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A B S T R A C T

Invader success might depend on both nutrient availability and species richness of the resident community. Here,
we combine these ideas in a single experiment, testing whether the Fluctuating resource and biotic resistance
hypotheses might be contingent upon one another. The fluctuating resource hypothesis proposes that resource
fluctuation might facilitate the successful invasion of exotic plants if invaders are better than natives at taking
advantage of resource pulses. The biotic resistance hypothesis proposed that more species rich communities
might be more resistant to invasion, due to greater competition for resources with greater native richness. Here,
we use an experiment with the invader, Chromolaena odorata in 315 artificial communities with resident plants
from native and non-native ranges. We found that resident origin, nutrient treatment and species richness of
artificial community have significant effects on invasion success of C. odorata. The effect of nutrient fluctuation
on invasion success was contingent on resident origin (native vs. non-native range), and this effect was weaker in
more species rich communities. In addition, the invasion success of C. odorata was negatively related with
biomass of resident plants, suggesting competition as a mechanism governing invader success. Our results
suggest a novel twist on the fluctuating resource hypothesis: fluctuating resources may favor invaders more in
species poor communities of non-native origin. This also suggests that competition for fluctuating resources may
be one mechanism governing biotic resistance because the effects of richness were greater when resources were
fluctuating. Our results suggest that the fluctuating resource hypothesis will apply only to resident communities
with lower resource acquisition strategies, relative to the invader.

1. Introduction

Both nutrient environment and the composition of established (re-
sident) or native plant communities might be expected to influence the
success of invasive species. However, these factors have rarely been
integrated into a single experiment to determine whether and how they
interact (but see, e.g. Davis and Pelsor, 2001; Petchey et al., 2002;
Thomsen et al., 2006). The fluctuating resource hypothesis is a popular
theory that explains exotic plant invasion (Davis et al., 2000). This
hypothesis suggests that resource fluctuation usually increases resource
availability, which will provide invasion opportunities for non-native
species, and the resident communities will be more susceptible to in-
vasion (Davis et al., 2000; Li and Stevens, 2012). Some studies across
multiple ecosystems provide supporting evidence that resource fluc-
tuation is associated with invasion of non-native species (Leishman and

Thomson, 2005; Hobbs and Atkins, 2006; Radford, 2013). Davis et al.
(2000) proposed that invasion of exotic species usually increased when
resources were supplied as large-magnitude pulses rather than at con-
tinuous rates. Li and Stevens (2012) found nutrient fluctuation in-
creased the invasion success of invasive species, and invaders had
strong performance in resource fluctuation treatments. Nutrient fluc-
tuation could increase the invasion status of Southern California’s
coastal sage scrub (Goldstein and Suding, 2014). In Germany, the in-
vasion of several invaders was also increased by rainfall fluctuation
(Kreyling et al., 2008). However, inconsistent evidence for the resource
fluctuation hypothesis was also found. Walker et al. (2005) found
fluctuation of water or nutrient resources did not increase the rate of
invasion of the herbaceous perennial Hieracium pilosella (Asteraceae).
The invasion of the annual grass Schismus arabicus (Poaceae) was also
greater under continuous resource supply compared to fluctuating
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resource supply (James et al., 2006).
These apparent inconsistencies might be due in part to differences in

how resident species respond to resource fluctuations. Different re-
sident plants have different physiological requirements and ecological
strategies (Li and Stevens, 2012). In our previous work, we demon-
strated that plants from the native range of invasive plant Chromolaena
odorata (Mexico) had faster relative growth rates than those from the
non-native range (China) (Zheng et al., 2018; Burns et al., 2019). If
greater relative growth rates correspond to a greater ability to utilize
fluctuating resources (James and Richards, 2005; Keser et al., 2014),
then species from C. odorata’s native range should be better at sup-
pressing invader performance than those from the non-native range,
especially when resource availability is fluctuating. Thus, we predict
that the effects of fluctuating resource availability might be contingent
on resident community composition, including the origin (native or
introduced ranges) of the resident community.

Whether the influence of fluctuating resource availability are con-
tingent on resident plant richness is also unclear. Species richness of
resident communities plays an important role in resistance to invasion
of non-native plants, as suggested by the biotic resistance hypothesis
(Elton, 1958). Some studies found community richness was negatively
related with the invasion of exotic plants (Maron and Marler, 2008;
Zheng et al., 2018), consistent with this hypothesis. A few studies have
proposed that resource fluctuation and richness have interactive effects
on invasion of exotic plants (Davis and Pelsor, 2001; Petchey et al.,
2002; Thomsen et al., 2006). High-richness communities usually have
diverse ecological niches and complementary resource use patterns in
time or space (Naeem et al., 2000), perhaps suggesting that high rich-
ness communities should be robust to resource fluctuations (Tredennick
et al., 2017; Smeti et al., 2018). Therefore, we predict the effect of
resource fluctuation on invasion should be greater in low-richness
communities than in high-richness communities.

