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Abstract: Anthropogenic climate change and species invasion are two major threats to biodiversity,
affecting the survival and distribution of many species around the world. Studying the responses
of invasive species under climate change can help better understand the ecological and genetic
mechanisms of their invasion. However, the effects of warming and phosphorus deposition on
the phenotype of native and invasive plants are unknown. To address the problem, we applied
warming (+2.03 ◦C), phosphorus deposition (4 g m−2 yr−1 NaH2PO4), and warming × phosphorus
deposition to Solidago canadensis and Artemisia argyi to measure the direct effects of environmental
changes on growth and physiology at the seedling stage. Our results reveal that the physiology
parameters of A. argyi and S. canadensis did not change significantly with the external environment.
Under phosphorus deposition, S. canadensis had higher plant height, root length, and total biomass
compared to A. argyi. Interestingly, warming has an inhibitory effect on the growth of both A. argyi
and S. canadensis, but overall, the reduction in total biomass for S. canadensis (78%) is significantly
higher than A. argyi (52%). When the two plants are treated with warming combined with phosphorus
deposition, the advantage gained by S. canadensis from phosphorus deposition is offset by the negative
effects of warming. Therefore, under elevated phosphorus, warming has a negative effect on the
invasive S. canadensis and reduces its growth advantage.

Keywords: global warming; phosphorus; Canadian goldenrod; silvery wormwood; growth; photosynthesis

1. Introduction

Global change is an issue of great concern all over the world. The main drivers of
global change in terrestrial ecosystems include land-use change, anthropogenic disturbance,
climate change, and biological exchange (biological invasion) [1]. Biological invasions
are serious environmental problems and are accelerating at an unprecedented rate [2–5].
There is increasing evidence of the impacts of invasions on global biodiversity, ecosystem
functioning, species conservation, and even socioeconomic activities [6–9]. Therefore, many
researchers are very interested in finding the key factors for the success and spread of
invasive organisms. As a type of biological invasion, plant invasion processes are driven
by changes in other environmental factors [10,11]. Due to the inherent characteristics of
invasive plants, they often have serious negative impacts on the native vegetation and
local environment in invaded areas, such as high waterlogging tolerance [12], higher
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phenotypic responses [13–15], and biotic characteristics (strong competitiveness against
native species) [16–18]. Plant invasions result from complex interactions between biotic
and abiotic environments under global anthropogenic changes [19].

Environmental shifts due to the impacts of climate change are a global-scale problem.
Its main drivers include global warming, increased atmospheric CO2 content, nitrogen, and
phosphorus deposition [20–24]. Plant growth is strongly driven by various climatic factors,
of which temperature is one of the most important drivers. Warming temperatures affect
the phenology, reproduction, and competition interactions among native and invasive
plant species [25–27]. Some studies found that climate warming can put native plants in
a more favorable position, such as promoting the seed germination of native plants [28]
or increasing the resistance of native plants to invaders [29]. A study found that native
plants benefit from warming more than invasive plants, and this asymmetry, in effect, may
decrease the relative abundance of invasive plants [29]. Another study found that regardless
of warming conditions, invasive and native plants were similar in their responses in terms
of total biomass, leaf and root areas, biomass allocation, temperature sensitivity, and
phenotypic responses [30]. However, a study found the opposite result, where warming was
generally more beneficial to invasive plants than native plants [31]. Warming can increase
the ability of invasive plants to acquire resources [28]. In addition, the photosynthetic
apparatus of invasive plants are highly thermally stable and has an efficient regulatory
mechanism in the energy allocation of PSII complexes, which can minimize potential
damage from stress and retain greater carbon assimilation capacity [32].

