warming, can increase herbivore population sizes
(Lu et al., 2013) and alter their host preferences (Peters et al.,
2006), and thus may increase herbivore impacts on preferred
hosts and change their role in non-native species invasions (Fey
& Herren, 2014). If insects, such as coevolved specialists intro-
duced for biological control, prefer invasive species (major or tar-
get hosts) over native species (minor or nontarget hosts),
warming may enhance herbivore impacts on invasive species and
indirectly benefit native species by releasing the native species
from competition. To date, however, tests of these predictions
and evidence from field studies are rare.

Field sampling along latitudinal gradients and in situ warming
experiments are the main approaches to examining impacts of
warming on species and communities in terrestrial ecosystems
(De Frenne et al., 2013; Elmendorf et al., 2015). Field surveys
along latitudinal gradients with variation in temperature can
provide invaluable information about temperature impacts on
species and communities at large spatial and temporal scales (De
Frenne et al., 2013). If temperature is the major driver affecting
latitudinal patterns of plants, insects and their interactions, field
surveys across latitudes may help to unravel the current effects of
climate warming and predict future trends. However, climate
variables besides temperature (e.g. precipitation) may also change
along latitudinal gradients and separating temperature effects
from those of other factors can be complicated. In situ warming
experiments, however, can disentangle temperature effects from
other environmental factors that co-vary along latitudinal gradi-
ents (De Frenne et al., 2013). Thus, combining field surveys
along latitudinal gradients with an in situ warming experiment
can provide powerful information that can improve predictions
of climate warming impacts on plant species and communities in
terrestrial ecosystems (De Frenne et al., 2013).

Here we conducted two field surveys along a latitudinal gradi-
ent and a warming experiment in China to test the impacts of
warming on competition between the global invader
Alternanthera philoxeroides (Amaranthaceae, alligatorweed) and

its native congener A. sessilis (Amaranthaceae, sessile joyweed) in
the presence or absence of the biocontrol beetle Agasicles
hygrophila (Coleoptera: Chrysomelidae, alligatorweed flea beetle).
A. hygrophila infests both A. philoxeroides and A. sessilis, and uses
the invasive species as its major host in China (Wu et al., 1994;
Lu et al., 2015). In previous studies, we found that warming has
triggered range expansion of A. hygrophila (from 28°N to
31.8°N) and A. philoxeroides (from 34.7°N to 36.8°N), and
could increase the beetle’s population size and damage on both
the invasive and the native species by enabling the beetle to over-
winter at higher latitudes (Lu et al., 2013, 2015). What remains
unclear is how the beetle affects competition between the native
and non-native species with climate warming.

In this study, our extensive field surveys along a latitudinal gra-
dient from southern to central China (21°N to 30.5°N) aimed to
examine the current impact of climate on abundance of
A. hygrophila and the performance of A. philoxeroides and
A. sessilis. To test the impact of warming on competition between
these plant species and investigate the role of the herbivore, we
conducted a 2-yr field warming experiment in central China.
Specifically, we asked: first, how does warming directly affect the
native and invasive plant species and their competition? Second,
how does warming indirectly affect the native species via changes
in competitive ability of the invasive species in the presence or
absence of the beetle?

Materials and Methods

Study species

Alternanthera sessilis (L.) R.Br. ex DC., an annual or perennial
herb native to Asia, propagates from seeds or stem buds. It can
grow in both terrestrial and aquatic habitats, but rarely occurs in
aquatic habitats in China. Alternanthera philoxeroides (Mart.)
Griseb, native to South America, can grow in both terrestrial and
aquatic habitats and has invaded 30 countries (Julien et al.,
1995). The plant propagates solely by vegetative means from
stem buds in introduced ranges, although it produces seeds in its
native ranges (Julien et al., 1995). Relative to its native congener,
A. philoxeroides has greater phenotypic plasticity to changes in
water availability (Geng et al., 2006) and is more tolerant of her-
bivory (Sun et al., 2010). But, in a 1-yr field experiment, we
found A. sessilis to be more competitive than A. philoxeroides due
to a higher number of stems (Lu et al., 2014). In China, A. sessilis
and A. philoxeroides co-occur in regions up to 36.6°N and both
can be damaged by the introduced biocontrol beetle A.
hygrophila Selman and Vogt and native insects including Cassida
piperata Hope (Coleoptera: Cassididae) and Hymenia recurvalis
Fabricius (Lepidoptera: Pyralidae) (Lu et al., 2015). In the area
below 31.4°N, A. sessilis and A. philoxeroides are damaged mainly
by the introduced beetle (Lu et al., 2015).

Agasicles hygrophila, native to South America, has been released
to control A. philoxeroides in North America (1964), Australia
(1976) and New Zealand (1982) (Julien et al., 1995). The beetle
was released in China in 1986. However, so far the beetle has
suppressed the weed only in aquatic habitats in warm regions and
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appears to have limited impacts in terrestrial habitats, partially as
a result of high plant tolerance and low beetle population size (Lu
& Ding, 2010). In China, lab bioassays and field surveys found
that the beetle can only feed and establish populations on
A. sessilis and A. philoxeroides (Wu et al., 1994; Lu et al., 2015).
Beetle adults and larvae feed on leaves and stems, causing defolia-
tion and stem damage. Newly developed adults cut emergence
holes in stems, causing stem damage and allowing entry of rot-
causing organisms (Julien et al., 1995). The third instar larvae
pupate in stems of host plants. The beetle overwinters in living
invasive host stems as larvae, pupae and adults, or in the underly-
ing soil surface as adults in tropical regions (Liu et al., 2010),
whereas it cannot overwinter in terrestrial habitats in temperate
regions such as central China (Lu et al., 2013). Our previous field
experiments demonstrated that warming could enable the beetle
to overwinter in terrestrial habitats in temperate regions and
therefore increase both the beetle’s control efficacy on
A. philoxeroides (Lu et al., 2013) and attack on the nontarget
plant A. sessilis (Lu et al., 2015).