The invasion of exotic plants might also be influenced by global
change factors, such as eutrophication and biodiversity loss. In the last
200 years, rapid development of industry has triggered unprecedented
global environmental changes (Lei et al., 2012; USGCRP, 2018). Eu-
trophication and the addition of nitrogen deposition are two important
components of environmental change (Zhang et al., 2016; Sinha et al.,
2017; Walker et al., 2019), which induce greater nutrient fluctuation in
the ecosystem, and might contribute to the successful invasion of exotic
species. Meanwhile, with rapid economic development, human beings
have modified the landscape, including through deforestation, grass-
land degradation, and desertification, which all of which can cause loss
of biodiversity (Walther et al., 2002). In addition, disturbances, such as
those caused by construction of motorwasy, railways, and reservoirs,
may cause the fluctuation of some resources (Radford, 2013). There-
fore, global change and biodiversity loss may interact to facilitate the
invasion of exotic plants.

Exotic plants may either invade an already established resident
community or exotic and resident species could arrive simultaneously,
following a disturbance event. Most previous studies test fluctuating
resource hypothesis in the first situation (Davis and Pelsor, 2001;
Walker et al., 2005), or do not differentiate the colonization order be-
tween invasive and native species (Davis et al., 2000). However, suc-
cessful invasion during simultaneous establishment is very important
for exotic plants, and could be influenced by competition with “re-
sidents”. When the exotic plants enter a new range, rapid population
establishment is the critical step for successful invasion, which will
support enough seeds (propagules) for further invasion. It is usually
easier for the invader to establish in an open site (most residents were
moved by disturbance) than the exotic plant invade an already estab-
lished community. In this study, we use the invader Chromolaena
odorata to experimentally test whether the fluctuating resource hy-
pothesis is contingent on resident plant origin and species richness by
planting the invader and resident species at the same time. This design
is thus a conservative test of the biotic resistance hypothesis, because

natives are not given an establishment advantage.
Chromolaena odorata is an invasive plant in some tropical and sub-

tropical areas; Chromolaena odorata can invade diverse habitats espe-
cially in disturbed environments (Raimundo et al., 2007; Zheng et al.,
2018). If disturbance induces resource (light, water, or nutrient) fluc-
tuations (Symstad, 2000; Gross et al., 2005; Radford, 2013; Seipel et al.,
2018), the successful invasion of C. odorata might be due to differences
between native and non-native resident plants response to resource
fluctuation. In this study, in order to test how invasion is influenced by
resource fluctuation, species range (native vs. non-native range), rich-
ness and their interactive effects, we created a series of artificial com-
munities with resident plants from native (Mexico) and non-native
(China) ranges. We replicated within and across 3 levels of species
richness (1, 2 and 4 resident species communities) for a total of 315
experimental mesocosms.

We hypothesized that (1) invasion success will be suppressed in
communities from the native range (Mexico), especially with fluctu-
ating resource availability, if fast growing residents take advantage of
fluctuating resource availability and suppress the growth of the in-
vader, (2) the invasion success will be facilitated with fluctuating re-
sources in communities from the non-native range (China), because
these resident species are slower growing (Zheng et al., 2018) and less
able to take advantage of resource pulses compared with the invader,
and (3) high richness communities will be less influenced by resource
fluctuation than low richness communities, if resource com-
plementarity makes high richness communities more robust to pertur-
bation.

2. Materials and methods

2.1. Study site

A common garden experiment was conducted at Xishuangbanna
Tropical Botanical Garden of Chinese Academy of Sciences (XTBG-CAS)
(21°56′ N, 101°15′E) located in Mengla County, Yunnan Province,
southwest China. In this area, the mean annual temperature is 21.7 ℃.
In July, the hottest month, the mean temperature is 25.3 ℃, and in
January, the coolest month, the mean temperature is 15.6 ℃. The
average annual precipitation of this site is 1557 mm, with a dry period
lasting from November to April (Zheng et al., 2015, 2018).