Phosphorus is an important element necessary for plant growth and is a vital compo-
nent in plant cell structure and energy production [33]. It is also a structural component
of DNA and RNA, and a component of ATP (i.e., energy for metabolic processes) [34–36].
At the same time, phosphorus can also participate in the assimilation of plant photo-
synthesis and the phosphorylation of photosynthesis [37–39]. In ecosystems, the main
sources of phosphorus deposition are agricultural activities, dust transport, and combustion
emissions [24]. The global geometric mean of atmospheric phosphorus wet deposition
is 0.21 kg ha−1 yr−1 [40]. Compared to the years 1959–2000, the atmospheric phosphorus
deposition in Asia and Europe has been increasing over the past 20 years. The increase in
soil phosphorus can promote the invasion of alien species [41]. However, a study found
that phosphorus treatment promoted the growth of native Pterocypsela laciniata, but not of
invasive S. canadensis [42]. Elevated phosphorus can interact with other soil components
and have effects on plant growth. For example, prolonged exposure to high phosphorus can
exacerbate the negative effects of salt stress on the photosynthetic performance of invasive
Arundo donax [33]. The contrasting results described above may also be due to different
habitat conditions or the plant species [31]. However, to the best of our knowledge, the
effects of warming and elevated phosphorus on native and invasive plants have not yet
been addressed. Thus, our experiments can contribute to the knowledge of how native and
invasive species respond to climate change.

Phenotypic changes in plants to abiotic factors are often in response to stress or stochas-
tic change [43]. At the same time, it is also one of the key factors for plants to maintain good
physiological functioning (i.e., homeostasis) [44,45]. Many studies assessed the phenotypic
responses to environmental changes, including changes to morphological, biomass, and
physiological characteristics [46–48]. However, current studies mainly include the effects
of either temperature or phosphorus on the phenotypic responses of native and invasive
plants [49–52]. Environmental change factors do not exist alone in the natural environment.
Most research on plants tests the combined effects of temperature with nitrogen, carbon
dioxide, or water [53–56]. To the best of our knowledge, the combined effects of tempera-
ture and phosphorus on plants have not yet been investigated. Phosphorus deposition is a
particularly important global change factor that has a strong impact on plant growth [24],
so testing the direct effects of warming and phosphorus on native and invasive plants is
important for better predicting the future impacts of invasive species.
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In this study, we investigated the growth and physiological responses of seedlings
of invasive Solidago canadensis and native Artemisia argyi to warming and phosphorus
treatments. We tested the following hypotheses: (1) warming alone can inhibit the growth
of both invasive Solidago canadensis and native Artemisia argyi; (2) phosphorus deposition
alone has a positive effect on the growth of both species; (3) phosphorus deposition can
reduce the negative effect of warming on the growth of both species.

2. Results
2.1. Responses of Growth and Physiological Traits to Environmental Changes

Warming alone significantly inhibits the growth response parameters of both S. canadensis
and A. argyi (p < 0.05, Table 1 and Figure 1), especially plant height, root length, and
specific leaf area (p < 0.05, Figure 1a,d,f). Plant height, root length, and specific leaf
area of A. argyi are reduced by 48.6%, 64.4%, and 46.2%, respectively, which is slightly
higher than those of S. canadensis: 37.5%, 51.1%, and 26.9%, respectively. For plants under
phosphorus deposition alone, the total biomass of S. canadensis increases significantly by
50.2% compared to the control group, and the final biomass is significantly higher than
A. argyi (p < 0.05, Figure 1e). Under the warming × phosphorus treatment, the specific
leaf area of S. canadensis and A. argyi decreases by 47.6% and 39.7%, respectively, which is
significantly lower than the control group (p < 0.05, Figure 1f). Correlations among traits
are presented in Figure S1.

Table 1. Three-way ANOVA results on the effect of warming (T: control and warming), phosphorus
deposition (P: control and elevated), species ID (S: invasive and native), and their interaction effects
on plant height, root length, stem diameter, total biomass, root–shoot ratio, and specific leaf area.
Statistically significant effects are indicated in bold (* p < 0.05, ** p < 0.01, *** p < 0.001).