Field surveys

In order to explore warming impacts on competition between the
two plant species at large spatial scales, we carried out two field
surveys along a latitudinal gradient from 21°N to 33°N in China
in 2013 in terrestrial habitats. From 13 to 28 April, we selected
sites randomly along the latitudinal gradient so that were multi-
ple locations (larger than 109 10 m, at least 10 km apart) within
each 1° of latitude that could potentially contain the target
species (see Supporting Information Fig. S1). If none of the three
species could be found, we selected a different location. In total
we conducted the April field survey at 33 sites. In August to
September, we surveyed the same sites except for two that were
destroyed. During both surveys, A. hygrophila was the major
defoliator on the two plant species within the whole latitudinal
range. In the April survey, we detected A. hygrophila only on the
two plant species, whereas in the August to September survey we
also observed some native insects, including C. piperata and
H. recurvalis, but in low abundances on the two plants.

Our field survey sites ranged from tropical to temperate
regions. Given that various climate variables could significantly
affect native species life history and plant competition in our
study system (Lu et al., 2015), we obtained the following data for
the past 50 yr for our survey sites from the National Meteorologi-
cal Center of China (http://www.nmc.cn/): annual minimum
and maximum temperatures, annual average (average of monthly
values) minimum and maximum temperatures, and annual pre-
cipitation.

Data collection for field surveys

In the April survey, we measured cover and stem length of each
plant species (in our survey sites we observed only the native and
invasive species), whereas in the August to September survey we
measured plant cover only. In each location, we chose 10–15
quadrats (0.59 0.5 m) randomly along two or three 10-m

transects (spaced at least 3 m apart). We measured plant cover
and beetle abundance (number of adults, larvae and eggs of
A. hygrophila) by placing a 0.59 0.5 m frame with 100 cells
(each 59 5 cm) above the canopy in each quadrat. We visually
estimated the percentage cover of each plant species in all cells,
and summed across cells to obtain total cover for each plant
species in each quadrat. In addition, we counted the beetle in all
cells and summed across cells to obtain total numbers for each
quadrat. We collected six stems of each plant species in the center
of each quadrat if available in the April survey and measured their
lengths.

Data analysis for field surveys

We used the Statistical Analysis System (SAS v.9.4; SAS Institute,
Cary, NC, USA) to conduct all data analyses. To examine sea-
sonal priority due to earlier emergence of the non-native invasive
species relative to the native species in the April 2013 field survey,
we calculated the differences in their stem lengths (native species
stem length – invasive species stem length). We treated stem
length of the native species as zero in the areas (above 27°N)
where it had not yet emerged during our field survey. We
regressed native species stem length (April 2013), the difference
in native vs invasive stem lengths (April 2013), native and inva-
sive species cover (each survey separately), the ratio of native vs
total cover (i.e. native cover + invader cover) (each survey sepa-
rately), beetle abundance (each survey separately) and climate
variables against latitude. We also used multiple regressions to
test the effects of annual minimum and maximum temperatures,
annual average minimum and maximum temperatures, and
annual precipitation on these plant and beetle variables in the
April and August to September surveys separately with stepwise,
backward and forward methods. We log10-transformed data for
native and invasive species cover and the ratio of native vs total
cover, and square-root transformed data for beetle abundance.

Field experiment

In order to determine how warming and herbivores affect compe-
tition between the native and invasive species, we established a
warming experiment in the same field as Lu et al. (2013) in
Wuhan, China (30°32044.5″N, 114°24045.6″E). We conducted
the experiment from May 2012 to November 2013. We estab-
lished twelve 39 4 m experimental plots (3 m apart; six warmed,
six ambient temperature) in a mowed and hand weeded field
(209 30 m) and set four 1.09 1.0 m subplots (0.5 m apart) in
each plot (Fig. S2). We buried plastic edging (0.5 cm thick,
35 cm deep) to delineate subplots and exclude neighboring
plants.

The experiment was a split-plot design with warming (warm
vs ambient) as a whole-plot factor, plant planting style (native
only, invader only and mixture) crossed with herbivore treat-
ments (beetles present or absent) as split-plot factors, with four
replicates of each treatment combination (Fig. S2). We heated
warming plots with MSR-2420 infrared radiators (Kalglo Elec-
tronics, Bethlehem, PA, USA) for 24 h d�1 from 27 June 2012
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to the end of the experiment. We suspended heaters at a height
of 2.25 m and set them at a radiation output of 2000W. In con-
trol plots, we used dummy heaters of the same size and shape to
control for shading effects. Warming by infrared heaters has been
reported to cause reduction in soil water content (Wan et al.,
2002) and may complicate warming impacts; therefore, we
watered the plots with a sprinkler irrigation system when neces-
sary throughout the experiment. We monitored soil temperature
and moisture at 10 cm depth in the center of one randomly
selected subplot in each plot during the trial (for details see Lu
et al., 2015). Data indicated that heaters increased soil tempera-
ture at 10 cm depth by 2.5°C in winter (December–February),
1.1°C in summer (June to August) and 1.8°C on average
throughout the trial, but they did not affect soil moisture (for
details, see Lu et al., 2015). The temperature of Wuhan is pre-
dicted to increase 1.5–3°C in winter and 1.5–2°C in summer by
2065 (IPCC, 2013).

We assigned each subplot randomly to one of six treatment
combinations: undamaged control, A. philoxeroides; herbivory,
A. philoxeroides; undamaged control, A. sessilis; herbivory,
A. sessilis; undamaged control, A. philoxeroides + A. sessilis; or her-
bivory, A. philoxeroides + A. sessilis. Each plot received four of the
six split-plot treatment combinations and caused the design to
be unbalanced. This type of unbalanced split-plot design is ana-
lyzed with the same approach as a balanced split-plot design (in-
cluding a term for plot as a random factor nested in warming;
Milliken & Johnson, 2009). We planted two individuals of the
same (monoculture) or different (mixture) plant species in
opposite corners of 0.59 0.5 m quadrats positioned in the cen-
ter of each subplot on 27 June 2012. Both the native and inva-
sive species are creeping plants and one individual could occupy
a large area in the field. In our previous studies we found that
two individuals of each species could fully cover an area of
1.09 1.0 m within one growing season (X. Lu & J. Ding,
unpublished data). We propagated seedlings of the native
species from seeds that we collected from the same plant indi-
vidual in December 2011, whereas we propagated seedlings of
the invader from cut stems. At the experimental site, the native
species propagates only from seeds, whereas the invader propa-
gates from overwintering internodes or belowground tissues.
We collected all plant materials from the same field in Wuhan.
We propagated seedlings of both species in a naturally lit,
unheated glasshouse. We caged all subplots immediately after
planting with 19 19 1 m nylon cages. For each warming treat-
ment (ambient and warming), we randomly selected half of the
subplots to receive the herbivory treatment and treated the
remaining subplots as undamaged controls. Herbivore subplots
received two pairs of newly mated A. hygrophila on 24 August
2012. These beetles were offspring of field collected individuals
from local populations reared on their original host plant
A. philoxeroides in screen cages.

