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Invasive plants threaten biodiversity and cause huge economic losses. It is thought that global change factors (GCFs) associated with climate change (including shifts in temperature, precipitation, nitrogen, and atmospheric CO2) will amplify their impacts. However, only few studies assessed mixed factors on plant invasion. We collated the literature on plant responses to GCFs to explore independent, combined, and interactive effects on performance and competitiveness of native and invasive plants. From 176 plant species, our results showed that: (1) when native and invasive plants are affected by both independent and multiple GCFs, there is an overall positive effect on plant performance, but a negative effect on plant competitiveness; (2) under increased precipitation or in combination with temperature, most invasive plants gain advantages over natives; and (3) interactions between GCFs on plant performance and competitiveness were mostly synergistic or antagonistic. Our results indicate that native and invasive plants may be affected by independent or combined GCFs, and invasive plants likely gain advantages over native plants. The interactive effects of factors on plants were non-additive, but the advantages of invasive plants may not increase indefinitely. Our findings show that inferring the impacts of climate change on plant invasion from factors individually could be misleading. More mixed factor studies are needed to predict plant invasions under global change.
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Highlights

	The effects of global change factors on plant invasion are interactive, and additive effects are uncommon.

	The performance and competitiveness of invasive plants may benefit from the impact of global change.

	Plant performance and competitiveness changes are not always in the same direction.





Introduction

Numerous plant species are being introduced into new habitats from their original habitats intentionally or unintentionally by humans. Many of these have adapted to their new habitats and become naturalized, and some have become invasive, resulting in the negative effects on the structure and function of local ecosystems (Kumar Rai and Singh, 2020; Pyšek et al., 2020). Ecologists are increasingly paying more attention to the field of invasion biology due to the increasing harm of plant invasions (van Kleunen et al., 2018). It is generally believed that invasive alien plants are successful because that they have broader environmental tolerance (Scasta et al., 2015; Liao et al., 2019), higher phenotypic plasticity (Richards et al., 2006; Scasta et al., 2015), and resource utilization capacity (Wang et al., 2013) than native plants. These traits may help them adapt to new environments through performance and competitive advantages (Kuebbing and Nuñez, 2016).

As a complex ecological process, plant invasion is affected by many biotic (e.g. phenotypic traits, soil microorganisms, enemy release; Keane and Crawley, 2002; Gosper, 2004; Grotkopp and Rejmanek, 2007; Zhang et al., 2020) and abiotic factors (e.g. temperature, humidity, soil nutrient content; Yu et al., 2018; Liu et al., 2018a; Ren et al., 2020). Global change factors (GCFs) including temperature increase, rainfall variability, nitrogen deposition, and atmospheric carbon dioxide (CO2) enrichment can moderate the performance and competitive interactions between native and invasive plants, which can affect invasion success (Liu et al., 2017; Wu et al., 2017; Shrestha and Shrestha, 2019). It is generally believed that changes in these factors have created new environments (e.g. by changing the availability of resources; Jia et al., 2016), while the intrinsic traits of invasive plants may allow them to take advantage of their new environment (van Kleunen et al., 2010), thus they can obtain better performance than native plants under global change (Dostál et al., 2013). A lot of experimental studies have been conducted all over the world to examine how plant invasions will change in response to GCFs, especially to many factors independently (Jia et al., 2016; Liu et al., 2017; Stephens et al., 2019).