Parameter T P S T × P T × S P × S T × P × S

Plant height 65.96 *** 9.64 ** 11.60 ** 0.05 1.94 2.93 5.30 *
Root length 42.30 *** 3.96 2.04 4.44 * 0.36 1.12 3.39

Stem diameter 11.40 ** 0.14 0.92 0.00 0.00 0.04 0.66
Total biomass 62.19 *** 5.03 * 17.83 *** 4.04 16.96 6.02 0.00

Root–shoot ratio 5.57 * 0.03 0.09 1.22 0.88 0.10 0.08
Specific leaf area 201.76 *** 113.42 *** 1.19 133.72 *** 0.13 0.48 3.83

From the three-way ANOVA results, warming alone, phosphorus deposition alone,
and warming × phosphorus have no significant effect on net photosynthetic rate and
Fv/Fm (i.e., optimal/maximal photochemical efficiency of PS II in the dark, p > 0.05,
Table 2). The net photosynthetic rate, chlorophyll, and Fv/Fm of A. argyi and S. canadensis
do not show significant changes under any treatment (p > 0.05, Figure 2). Interestingly,
the Fv/Fm of S. canadensis is significantly lower than that of A. argyi under all treatments
(p < 0.05, Figure 2c).

Table 2. Three-way ANOVA results on the effect of warming (T: control and warming), phosphorus
deposition (P: control and elevated), species ID (S: native and invasive), and their interaction effects
on chlorophyll, net photosynthetic rate, and Fv/Fm. Statistically significant effects are indicated in
bold (* p < 0.05, *** p < 0.001).

Parameters T P S T × P T × S P × S T × P × S

Chlorophyll 2.49 * 0.90 5.13 * 5.08 * 1.70 0.38 1.62
Net photosynthetic rate 0.01 0.00 0.00 0.97 4.89 * 0.63 0.41

Fv/Fm 0.55 0.25 121.09 *** 0.05 0.11 1.37 0.41
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Figure 1. Histograms summarizing the effects of warming, phosphorus deposition, and their 
interactions on (a) plant height, (b) stem diameter, (c) root–shoot ratio, (d) root length, (e) total 
biomass, and (f) specific leaf area of native Artemisia argyi and invasive Solidago canadensis. T0P0: 
control group, T1P0: warming alone, T0P1: phosphorus deposition alone, and T1P1: warming × 
phosphorus deposition. The blue boxes represent A. argyi, and the red boxes represent S. canadensis. 
Significant differences (p < 0.05) between treatments are indicated by different letters. Values are 
means ± SE. 
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Figure 1. Histograms summarizing the effects of warming, phosphorus deposition, and their inter-
actions on (a) plant height, (b) stem diameter, (c) root–shoot ratio, (d) root length, (e) total biomass,
and (f) specific leaf area of native Artemisia argyi and invasive Solidago canadensis. T0P0: control
group, T1P0: warming alone, T0P1: phosphorus deposition alone, and T1P1: warming × phosphorus
deposition. The blue boxes represent A. argyi, and the red boxes represent S. canadensis. Significant
differences (p < 0.05) between treatments are indicated by different letters. Values are means ± SE.
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2.2. The Effects of Environmental Changes on Plants 
Our results indicate that the relative changes of the two plant growth parameters are 

negative under warming alone (Figure 3). S. canadensis and A. argyi have significant 

Figure 2. Histograms summarizing the effects of warming, phosphorus deposition, and their inter-
actions on (a) chlorophyll, (b) net photosynthetic rate, and (c) Fv/Fm of native Artemisia argyi and
invasive Solidago canadensis. T0P0: control group, T1P0: warming alone, T0P1: phosphorus deposition
alone, and T1P1: warming × phosphorus deposition. The blue boxes represent the A. argyi, and
the red boxes represent the S. canadensis. Significant differences (p < 0.05) between treatments are
indicated by different letters. Values are means ± SE.
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2.2. The Effects of Environmental Changes on Plants