Data collection for field experiment

In order to test impacts of warming and herbivory on plant com-
petition, we measured plant cover by species on 11 September

2012, and on 4 January; 8, 15, 22 March; 1, 17 April; 13, 28
May; and 4 November 2013 with the same quadrat method as
used in the field survey. To test warming impacts on plant phe-
nology, we counted the number of sprouted overwintering buds
for each plant species and seedlings germinated from seeds for
the native species with the same quadrat methods from 8 March
to 17 April 2013.

In order to estimate the impacts of treatments on beetle abun-
dance and to minimize disturbance, we counted beetle emergence
holes on each plant species for each herbivore treatment subplot
in December 2012 and late November 2013 when the beetles
had diapaused. We placed a 0.59 0.5 m frame with 100 cells
(each 59 5 cm) above the canopy in the middle of each subplot,
visually counted beetle emergence holes in all cells and summed
across cells to obtain the total number in each quadrat. In 2013,
the emergence holes formed mostly on new shoots because those
formed in 2012 had disappeared when the old shoots decom-
posed. During the whole trial, neither the native nor invasive
species experienced total loss of aboveground tissues (i.e. leaves
and stems) due to herbivory, because both plant species could
recover rapidly from defoliation (Lu & Ding, 2010; Lu et al.,
2014).

In November 2013, we counted native species flower number
in each subplot by the quadrat method, and we counted seed
numbers for 10 randomly selected flowers in each subplot. Then
we harvested all the aboveground tissues and sorted them to
species. Aboveground tissues of the two plant species can be dis-
tinguished easily by their morphology. Then we dried plant
aboveground tissues at 80°C for 48 h, and weighed them.

Data analysis for field experiment

We used mixed ANOVAs to test the impact of warming (whole-
plot), plant species (split-plot factor), herbivore (split-plot fac-
tor), and their interactions (split-plot factor) on inter-annual
change in plant cover (cover at the end of the second year – cover
at the end of the first year) and plant aboveground biomass in
monocultures and mixtures separately. We tested impacts of
warming, herbivore, plant planting style (split-plot factor) and
their interactions (split-plot factor) on the numbers of sprouted
overwintering buds (in April), seedlings germinated from seeds
(in April), flowers and seeds of the native with other mixed
ANOVAs. We used mixed ANOVAs to test dependence of beetle
abundance (emergence holes/average cover) on warming, plant
planting type, plant species nested in plant planting type,and
their interactions for each year separately. When significant inter-
active effects occurred, we examined differences among treatment
combinations using adjusted means partial difference tests
(P < 0.05). Data were square-root or log-transformed when nec-
essary to meet assumptions of normality and homogeneity of
variances.

In order to evaluate the role of warming and herbivore on
competitive ability of the native species relative to the co-
occurring invasive species, we calculated competitive ratio (CR)
as (native species biomass in mixture/native species biomass in
monoculture) � (invasive species biomass in mixture/invasive
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species biomass in monoculture) (Willey & Rao, 1980). A
CR < 1 indicates that the native species is less competitive than
the co-occurring invasive species and a CR > 1 indicates that the
native species is more competitive than the co-occurring invasive
species (Willey & Rao, 1980).

In order to determine the mechanisms underlying the observed
impacts of warming on the native and invasive species and their
competition, we fitted a structural equation model (SEM) to
specifically test for direct effects of warming on the native species
and indirect effects mediated through the beetle and invasive
species. SEM is a technique used for specifying and estimating
models of direct and indirect linear relationships among vari-
ables. SEM can divide net effects into direct and indirect effects,
and estimating their relative importance and thus is increasingly
being chosen by researchers as a framework for understanding
causal processes (Alsterberg et al., 2013).

Results

Field surveys

Native plant life history shifted from annual to perennial with
decreasing latitude, and the invader dominated plant communi-
ties only at high latitudes. In the April survey, there were negative
relationships between latitude and native species stem length
(R2 = 0.5748, P < 0.0001) and stem length difference (R2 =
0.3252, P = 0.0015) (Fig. 1a). Moreover, native species popula-
tions were perennial below 25.8°N (individuals from buds and
seeds) but only annual populations (individuals only from seeds)
were found between 26.5°N and 26.9°N (Fig. 1b). In the area
above 26.9°N we observed only the invasive species (Fig. 1c). In
the August–September survey, native species cover (R2 = 0.2232,
P = 0.0073; Fig. 1c) and the ratio of native to total cover
(R2 = 0.1722, P = 0.0203) decreased and invasive species cover

marginally (R2 = 0.1196, P = 0.0566; Fig. 1d) increased as
latitude increased. Beetle abundance did not depend on latitude
as a linear or quadratic function for either year (all P > 0.05;
Fig. 1d).

Annual minimum (�1.42°C/° latitude; R2 = 0.8985,
P < 0.0001), annual average minimum (–0.89; R2 = 0.8678,
P < 0.0001) and annual average maximum temperatures (–0.85;
R2 = 0.8790, P < 0.0001), and annual precipitation (�57.9mm/°
latitude; R2 = 0.4057, P < 0.0001) decreased, whereas annual
maximum temperatures increased (+0.10; R2 = 0.0800,
P = 0.0224, Fig. S1) with increased latitude.