2.2. Study materials

Chromolaena odorata (L.) R. M. King and H. Robinson (Asteraceae) is
a semi-lignified perennial subshrub, which is native to Latin America. In
the middle of the 19th Century, C. odorata was introduced to some
tropical areas as ornamental plants (Zheng et al., 2018). Over hundreds
of years, it became one of the most seriously noxious invasive species in
the world, and caused great threats to biodiversity and environments
(Qin et al., 2013; Zheng et al., 2015, 2018).

In this study, in order to test whether the effect of resource fluc-
tuation on invasion success of C. odorata was different between native
and non-native origin communities, in March 2017, we established a
series of artificial communities in the common garden using resident
plants from Mexico (native range) and China (non-native range) (Table
S1). Each community included 16 individuals of Mexican or Chinese
resident species and nine individuals of C. odorata. According to our
field investigation, this ratio (16:9) is about the median value in the
field for C. odorata in its introduced range. Three types of artificial
communities were used: one resident species, two resident species
(eight individuals per species) and four resident species (four in-
dividuals per species) (Fig. S1). The seeds of resident species from
Mexico (Morelos and Veracruz) and China (Xishuangbanna and Pu’er)
were collected in 2011, 2012, 2014. The seeds of Chromolaena odorata
were collected from Xishuangbanna in 2012. These species were se-
lected because they were common and have sympatric distributions
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with C. odorata at each collection site. Seeds of each species were col-
lected from more than 10 individuals, spaced at least 20 m apart and
mixed uniformly in paper bags. These seeds were germinated, and
seedlings were planted in a common garden at XTBG-CAS. To reduce
maternal effects, we used the seeds of each species from this common
garden for our experiments. According to our previous study, the per-
formance of the Mexican species growing in China was similar as their
performance in the field in Mexico (Zheng et al., 2018).

2.3. Construction of artificial communities

There were 8 Chinese resident species and 7 Mexican resident spe-
cies to construct artificial communities with 1, 2, 4 resident species
respectively. If we used all the possibilities of species combination, the
number of artificial communities would be more than 1500, and the
workload would be very heavy. In addition, the requirement of seed
amount would also be high for each species. Therefore, we randomly
chose 18 species combinations (8, 7 and 3 combinations with one, two
and four resident species respectively) for artificial communities with
resident species from China, and 17 combinations (7, 7 and 3 combi-
nations with one, two and four resident species respectively) for arti-
ficial communities with resident species from Mexico (Table S1). The
rule of species combination was that the species in each combination
had to have sympatric distributions in the field. The size of each ex-
perimental community was 2 m × 2 m, and each community was 1 m
apart from neighboring communities. Each species combination had
nine community replicates, for a total number of 315 experimental
communities. Communities of each combination were randomly ar-
ranged in the common garden.

In March 2017, the seeds of each species were geminated in a
greenhouse in XTBG-CAS, and in June 2017, similar sized seedlings
were transplanted into the artificial communities. The seedlings of re-
sident and invasive plants were planted to the communities at the same
time. During the first 15 days, the seedlings were watered daily at a rate
of 30 L per artificial community. Then seedlings were grown under
natural conditions. Weeds were removed carefully when necessary.

2.4. Nutrient treatments

During July to November, artificial communities received nutrient
treatments with Germany Lion Horse Compound Fertilizer (nitrogen:
phosphorus: potassium 21:8:11). For each species, three artificial
communities received a continuous nutrient (Each time, 0.2 g fertilizer
per individual. One time per month, for a total of 5 times), another
three artificial communities received a fluctuated nutrient treatment (In
September, 1 g fertilizer per individual). Thus, the two nutrient treat-
ments (continuous and fluctuating) received the same total amount of
fertilizer. The last three artificial communities did not receive any nu-
trient as control.

2.5. Biomass harvesting and calculation of invasion success

In December 2017, we harvested the aboveground parts of all
plants, and oven-dried them at 100 °C for 72 h. Then the weight of each
individual was measured.

We used the proportion of C. odorata biomass to represent invasion
success of this period, which was calculated as the equation: invasion
success = (the biomass of C. odorata) / (biomass of all plants in the
artificial community). A high proportion of C. odorata biomass in-
dicated that the invasion success was great, which meant the commu-
nity was easily invaded by C. odorata.

2.6. Statistical analysis

The effects of range (resident species origin), nutrient treatment and
richness on invasion success were tested by a linear mixed-effects

model. Range, nutrient treatment and richness were treated as fixed
factors, and artificial community (species combination) nested within
range was treated as a random factor. Data was log10 transformed to
improve normality of residuals. Analysis was carried out using the lmer
function in the lmerTest package (version 3.1–128) in R version 3.5.1
(R Core Team, 2018). EMMEANS (version 1.3.0) post hoc tests were
used for multiple comparisons of invasion success across different nu-
trient treatments. Differences in nutrient treatments were carried out
within each species richness levels and within each range respectively.