Our results indicate that the relative changes of the two plant growth parameters
are negative under warming alone (Figure 3). S. canadensis and A. argyi have significant
differences in biomass parameters (p < 0.05, Figure 3e). The relative changes in the net
photosynthetic rate of S. canadensis and A. argyi are, respectively, distributed on both sides of
zero, and the relative changes in net photosynthesis rate of the two plants are significantly
different (p < 0.05, Figure 4). Under phosphorus deposition alone, the relative changes
in total biomass, net photosynthetic rate, and Fv/Fm of A. argyi are all greater than zero,
while the change for other growth indices is variable (Figure 3). For S. canadensis, only the
relative changes in root–shoot ratio and specific leaf area are less than zero. Under the
warming × phosphorus treatment, the relative changes of the two plant growth parameters
are less than zero (Figure 3), and there is no significant difference in the relative changes.
The relative changes in chlorophyll (less than zero) of A. argyi are inversely proportional to
those of S. canadensis (greater than zero).
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Figure 3. The relative change (%) in (a) plant height, (b) stem diameter, (c) root-shoot ratio, (d) root
length, (e) total biomass, and (f) specific leaf area of Solidago canadensis and Artemisia argyi in response
to warming and phosphorus interactions. T1P0: warming alone, T0P1: phosphorus deposition alone,
and T1P1: warming × phosphorus deposition. The blue points represent the native A. argyi, and the
red points represent the invasive S. canadensis. p < 0.05 means that the relative change rates of the
measurement parameters of A. argyi and S. canadensis have significant differences under the same
treatment. Values are mean ± SE (relative changes).
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Figure 4. The relative change (%) in (a) chlorophyll, (b) net photosynthetic rate, and (c) Fv/Fm
of Solidago canadensis and Artemisia argyi in response to warming and phosphorus interactions.
T1P0: warming alone, T0P1: phosphorus deposition alone, and T1P1: warming × phosphorus
deposition. The blue points represent the native A. argyi, and the red points represent the invasive
S. canadensis. p < 0.05 means that the relative change rates of the measurement parameters of A. argyi
and S. canadensis have significant differences under the same treatment. Values are mean ± SE
(relative changes).

3. Discussion

Understanding the eco-physiological mechanisms underlying species invasion under
contrasting conditions is required for effective management under climate change. Morpho-
logical and physiological responses associated with the broad expansion of various invasive
species have been described in many empirical studies [48,57,58], while a previous study
tested the effects of warming and eutrophication (phosphorus) on the invasive aquatic
plant Eichhornia crassipes [59]. To the best of our knowledge, our experiments are the first
to address the direct effects of warming and phosphorus deposition on phenotypic changes
in native and invasive plants.

3.1. Direct Effect of Warming on A. argyi and S. canadensis

Average global temperatures have already risen due to greenhouse gas emissions and
are expected to continue rising [60,61]. It is well-established that elevated temperature
has a significant impact on plant physiology and growth [62–65]. Most studies found that
invasive plants are generally considered to have a wide range of heat tolerance and high
adaptation potential to face new environments [66–68]. However, our results did not find
that the invasive S. canadensis had a stronger adaptation to high temperatures than the
native A. argyi. Compared with the control group, warming inhibits the growth (i.e., plant
height, root length, diameter, total biomass, root-to-shoot ratio, and specific leaf area) of
native A. argyi and invasive S. canadensis. The total biomass reduction rate of S. canadensis is
significantly higher than that of native A. argyi. The net photosynthetic rate and chlorophyll
of the two plants does not change significantly under warming. In other words, the ability
to accumulate organic matter does not change. However, the net photosynthetic rate is not
always directly proportional to the growth response [69]. In low-temperature ecosystems,
warming tends to increase plant biomass production because ambient temperatures are
often below the optimal growth temperature of plants [70]. In our experiments, all-day
warming significantly increased the maximum daily air temperature, likely exposing both
plants to heat stress conditions [71]. Therefore, the reduction in the total biomass of the
two plant species may be due to shifts in resource allocation, where more resources were
consumed to resist the changes in the external environment.
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Our results indicate that the growth of both native and invasive plants is inhibited
under warming conditions. These results support our first hypothesis that warming alone
has inhibitory effects on the growth of both invasive S. canadensis and native A. argyi.
Our experimental results are also similar to previous results finding that warming has
a negative effect on plant growth [72,73]. Biomass allocation is often related to plant
health and productivity and can vary by species and environmental context [74,75]. Our
experimental results show that warming has an inhibitory effect on the total biomass of
both plants, but the total biomass of S. canadensis has a decreased response to warming. A
high root–shoot ratio indicates that the plant has invested heavily in root biomass rather
than shoot length and leaf area [76]. The root–shoot ratios of A. argyi and S. canadensis
decrease by 48% and 37%, respectively, but the difference is not significant compared with
the control group. Responses in leaf traits are also an important strategy for plants to adapt
to their environment. Warming has a significant inhibitory effect on the specific leaf area
of both plants. When the specific leaf area is reduced, the resistance of water to the leaf
surface increases, which can reduce the water lost by transpiration and put more substances
into the construction of strengthening leaf cell walls and vascular structures. This is also a
response for protection and to prolong the lifespan of leaves [77–79]. In addition, a lower
specific leaf area can increase leaf epidermal hair density, mesophyll cell density, and cell
wall thickness, thereby achieving the purpose of enhancing leaf stiffness [80].