The observed competition patterns between the two species
along the latitudinal gradient were driven mainly by temperature
change. Multiple regressions with stepwise, backward and for-
ward methods all came up with the same results, which indicated
that the observed patterns were driven by temperature and pre-
cipitation changes. Multiple regressions indicated that native
species cover, the ratio of native vs total cover and beetle abun-
dance in the April survey were positively correlated with annual
minimum temperature; however, invasive species cover was nega-
tively correlated with precipitation and stem length difference
between the two species was positively correlated with annual
average maximum temperature (Table 1). In the August–Septem-
ber field survey, native species cover and the ratio of native to
total cover were positively, and invasive species cover was nega-
tively correlated with annual maximum temperature, but beetle
abundance was not correlated with temperature or annual precip-
itation (Table 1).

Field experiment

Warming shifted the life history of the native plant from annual
to perennial. Overwintering buds of both species sprouted before
8 March, whereas native seeds started to germinate on 15 March

(a) (b)

(c) (d)

Fig. 1 (a) Stem length difference of the
native (N, Alternanthera sessilis) vs invasive
(I, Alternanthera philoxeroides) species
(native plant stem length – invasive plant
stem length) in April 2013, coverage [log10
(x + 1) transformed] of the two plant species
in (b) April and (c) August to September
2013, and (d) beetle (Agasicles hygrophila)
abundance in both surveys along a latitudinal
gradient in our field surveys.
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in 2013 in mixtures (Fig. S3). Native overwintering buds
sprouted only under elevated temperature (Figs 2a, S3b), and the
number of buds in April was affected by the interaction of warm-
ing, herbivore and plant planting style (Table 2a).There were
more sprouted buds in mixtures than in monocultures of the
native species in the presence of the beetle under elevated temper-
ature (Fig. 2a). Beetles increased the number of native sprouted
buds in mixtures, but had no impact in monocultures under ele-
vated temperature (Fig. 2a). Beetles decreased the number of
native seedlings under elevated temperature with no impact
under ambient temperature in monocultures; warming increased
the number of native seedlings in the presence of the beetle, but
had no impact in the absence of the beetle in mixtures (Table 2a;
Fig. 2b).

Interannual change in plant cover was affected only by plant
species in monocultures (Table 2b), but was affected by the inter-
action of warming, herbivore and plant species in mixtures
(Table 2b). In monocultures, interannual change of the invasive
species cover was higher than that of the native species (Fig. S4a).
In mixtures, invasive species cover increased less under elevated
temperature in the presence of the beetle than under other condi-
tions, whereas native species cover decreased less under elevated
temperature than under ambient temperature at the end of the
second year compared with the first year (Fig. S4b).

Warming increased beetles disproportionally on the invader.
The number of beetle emergence holes per average area cover was
affected only by plant species (Table 3) in the first year, corre-
sponding to higher abundance of beetles on the invasive species
than on the native species (Fig. 3a). In the second year, the beetle
only emerged in mixtures and invader monocultures under ele-
vated temperature, and in the mixtures there were more beetles
on the invasive species than on the native species (Table 3;
Fig. 3b).

Table 1 Best-fitted model (multiple regression with stepwise, backward
and forward methods) for the dependence of native (Alternanthera
sessilis) and invasive (Alternanthera philoxeroides) species cover, native
species proportion (native species cover/(native species cover + invasive
species cover)), stem length differences between native and invasive
species (native species stem length – invasive species stem length), and
beetle (Agasicles hygrophila) abundance on annual minimum (January)
and maximum (July) temperatures, annual average minimum (monthly
averages) and maximum (monthly average) temperatures and annual
precipitation along the latitudinal gradient in the spring (April) and autumn
(August to September) field surveys

Variables Predictor R2 Coefficient t P

Spring field survey
Invasive
species
cover

Annual
precipitation

0.1864 �0.0013 �2.67 0.0121

Native
species
cover

Annual
minimum
temperature

0.3841 0.1145 4.40 0.0001

Native
species
proportion

Annual
minimum
temperature

0.1779 0.0125 2.59 0.0145

Stem length
difference

Annual
average
maximum
temperature

0.4105 2.4627 4.26 0.0002

Beetle
abundance

Annual
minimum
temperature

0.1542 0.1602 2.38 0.0238

Fall field survey
Invasive
species
cover

Annual
average
maximum
temperature

0.1874 �0.0659 �2.59 0.0150

Native species
cover

Annual
average
maximum
temperature

0.2461 0.0865 3.08 0.0045

Native species
proportion

Annual
average
maximum
temperature

0.2458 0.0190 3.07 0.0046

Beetle
abundance

n/a

n/a, not available.
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Fig. 2 Number of seedlings that germinated from (a) overwintering buds
and (b) seeds of the native plant Alternanthera sessilis under ambient and
warm temperatures in the presence (Herbivory) or absence (Control) of
the introduced Agasicles hygrophila beetle when planted in monocultures
(native only) or in mixtures with the invasive plant Alternanthera
philoxeroides (mixed) in April 2013 in the field experiment. Each
treatment combination was replicated four times. Means + 1 SE. Means
with the same letters were not significantly different in post hoc tests,
P < 0.05.
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Warming shifted plant communities from invader-dominated
to native-dominated only in the presence of the beetle. Herbi-
vores decreased invader biomass with no impact on native
biomass under elevated temperature, and herbivores had no
impacts on biomass of either species under ambient temperatures
in monocultures (Table 2b; Fig. 4a). In mixtures, herbivores
increased native biomass but decreased invader biomass under
elevated temperature, and had no impact on either species under
ambient temperature (Table 2b; Fig. 4b). In mixtures, the native
species accumulated more aboveground biomass than the invasive

species under elevated temperature and in the presence of the
beetle (Fig. 4b), but the invasive species accumulated more
aboveground biomass than the native species under other condi-
tions (Fig. 4b).

Warming increased native plant performance only in the pres-
ence of both the beetle and the invader. Both warming and herbi-
vores increased native flower and seed numbers, and the native
species produced the most flowers (Fig. 5a; Table 2a) and seeds
(Fig. 5b; Table 2a) when heated with the beetles in mixtures.
Warming and herbivores had no impact on native species flower
and seed numbers in monocultures (Figs 5a,b; Table 2a).