Linear (communities with one and four non-native species) or
nonlinear regression was used to analyze the relationship of invasion
success of C. odorata with resident plant biomass. We selected the linear
or non-linear (power function) model according to the following rule,
first, the P value for the predictor variable-resident biomass should be
less than 0.05, then the model with a higher R value was preferred
between models, if both models included a significant predictor.

3. Results

Range (P<0.01), nutrient treatment (P<0.05) and richness
(P<0.01) had significant effects on invasion success (Table 1). The
interactions of Range × Treatment (P<0.001) and Range × Treat-
ment × Richness (P<0.001) had significant effects on invasion suc-
cess, whereas Range × Richness (P = 0.0802) and Treatment ×
Richness (P = 0.6076) had no significant effects on invasion success
(Table 1). The invasion success was higher for communities with re-
sident species from non-native range (China) than those from native
range (Mexico) (Fig. S2).

For communities with one resident species from non-native range,
those that received continuous nutrients had significantly higher (13.75
%) invasion success than control, but lower invasion success (14.74 %)
than those that received fluctuated nutrients (Fig. 1). For communities
with one resident species from native range, those that received con-
tinuous (11.23 %) and fluctuated nutrients (15.15 %) had significantly
lower invasion success than control (Fig. 1). A similar pattern was
found in communities with two resident species, however control and
continuous treatments did not differ for communities from the non-
native range, and continuous and fluctuation treatments did not differ
for communities from the native range (Fig. 2). For communities with
four resident species from China or Mexico, there were no significant
differences among communities in the continuous nutrient, fluctuated
nutrient and control treatments (Fig. 3).

For communities with resident species from China and Mexico, in-
vasion success was significantly and negatively related with biomass of
resident plants (Fig. 4). However, at the same biomass of resident
plants, invasion success of C. odorata was higher for communities with
non-native species than communities with native species (Fig. 4). For
non-native communities, the relationships were nonlinear (Fig. 4), For
native communities, the relationship was linear in communities with
one and four native species, and nonlinear in communities with two

Table 1
Effects of range, nutrient treatment, richness and their interactions on invasion
success according to a linear mixed model. Range, Treatment and Richness as
fixed factors, and community nested within range as a random factor. Data was
log transformed.

Source Sum Square d.f. F-value P-value

Range 0.0979 1 11.6224 <0.01
Treatment 0.0731 2 4.3380 <0.05
Richness 0.1013 2 6.0111 <0.01
Range×Treatment 0.3048 2 18.086 <0.001
Range×Richness 0.0464 2 2.7556 0.0802
Treatment×Richness 0.0229 4 0.6782 0.6076
Range×Treatment×Richness 0.1606 4 4.763 <0.001

The bold value indicate the source effect is significant (P < 0.05).
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native species (Fig. 4).

4. Discussion

Consistent with our hypothesis, nutrient fluctuation had different
effects on invasion success of C. odorata in communities with species
from native and non-native ranges (Table 1, Figs. 1–3). For commu-
nities with one and two species, resource fluctuation increased invasion
success in non-native origin communities (China) but added nutrients
decreased invasion success in native origin communities (Mexico)

(Figs. 1, 2). Because these resident plants from native range had faster
relative growth rates (Zheng et al., 2018; Burns et al., 2019), we expect
that they used the added nutrients efficiently and suppressed invader
growth. This expectation is also consistent with the negative correlation
we observed between invasion success and resident biomass (Fig. 4).
The relatively slower growing residents from the non-native range
(Zheng et al., 2018; Burns et al., 2019) may be less efficient in taking
advantage of these resource additions, leading to greater invasion
success in non-native communities, especially when resources were
fluctuating. Further, resource fluctuation had no effect on invasion in
more species richness communities (Fig. 3). We speculate that richness
diminishes the effect of resource fluctuation, because high-richness
communities usually have diverse ecological niches and com-
plementary resource use patterns (Naeem et al., 2000; Ptacnik et al.,
2008), such that fluctuating resources will be used more thoroughly in
high than in low richness communities.