3.2. Direct Effect of Phosphorus on A. argyi and S. canadensis

Compared with the control group, the total biomass of S. canadensis and A. argyi
both respond positively to phosphorus deposition, but at the end, the total biomass of S.
canadensis is significantly higher than that of A. argyi. This may be because the plant height
and root length of invasive S. canadensis are higher than those of native A. argyi. Our second
hypothesis that phosphorus deposition alone can promote both S. canadensis and A. argyi
is also partially supported. Longer roots enable greater coverage of soil, reducing spatial
heterogeneity, which can promote growth and maintains its competitive advantage [81,82].
In addition, the longer root system provides greater water- and nutrient-foraging capacity
for growth promotion [83]. The height advantage can help S. canadensis capture light energy
more effectively [84–86], and increase the distance of seed propagation [57].

Phosphorus treatment does not significantly alter the chlorophyll content, net photo-
synthetic rate, and Fv/Fm of S. canadensis in our experiments. However, the total biomass
of S. canadensis increases by 50.2%. In our experiments, only the photosynthetic index of
leaves was measured, but almost all green organs of plants can carry out photosynthesis,
especially young stems or twigs. The rate of photosynthesis in plant stems is usually lower
than that in leaves, but the rate can be as high as 75% of leaf photosynthesis [87]. Thus, stem
photosynthesis may play an important role in the maintenance of the carbon balance [88].
Thus, increased stem number can also boost net photosynthesis, further enhancing organic
matter accumulation.

3.3. Direct Effects of Warming and Phosphorus on A. argyi and S. canadensis

A study found that inferring the impact of climate change on plant invasion from signal
factors may be misleading [68]. More multifactorial studies are needed to predict plant
invasions under global change. As one of the key parameters characterizing invasiveness
and adaptability [89], S. canadensis investigated in this work exhibited similar biomass
to A. argyi. Plant responses to phosphorus depend on many factors, including growth
conditions such as temperature and light intensity [90], so adding phosphorus cannot fully
restore the negative effects of warming on plants. The results also partially support our
third hypothesis that phosphorus deposition can reduce the negative effects of warming on
S. canadensis and A. argyi. Some studies found that invasive plants invest more resources in
leaf growth (rather than leaf structure per unit area) resulting in higher growth rates [91,92].
We found that the specific leaf area was similar between the two plants, therefore, our
results do not reflect those of previous studies. Our results suggest that the dominance
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of invasive S. canadensis under phosphorus deposition can be partially offset by global
warming in environments where phosphorus is abundant.