Warming and herbivores increased the competitive ability of
the native species relative to the co-occurring invader. The
invader was more competitive in the presence (CR = 0.021) and
absence (CR = 0.039) of the beetle under ambient temperature.
Warming reduced this advantage in the absence of the beetle
(CR = 0.167) and the native was more competitive with beetles
and warming (CR = 2.056; Fig. S5).

The SEM indicated that warming increased native biomass
directly and increased beetle abundance, which, in turn, nega-
tively affected native and invader biomass. Warming also
decreased invader biomass which in turn positively affected native
biomass (Fig. 6).

Discussion

In our field experiment, we found that warming increased native
plant performance directly by shifting its life cycle from annual

Table 2 Effects of warming (Warm), herbivory (Herb), plant planting style (Plant) and plant species (species) on (a) the number of sprouted buds and
seedlings per quadrat (0.25m2) of the native plant Alternanthera sessilis in April, the number of flowers and seeds per quadrat (0.25m2) of the native plant
at the end of the field experiment, and (b) aboveground biomass and interannual change in plant cover in mixtures and monocultures. Warming was a
whole-plot factor, other factors were split-plot factors, and there were four replicates of each treatment combination

(a) Effect df

No. of sprouted
buds No. of seedlings

df

No. of flowers No. of seeds

F P F P F P F P

Warm 1, 10 31.05 0.0002 1.82 0.2072 1, 10 44.7 < 0.0001 4.07 0.0714
Herb 1, 14 0.21 0.6546 0.15 0.6999 1, 14 32.29 < 0.0001 0.65 0.4351
Warm9Herb 1, 14 0.21 0.6546 0.08 0.0442 1, 14 10.02 0.0069 0.13 0.7234
Plant 1, 14 1.12 0.3075 9.92 0.7828 1, 14 90.02 < 0.0001 10.26 0.0064
Warm9 Plant 1, 14 1.12 0.3075 3.41 0.0071 1, 14 41.36 < 0.0001 5.17 0.0393
Herb9 Plant 1, 14 4.81 0.0457 1.87 0.0859 1, 14 46.91 < 0.0001 0.11 0.7467
Warm9Herb9 Plant 1, 14 4.81 0.0457 6.77 0.0209 1, 14 9.84 0.0073 4.73 0.0472

(b) Effect df

Biomass in
monoculture

Cover change in
monoculture

df

Biomass in mixture
Cover change in
mixture

F P F P F P F P

Warm 1, 10 0.03 0.8609 0.05 0.8305 1, 8 9.39 0.0155 1.23 0.2994
Species 1, 14 39.5 < 0.0001 35.08 < 0.0001 1, 16 218.95 < 0.0001 100.8 < 0.0001
Warm9 Species 1, 14 12.03 0.0038 3.45 0.0844 1, 16 105.02 < 0.0001 20.25 0.0004
Herb 1, 14 14.21 0.0021 2.45 0.1402 1, 16 2.33 0.1467 0.57 0.4598
Warm9Herb 1, 14 1.78 0.2036 0.04 0.8429 1, 16 0.35 0.5619 1.46 0.2451
Herb9 Species 1, 14 4.46 0.0531 2.71 0.1221 1, 16 43.97 < 0.0001 1.25 0.2799
Warm9Herb9 Species 1, 14 9.33 0.0086 1.31 0.2711 1, 16 21.21 0.0003 5.82 0.0282

Significant results are shown in bold.

Table 3 The effects of warming (Warm), plant planting style (Plant) and
plant species (Species) nested in planting style on the introduced Agasicles
hygrophila beetle abundance (number of emergence holes per average
cover) in the first and second year of the field experiment. Warming was a
whole-plot factor, other factors were split-plot factors, and there were four
replicates of each treatment combination

Effect df

Beetle
abundance in
the first year

Beetle abundance
in the second year

F P F P

Warm 1, 10 0.6 0.456 66.3 < 0.0001
Plant 1, 14 0.58 0.4583 19.76 0.0006
Warm 9 Plant 1, 14 0.70 0.4168 19.76 0.0006
Species (Plant) 2, 14 9.51 0.0025 31.33 < 0.0001
Warm 9 Species(Plant) 2, 14 3.05 0.0797 31.33 < 0.0001

Significant results are shown in bold.
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to perennial, and indirectly by releasing the native from competi-
tion via disproportionate increases in herbivory on the invasive
plant that reduced invader performance. In field surveys we
found the native species was more abundant at low latitudes than
at high latitudes and the invader dominated only at higher lati-
tudes (above 25.8°N). Together, these results may suggest that,
under climate warming, herbivores contribute to the change from
a plant community dominated by invasive species to one with
abundant native species by releasing nonpreferred host species
from competition. The results highlight the importance of biotic
interactions, such as herbivory, in prediction of biological inva-
sions and conservation of native species under climate change sce-
narios.

The competitive superiority of non-native species relative to
their native competitors due to earlier emergence, higher pheno-
typic plasticity and herbivory tolerance is acknowledged as an
important reason leading to their success in new environments

(Kolar & Lodge, 2001; Wolkovich & Cleland, 2011; Drenovsky
et al., 2012). Results of our field surveys and field experiment
suggest that earlier emergence, and not plasticity or herbivory tol-
erance, underlies the success of this invasive species in competing
with its native congener. In the early spring (April) only the inva-
sive species emerged above 26.5°N, although the native species
was present at higher latitudes as evidenced in the autumn
(August–September) survey, indicating earlier emergence of the
invasive species in a large area. In addition, our field experiment
demonstrated earlier emergence of the invasive species than the
native species in the spring under ambient temperature due to its
perennial life cycle and higher cold-tolerance (Lu et al., 2015).
Thus, earlier emergence was likely the main reason underlying
dominance of the invasive species in areas where the native
species was annual along the latitude gradient.