Invaders have long been thought to be exceptionally good at re-
source acquisition, having high growth rates and opportunism in the
face of high nutrient availability (Qin et al., 2013) or nutrient pulses
due to disturbance (Davis et al., 2000; Burns and Winn, 2006). A large
number of functional trait studies are consistent with this prediction,
finding especially that invaders often have high relative growth rates
(e.g. Burns, 2006; Grotkopp and Rejmanek, 2007; Dawson et al., 2011).
Thus, invaders often have a more opportunistic resource use strategy
than their competitors in the non-native range (e.g. Burns and Winn,
2006). Our previous study demonstrated that most resident species in C.
odorata′s native range have a faster resource acquisition strategy (re-
lative growth rate) than the invader, but most residents in non-native
range have slower resource use efficiency than the invader (Zheng
et al., 2018). Thus our results here could explain why tests of the
fluctuating resource hypothesis generate inconsistent results. As we
demonstrate, invader success in response to nutrient fluctuation was
contingent on the resident community’s origin (native vs. non-native
range), and thus its resource acquisition strategy (see also Zheng et al.,
2018; Burns et al., 2019), suggesting that the fluctuating resource hy-
pothesis will apply only to resident communities with lower resource
acquisition strategies, relative to the invader.

We found that higher richness resident communities are less

Fig. 1. Invasion success of C. odorata in communities with one species from
non-native range and native range at different nutrient treatments. Big points in
above part depict the mean±SE for artificial communities with species from
non-native range (China) and native range (Mexico) respectively, and small
points in below part indicate the mean± SE for each species combination.
Different letters indicate there are significant differences among treatments.

Fig. 2. Invasion success of C. odorata in communities with two species from
non-native range and native range at different nutrient treatments. Big points in
above part depict the mean±SE for artificial communities with species from
non-native range (China) and native range (Mexico) respectively, and small
points in below part indicate the mean± SE for each species combination.
Different letters indicate there are significant differences among treatments.

Fig. 3. Invasion success of C. odorata in communities with four species from
non-native range and native range at different nutrient treatments. Big points in
above part depict the mean± SE for artificial communities with species from
non-native range (China) and native range (Mexico) respectively, and small
points in below part indicate the mean±SE for each species combination.
Different letters indicate there are significant differences among treatments.
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invasible overall, and the invasion success was not influenced by fluc-
tuating resources in these communities, which is generally consistent
with the biotic resistance hypothesis (Elton, 1958; Beaury et al., 2020)
and with studies demonstrating that higher richness communities are
more resilient (Naeem et al., 2000; Allan et al., 2011). In particular,
experimental studies often find that more species rich resident com-
munities are more resistant to invasions (e.g. Levine, 2000), and recent
large-scale studies find similar patterns (Beaury et al., 2020). It had
been suggested that resource complementarity might govern the greater
resiliency of more diverse communities (Allan et al., 2011). Though we
did not test for complementary resource use here, the negative corre-
lation between invasion success and resident biomass is consistent with
resource competition as a possible mechanism influencing the interac-
tion between resident richness and fluctuating resources. Interestingly,
this suggests that competition for fluctuating resources may be one
mechanism governing the biotic resistance hypothesis, at least in this
study system.

Eutrophication and the addition of nitrogen deposition are two
important factors of global change (Sinha et al., 2017; Zhang et al.,
2016; Walker et al., 2019), which could induce great nutrient fluctua-
tion in the ecosystem. Meanwhile, land utilization change (deforesta-
tion, major projects construction, etc) usually causes loss of biodiversity
(Walther et al., 2002) and the fluctuation of some resources (Radford,
2013). According to our results (Figs. 1–3), in non-native range, bio-
diversity loss and resource fluctuation may further facilitate the inva-
sion of exotic plants (MacDougall et al., 2009; Maron et al., 2014),
though studies replicated across multiple native and non-native ranges
would be useful to test the generality of this idea.

In conclusion, nutrient fluctuation had different effects on invasion
success of C. odorata in communities from the native and non-native
ranges for low richness communities. Functional differences between
species from the native (Mexico) and non-native (China) ranges, such as
differences in relative growth rate (Zheng et a., 2018) might contribute
to this pattern. Thus, we found that the fluctuating resource hypothesis
explains some variation in the success of the invader, C. odorata, and
that this effect was contingent on resident plant origin (native vs. in-
troduced range) and species richness of the resident community. Thus
we combined the biotic resistance and fluctuating resource hypotheses,
and report the novel finding that these mechanisms can interact to in-
fluence invader performance. Lower richness communities were gen-
erally more vulnerable to invasion, especially when resources were
fluctuating, as might be expected with disturbance (Symstad, 2000;
Gross et al., 2005; Radford, 2013; Seipel et al., 2018). In future, bio-
diversity loss and increasing disturbance could interact to exacerbate
the invasion of exotic plants.
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