4. Material and Methods
4.1. Study Species

The experiment was conducted in a greenhouse located at Jiangsu University, Zhen-
jiang, China. The local climate of the study area is subtropical monsoon, characterized by a
mean annual temperature of 16 ◦C. The annual precipitation is 1297 mm, and the annual
hours of sunshine is 1986.9 [93]. In late autumn 2020, seeds of A. argyi (native species)
and S. canadensis (invasive species) were collected from a field in Zhenjiang (119◦51′ E,
32◦20′ N). In May 2021, seedlings of A. argyi and S. canadensis were transplanted into
monoculture pots (15 cm in diameter and 18 cm in height), each containing four plants.
The pots were filled with sand and soil in a 1:1 proportion by volume. The contents of
total nitrogen, available phosphorus, and total organ carbon were 3.84 ± 0.20 mg g−1,
11.83 ± 0.40 mg kg−1, and 6.14 ± 0.12 mg g−1, respectively. Throughout the experiment,
the ambient average temperature was 28.86 ◦C, the highest temperature recorded was
34.98 ◦C, and the lowest was 25.31 ◦C, and the average humidity was 75.3%. Adequate
water was supplied every day during seed germination.

Solidago canadensis: A perennial of the Asteraceae family native to North America. It was
introduced to China as an ornamental in 1935 [94]. We selected S. canadensis for our study for
the following reasons. First, S. canadensis is among the most notorious weeds. It has invaded
Europe, large parts of Asia, Australia, and New Zealand [28,95]. Recently, it was rapidly
invading croplands in China and has become very problematic [96]. Second, S. canadensis
can form monocultures once established, and outcompete native plants in heavily invaded
habitats, such as roadsides, abandoned fields, agricultural fields, and pastures [97]. Third,
S. canadensis is sensitive to climate change and has a strong reproductive capacity (i.e., high
seed production and clonal growth) with high ecological adaptability [98];
Artemisia argyi: An herbaceous perennial plant with creeping rhizomes also from Asteraceae
that can be propagated via seeds and ramets. A. argyi is native to China, Korea, Mongolia,
and far-eastern Russia [99]. It is distributed broadly across China, except for extremely arid
and alpine regions.

4.2. Warming and Phosphorus Treatments

Plants were randomly assigned to four treatment groups: (no warming, T0P0), warm-
ing alone (all-day warming, T1P0), phosphorus deposition alone (4 g m−2 yr−1 NaH2PO4,
T0P1), and warming × phosphorus deposition (T1P1). For the warming treatment, a
rubber heating plate was used to increase the temperature. The heating plate was placed
about 50 cm from the bottom of the flower pot in the warming group [100–102], and the
heating plate was connected to the temperature controller. The sensors at both ends of the
temperature controller were placed in the control and warming treatment groups for tem-
perature control (Figure S1). The temperature and humidity of each group were measured
with a temperature and humidity recorder that was placed 5 cm above the plants. Plants
within a treatment were shuffled around randomly once a month to minimize greenhouse
microclimate effects. During the experiments, the temperature of the warming treatment
group was on average 2.03 ◦C higher than that of the control group (Figure 5). The elevated
temperatures simulate global average temperature about 50 years from now [103]. The
average deposition of phosphorus was 0.21 ± 0.17 kg P ha−1 yr−1, and the phosphorus
input through wet deposition in China is approximately 0.017g P m−2 yr−1 [24]. For the
phosphorus treatments, NaH2PO4 solution was added to the soil in pots three times (each
time interval is 72 h) before the plants were transplanted into treatments. Plants were
watered regularly to prevent water stress. The experiment ran for 90 days in total, from
27 June to 14 September 2021. Each treatment and planting method was replicated five
times, involving a total of 40 plants (2 species × 4 treatments × 5 replicates).
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4.3. Data Collection