However, warming decreased the invasive species’ seasonal pri-
ority by changing the life history of the native species in our
study. Increasing temperature shifted the native species’ life his-
tory from annual to perennial, but did not impact the life history

(a)

(b)

Fig. 3 Agasicles hygrophila beetle abundance on the native
(Alternanthera sessilis) and invasive (Alternanthera philoxeroides) plant in
monocultures and mixtures under ambient and warm temperatures in the
field experiment. Each treatment combination was replicated four times.
(a) Number of emergence holes per average cover (where 1 denotes 1
hole per 0.25m2 at 100% coverage) at the first year. (b) Number of
emergence holes per average cover at the second year. Means + 1 SE.
Means with the same letters were not significantly different in post hoc

tests, P < 0.05.

(a)

(b)

Fig. 4 Aboveground biomass of the native (Alternanthera sessilis) and
invasive (Alternanthera philoxeroides) plants in (a) monocultures and (b)
mixtures under ambient and warm temperatures in the presence (Herb) or
absence (Con) of the introduced Agasicles hygrophila beetle at the end of
the field experiment. Each treatment combination was replicated four
times. Means + 1 SE. Means with the same letters were not significantly
different in post-hoc tests, P < 0.05.
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of the perennial invasive species in both field surveys and the field
experiment. Although warming increased native cover, above-
ground biomass and competitive ability, it did not reduce domi-
nance of the invasive species in the absence of the beetle. The

results suggest that decreasing seasonal priority of the invasive
species may partially contribute to the higher abundance of the
native species at low latitudes. Our results agree with the view
that climate change can affect plant phenology substantially (Cle-
land et al., 2007) and the phenology of short-lived species is more
sensitive to climate change than that of long-lived species (Morris
et al., 2008; Dalgleish et al., 2010). However, some ecosystems
are invaded mainly by annual plants (e.g. California grasslands)
and these invasive species benefit from earlier emergence in com-
petition with native species (Wolkovich & Cleland, 2011). In
contrast to our system, climate warming may further favor these
annual non-native invasive species by increasing their seasonal
priority (Willis et al., 2010; Chuine et al., 2012). Together, these
studies highlight the importance of plant phenology and its cli-
mate sensitivity in predicting non-native species invasions under
warming climate conditions.

Herbivores that are expected to reduce the abundance of pre-
ferred host plants play an important role in non-native species
invasion and responses of plant communities to climate warming
(Keane & Crawley, 2002; Peters et al., 2006). In our system, the
introduced beetle uses the target invasive species as the major
host, although it can also cause damage to the nontarget native
species. Warming enabled the beetle to establish and sustain pop-
ulations only in the presence of the invader that is a suitable over-
wintering host. Heavier herbivory on the preferred invasive host
suppressed its performance and indirectly released the native
species from competition in mixtures under elevated tempera-
ture. As a result, the beetle enhanced the positive effects of warm-
ing on the native species (aboveground biomass, flower number
and competitive ability), and shifted plant communities to native
species dominance under warming temperature. Consistent with
this, the beetle was more abundant and suppressed the invasive
species in low latitudes, but had limited impacts in high latitudes
(Lu et al., 2013).These results suggest that the biocontrol beetle
may play a key role in determining the outcome of competition
between the native and invasive species under warming climate
conditions.

Similar to the biocontrol beetle, some native herbivores,
including insects, mammalian herbivores and molluscs, prefer
non-native species over native species and thus reduce invasion
success of non-native species (Parker et al., 2006). Given the
importance of herbivore host preference in determining plant
community responses to climate change, as suggested by the pre-
sent study, we predict that climate change may increase biotic
resistance arising from native herbivores that prefer non-native
species. However, it is also the case that a large number of native
herbivores prefer native species over non-native species, which
results in enemy release for non-native species (Maron & Vil�a,
2001). Warming can affect species phenology and abundance,
and species of differing trophic levels such as herbivorous insects
and plants may differ in their sensitivity to climate changes
(Voigt et al., 2003). Therefore, climate warming may also
increase the degree of enemy release. The net effects of herbivores
on non-native species invasions will be determined by herbivore
community composition, species-specific host preferences and
warming impacts on herbivore abundance in target regions.

(a)

(b)

Fig. 5 Number of (a) flowers and (b) seeds of the native plant
Alternanthera sessilis under ambient and warm temperatures in the
presence (Herbivory) or absence (Control) of the introduced Agasicles

hygrophila beetle when planted in monocultures (native only) or in
mixtures with the invasive plant Alternanthera philoxeroides (mixed) at
the end of the field experiment. Each treatment combination was
replicated four times. Means + 1 SE. Means with the same letters were not
significantly different in post hoc tests, P < 0.05.

Warming 
treatment  

Beetle 
abundance 

Invader 
mass 

Native 
mass 

+0.28* 

–0.14 (0.34)  

–0.28* 

–0.63*** 

+0.18 (0.11) 

–0.19 (0.20) 

Fig. 6 Structural equation model of experimental warming effects on the
native plant (Alternanthera sessilis), the invasive plant (Alternanthera
philoxeroides) and beetle (Agasicles hygrophila) abundance directly and
indirectly in our field experiment. Solid lines note positive effects, dashed
lines note negative effects. Arrow widths are proportional to standardized
path coefficients. Numbers adjacent to arrows are path coefficients (P-
values). *, P < 0.05; ***, P < 0.0001.
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In summary, this study shows that herbivores can affect the
impact of climate warming on non-native species invasions and
native species recovery. Consistent with other studies, we found
that climate warming changed species’ phenology/life history,
and altered seasonal priority due to earlier emergence of non-
native species relative to native competitors. Because we used
only one genotype of the native species in our study, it needs to
be clarified whether the observed effects of warming and her-
bivory on native plants were specific to this genotype. Our find-
ings that the native species dominated communities only in the
presence of the beetle under warming temperature highlight the
importance of herbivores in shaping plant communities and non-
native species invasions with climate change. Thus, understand-
ing how biotic interactions shape the responses of plant commu-
nity to climate change is crucial for predicting non-native species
invasions and conserving native plant species.

Acknowledgements

We thank Hao Wu, Jingzhong Lu, Jialiang Zhang and Sunliang
Feng for field assistance and thank Stephen Truch and three
anonymous reviewers for comments on an earlier version of this
manuscript. This work was supported by NSF-China
(31100302, 31370547, 31570540 and 31400369) and the
knowledge innovation program of Wuhan Botanical Garden
(Y455437H05).

Author contributions

X.L. and J.D. planned and designed the research; X.L., M.H.,
H.W. and X.S. carried out the field surveys and field experiment;
X.L., J.D. and E.S. analyzed data, interpreted the results and
wrote the manuscript.

References

Alexander JM, Diez JM, Levine JM. 2015. Novel competitors shape species’

responses to climate change. Nature 525: 515–518.
Alsterberg C, Ekl€of JS, Gamfeldt L, Havenhand JN, Sundb€ack K. 2013.

Consumers mediate the effects of experimental ocean acidification and

warming on primary producers. Proceedings of the National Academy of Sciences,
USA 110: 8603–8608.

Bradley BA, Blumenthal DM, Wilcove DS, Ziska LH. 2010. Predicting plant

invasions in an era of global change. Trends in Ecology & Evolution 25: 310–
318.

Chown SL, Huiskes AHL, Gremmen NJM, Lee JE, Terauds A, Crosbie K,

Frenot Y, Hughes KA, Imura S, Kiefer K et al. 2012. Continent-wide risk
assessment for the establishment of nonindigenous species in Antarctica.

Proceedings of the National Academy of Sciences, USA 109: 4938–4943.
Chuine I, Morin X, Sonie L, Collin C, Fabreguettes J, Degueldre D, Salager JL,

Roy J. 2012. Climate change might increase the invasion potential of the alien

C4 grass Setaria parviflora (Poaceae) in the Mediterranean Basin. Diversity and
Distributions 18: 661–672.

Cleland EE, Chuine I, Menzel A, Mooney HA, Schwartz MD. 2007. Shifting

plant phenology in response to global change. Trends in Ecology & Evolution
22: 357–365.

Concilio AL, Loik ME, Belnap J. 2013. Global change effects on Bromus
tectorum L. (Poaceae) at its high-elevation range margin. Global Change Biology
19: 161–172.

Dalgleish HJ, Koons DN, Adler PB. 2010. Can life-history traits predict the

response of forb populations to changes in climate variability? Journal of Ecology
98: 209–217.

De Frenne P, Graae BJ, Rodr�ıguez-S�anchez F, Kolb A, Chabrerie O, Decocq G,

De Kort H, De Schrijver A, Diekmann M, Eriksson O et al. 2013. Latitudinal
gradients as natural laboratories to infer species’ responses to temperature.

Journal of Ecology 101: 784–795.
Drenovsky RE, Grewell BJ, D’Antonio CM, Funk JL, James JJ, Molinari N,

Parker IM, Richards CL. 2012. A functional trait perspective on plant

invasion. Annals of Botany 110: 141–153.
Dukes JS, Chiariello NR, Loarie SR, Field CB. 2011. Strong response of an

invasive plant species (Centaurea solstitialis L.) to global environmental changes.

Ecological Applications 21: 1887–1894.
Dukes JS, Mooney HA. 1999. Does global change increase the success of

biological invaders? Trends in Ecology & Evolution 14: 135–139.
Elmendorf SC, Henry GHR, Hollister RD, Fosaa AM, Gould WA, Hermanutz

L, Hofgaard A, Jonsdottir IS, Jorgenson JC, Levesque E et al. 2015.
Experiment, monitoring, and gradient methods used to infer climate change

effects on plant communities yield consistent patterns. Proceedings of the
National Academy of Sciences, USA 112: 448–452.

Eskelinen A, Harrison S. 2013. Exotic plant invasions under enhanced rainfall

are constrained by soil nutrients and competition. Ecology 95: 682–692.
Fey SB, Herren CM. 2014. Temperature-mediated biotic interactions influence

enemy release of nonnative species in warming environments. Ecology 95:
2246–2256.

Geng Y-P, Pan X-Y, Xu C-Y, Zhang W-J, Li B, Chen J-K. 2006. Phenotypic

plasticity of invasive Alternanthera philoxeroides in relation to different water

availability, compared to its native congener. Acta Oecologica 30: 380–385.
Hellmann JJ, Byers JE, Bierwagen BG, Dukes JS. 2008. Five potential

consequences of climate change for invasive species. Conservation Biology 22:
534–543.

IPCC. 2013. Near-term climate change: projections and predictability. In:

Stocker TF, Qin D, Plattner G-K, Tignor MMB, Allen SK, Boschung J,

Nauels A, Xia Y, Bex V, Midgley PM, eds. Climate Change 2013: the physical
science basis. Working Group I contribution to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge, UK: Cambridge

University Press, 953–1028.
Julien MH, Skarratt B, Maywald GF. 1995. Potential geographical distribution

of Alligator weed and its biological control by Agasicles hygrophila. Journal of
Aquatic Plant Management 33: 55–60.

Keane RM, Crawley MJ. 2002. Exotic plant invasions and the enemy release

hypothesis. Trends in Ecology & Evolution 17: 164–170.
Kolar CS, Lodge DM. 2001. Progress in invasion biology: predicting invaders.

Trends in Ecology & Evolution 16: 199–204.
Liu Y-F, Su W-J, Zeng Q-G, Liu W-H, Wan F-H, Peng M-F, Wang C-C.

2010.Overwintering stage and habitat of the natural populations of the

alligatorweed flea beetle, Agasicles hygrophila (Coleoptera: Chrysomelidae)

in Xiangtan, Hunan, Southern China. Acta Entomologica Sinica 53:
1190–1194.

Lu X, Ding J. 2010. Flooding compromises compensatory capacity of an invasive

plant: implications for biological control. Biological Invasions 12: 179–189.
Lu X, Shao X, Ding J. 2014. No impact of a native beetle on exotic plant

performance and competitive ability due to plant compensation. Plant Ecology
215: 275–284.

Lu X, Siemann E, He M, Shao X, Wei H, Ding J. 2015. Climate warming

increases biological control agent impact on a non-target species. Ecology Letters
18: 48–56.