In this paper, “biological responses” are the phenotypes of plants, mainly including
plant height (Ht), root length (RL), stem diameter (Dt), total biomass (TB), root–shoot ratio
(R.S), and specific leaf area (SLA). “Physiological responses” include chlorophyll (Chl),
net photosynthetic rate (Pn), and Fv/ Fm. Plant height, root length, and stem diameter
were measured using a vernier caliper. The aboveground biomass, underground biomass,
and total biomass were harvested, dried, and weighed, to obtain the root–shoot ratio
(calculated as underground biomass/aboveground biomass). YMJ-CH intelligent leaf
area system (Topu Yunnong Technology, Zhejiang, China) was used to measure leaf area.
An electronic balance (BSA124S-CW, Sartorius Scientific Instruments Co., Ltd., Beijing,
China) was used to weigh leaves for specific leaf area, which was measured from two
fully expanded mature leaves randomly collected from each plant. Photosynthesis is the
source of plant energy and can provide the material basis for plants. The photosynthetic
process is the result of the interaction of multiple factors, including net photosynthetic
rate, chlorophyll, and chlorophyll fluorescence. The changes in photosynthesis traits were
assessed to complement the growth data on plant size. All photosynthesis traits were
measured between 09:00 and 12:00 on a sunny day, and one random mature leaf from each
plant was used for those measurements. We tested the net photosynthetic rate using a plant
photosynthesis measurement system (FS-3080H, Fansheng Technology, Hebei, China). A
plant nutrition analyzer (TYS-3N, Topu instrument, Zhejiang, China) was used to measure
the chlorophyll content of leaves. Fv/Fm was used to gauge whether plants were under
stress. Photosynthetic fluorescence (Fv/Fm, a normalized ratio created by dividing variable
fluorescence by maximum fluorescence) was measured using Photon Systems Instruments
(Czech Republic). The leaves were placed in the dark using a leaf clamp for 15 min before
measurement, and the leaves were exposed to the optical probe for the measurement.

4.4. Statistical Analyses

Three-way ANOVA was used to assess the statistical differences in the effects of
warming (warming and control), phosphorus deposition (elevated and control), and species
ID (invasive and native) on plant parameters. Normality and homogeneity were tested by
using Shapiro–Wilk test and Levene’s test, respectively. Net photosynthetic rate (Pn) was
transformed by natural logarithm to meet the assumptions of ANOVA. One-way ANOVA
followed by Tukey post-hoc comparison was performed to compare the effects of different
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treatments on native A. argyi and invasive S. canadensis. Two-sample independent t-test was
also used to examine whether the relative changes in a specific trait differed between native
and invasive populations. All statistical analyses were conducted using SPSS Statistics
26 (IBM), and all data were presented in figures using Origin Lab (version Origin 2023
https://www.originlab.com/ (accessed on 29 December 2022)).

To clarify the magnitude of the response of native and invasive plants to different
treatments, we also calculated the relative rate of change (RCR) of each parameter:

RCR(%) = [(Trait T − Trait CK)/Trait CK] × 100% (1)

where Trait T represents the index value of the treatment group, and Trait CK represents
the index value of the control group. Positive values indicate that environmental changes
have a positive effect on species growth, and negative values indicate a negative effect.

5. Conclusions

Our results suggest that implementing phosphorus treatment under our experimental
conditions promotes the phenotypic responses of S. canadensis, which is reflected in the
increases in plant height, root length, and biomass parameters. Therefore, the invasion
and growth of S. canadensis might be accelerated in areas where human agricultural activi-
ties intensify (e.g., dust transmission and emissions from combustion sources). However,
warming inhibits the growth of A. argyi and S. canadensis to a certain extent, and the effects
on the growth parameters of both plants are consistent. Our findings further validate that
warming suppresses the growth of invasive plants [28,29]. In addition, warming could
significantly reduce the advantage of phosphorus deposition on invasive S. canadensis.
In other words, the interaction of the two factors reduced the growth advantage of the
invasive S. canadensis. This study contributes to understanding the phenotypic responses
of A. argyi and S. canadensis to warming alone, phosphorus deposition alone, and warm-
ing × phosphorus deposition. Our results are of great significance for improving the
understanding of how invasive and native plants respond to environmental and climate
change, including predicting the potential invasion risk of the invasive plant S. canadensis
under rapid changes in the anthropogenic environment. However, future studies should
examine the growth performance of these two species under a wider range of warming and
phosphorus deposition, to assess the impact of large-scale environmental changes. These
include field transplants that can also further explore these relationships.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants12061370/s1, Figure S1: Correlations between traits in
Solidago canadensis and Artemisia argyi; Figure S2: A schematic diagram of the experimental setup
demonstrating the heating equipment and planting methods: (a) a representation of the experimental
equipment used in the experiment, and (b) a schematic diagram of experimental warming and
planting methods.
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