Lu X, Siemann E, Shao X, Wei H, Ding J. 2013. Climate warming affects

biological invasions by shifting interactions of plants and herbivores. Global
Change Biology 19: 2339–2347.

Maron JL, Vil�a M. 2001.When do herbivores affect plant invasion? Evidence for

the natural enemies and biotic resistance hypotheses. Oikos 95: 361–373.
Milliken GA, Johnson DE. 2009. Analysis of messy data volume 1: designed
experiments, 2nd edn. New York, NY, USA: CRC Press.

Morri€en E, Engelkes T, Macel M, Meisner A, Van der Putten WH. 2010.

Climate change and invasion by intracontinental range-expanding

New Phytologist (2016) 211: 1371–1381 � 2016 The Authors

New Phytologist� 2016 New Phytologist Trustwww.newphytologist.com

Research

New
Phytologist1380



exotic plants: the role of biotic interactions. Annals of Botany 105:
843–848.

Morris WF, Pfister CA, Tuljapurkar S, Haridas CV, Boggs CL, Boyce MS,

Bruna EM, Church DR, Coulson T, Doak DF et al. 2008. Longevity can
buffer plant and animal populations against changing climatic variability.

Ecology 89: 19–25.
Ordonez A, Olff H. 2013. Do alien plant species profit more from high resource

supply than natives? A trait-based analysis. Global Ecology and Biogeography 22:
648–658.

Ortega YK, Pearson DE, Waller LP, Sturdevant NJ, Moron JL. 2012.

Population-level compensation impedes biological control of an invasive forb

and indirect release of a native grass. Ecology 93: 783–792.
Parker JD, Burkepile DE, Hay ME. 2006.Opposing effects of native and exotic

herbivores on plant invasions. Science 311: 1459–1461.
Peters HA, Cleland EE, Mooney HA, Field CB. 2006.Herbivore control of

annual grassland composition in current and future environments. Ecology
Letters 9: 86–94.

Post E, Pedersen C. 2008.Opposing plant community responses to warming

with and without herbivores. Proceedings of the National Academy of Sciences,
USA 105: 12353–12358.

Sandel B, Dangremond EM. 2012. Climate change and the invasion of

California by grasses. Global Change Biology 18: 277–289.
Smith SD, Huxman TE, Zitzer SF, Charlet TN, Housman DC, Coleman JS,

Fenstermaker LK, Seemann JR, Nowak RS. 2000. Elevated CO2 increases

productivity and invasive species success in an arid ecosystem. Nature 408: 79–
82.

Sorte CJB, Ibanez I, Blumenthal DM, Molinari NA, Miller LP, Grosholz ED,

Diez JM, D’Antonio CM, Olden JD, Jones SJ et al. 2013. Poised to prosper?
A cross-system comparison of climate change effects on native and non-native

species performance. Ecology Letters 16: 261–270.
Soudzilovskaia NA, Elumeeva TG, Onipchenko VG, Shidakov II, Salpagarova

FS, Khubiev AB, Tekeev DK, Cornelissen JHC. 2013. Functional traits

predict relationship between plant abundance dynamic and long-term climate

warming. Proceedings of the National Academy of Sciences, USA 110: 18180–
18184.

Spasojevic MJ, Harrison S, Day HW, Southard RJ. 2014. Above- and

belowground biotic interactions facilitate relocation of plants into cooler

environments. Ecology Letters 17: 700–709.
Sun Y, Ding J, Frye MJ. 2010. Effects of resource availability on tolerance of

herbivory in the invasive Alternanthera philoxeroides and the native
Alternanthera sessilis.Weed Research 50: 527–536.

Voigt W, Perner J, Davis AJ, Eggers T, Schumacher J, B€ahrmann R, Fabian B,

Heinrich W, K€ohler G, Lichter D et al. 2003. Trophic levels are differentially
sensitive to climate. Ecology 84: 2444–2453.

Walther G-R, Roques A, Hulme PE, Sykes MT, Pysek P, Kuehn I, Zobel

M, Bacher S, Botta-Dukat Z, Bugmann H et al. 2009. Alien species in a

warmer world: risks and opportunities. Trends in Ecology & Evolution 24:

686–693.

Wan S, Luo Y, Wallace LL. 2002. Changes in microclimate induced by

experimental warming and clipping in tallgrass prairie. Global Change Biology
8: 754–768.

Willey RW, Rao MR. 1980. A competitive ratio for quantifying competition

between intercrops. Experimental Agriculture 16: 117–125.
Willis CG, Ruhfel BR, Primack RB, Miller-Rushing AJ, Losos JB, Davis CC.

2010. Favorable climate change response explains non-native species’ success in

Thoreau’s woods. PLoS ONE 5: e8878.

Wolkovich EM, Cleland EE. 2011. The phenology of plant invasions: a

community ecology perspective. Frontiers in Ecology and the Environment 9:
287–294.

Wu Z, Cai Y, Guo Z, Wang T. 1994.Host-specific test of Agasicles hygrophila.
Entomological Journal of East China 3: 98–100.

Supporting Information

Additional Supporting Information may be found online in the
supporting information tab for this article:

Fig. S1 Sites for the field surveys and temperature and precipita-
tion changes along the latitudinal gradient.

Fig. S2Diagram of the warming experiment conducted in the
field.

Fig. S3Dynamics of bud sprouting of the native (Alternanthera
sessilis) and invasive (Alternanthera philoxeroides) plants, and
seedling germination of the native plant in mixture plots of the
field experiment in spring 2013.

Fig. S4 Interannual change in cover of the native (Alternanthera
sessilis) and the invasive (Alternanthera philoxeroides) plants in
monocultures and mixtures in the field experiment.

Fig. S5Competitive ratios of the native plant Alternanthera
sessilis relative to the invasive plant Alternanthera philoxeroides
under varying treatments in the field experiment.

Please note: Wiley Blackwell are not responsible for the content
or functionality of any supporting information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.

� 2016 The Authors

New Phytologist� 2016 New Phytologist Trust
New Phytologist (2016) 211: 1371–1381

www.newphytologist.com

New
Phytologist Research 1381