Of course, GCFs occur simultaneously in nature and different GCFs have interactive effects on ecosystem processes (Reich et al., 2006; Li et al., 2016; Yue et al., 2017; Yue et al., 2019; Orr et al., 2022). Although the terms “synergistic” and “antagonistic” are often used to describe the possible interactions between multiple drivers, there is still a lack of consensus on definitions (Piggott et al., 2015a; Hale et al., 2017; Orr et al., 2022). In this study, an additive effect (i.e., no interaction between factors) is defined as the case where the combined effects of two or more factors are equal to the sum of those effects individually (Colby, 1967; Rummens, 1975; Crain et al., 2008). In contrast synergistic or antagonistic interactions between factors include cases where the combined effects can produce results that are significantly different or exaggerated than is expected (Gurevitch et al., 2000; Yue et al., 2019). The definition used by Crain et al. (2008) has been widely cited and relatively well recognized. According to the direction of the independent effect of the two factors, it can be divided into two scenarios: If the individual effects of each factor are in the same direction (either positive or negative), a synergistic effect is defined as the case where the combination of two factors is stronger than the sum of effects independently. For example, factor A and factor B both inhibit the growth of plants. In combination, A will prompt B to strengthen its inhibitory effect on plants (Figure 1 of Crain et al. 2008). Another situation is that the factors have opposing effects (e.g. independently, A is positive but B is negative). In this case, the classification of the interaction between the two factors is controversial. Gurevitch et al. (2000); Crain et al. (2008); Rillig et al. (2019) and others stated that if the combined effect of the two factors is more negative than the cumulative effect of the two factors, it is considered a synergistic effect. On the contrary, it is an antagonistic effect where the combined effect produces a more negative response than what it should be given an additive effect (Figure 1 of Crain et al. 2008). In a series of articles, Piggott et al. (2015a; 2015b; 2015c) proposed a classification system based on the additive effect model, which further refined the classification of interactions, and a new class of “mitigating synergism” is identified to accumulate the magnitude of the effect is measured compared with the individual stress effect to clarify the interaction effect of two factors with opposite effects (Figure 1A), and has been used by some authors recently (Hale et al., 2017; Cremona et al., 2021; Jin et al., 2021).




Figure 1 | An illustration of the system for classifying plant responses to multiple global change factors based on the direction and magnitude of their individual and combined effects. According to the interaction type of two factors with double positive, double negative and opposite individual effects (see Figure 1 of Crain et al. 2008), the interaction type (A) of “limiting synergy” proposed by Piggott et al. (2015a) under opposite individual effects. In this study, interaction classification criteria for double positive (B), double negative (C) and opposite (D) individual effects. In the figure, bold numbers denote net trait response from factor A, B or A+B, numbers in brackets denote antagonistic or synergistic effects.



If the interaction between GCFs is additive, the effects of multiple GCFs on plant invasion can be inferred from the effects of single GCFs individually. But in reality, the effects from the interactions between GCFs are highly variable. For example, there is an interaction effect of nitrogen deposition and water availability on the response of the invasive herb Bromus madritensis, and its sensitivity to soil nitrogen depends on the degree of water limitation, but there is no interaction between the two GCFs (Rao and Allen, 2010), indicating that the promoting effect of nitrogen deposition on plant invasion would intensify with an increase in precipitation. In addition, the benefit to invasive plants from nitrogen deposition may increase as temperatures rise. Ren et al. (2020) studied phenotypic plasticity and fitness of invasive Solidago canadensis under variable nitrogen and temperature, and found that warming and increased nitrogen would create conditions more suitable for growth, and may increase invasion risk by enhancing phenotypic plasticity. In another study, increases in CO2 concentration and temperature promoted the aboveground growth of the native Austrodanthonia eriantha and the invasive Vulpia myuros, respectively (Hely and Roxburgh, 2005). However, the combined treatment of temperature and CO2 had a limited effect on growth promotion, and the degree of enhancement was lower than that expected (versus the sum of the effects from each factor individually). To an extent, temperature and CO2 concentration mutually inhibited each other’s promoting effect on plants (Hely and Roxburgh, 2005). In Larson et al. (2018), drought stress enhanced the inhibitive effect of native Pseudoroegneria spicata on the invasive Bromus tectorum under high CO2 conditions. A better understanding for more accurate predictions on how plant invasions behave under global change is crucial (Gioria and Osborne, 2014). Currently the interaction between the driving effects of multiple GCFs on plant invasion is often extrapolated from single factor effects. There is some feasibility in predicting the combined effects from multiple factors, but there is a high level of uncertainty. Therefore, a synthesis of existing research results to explore the combined effects of multiple GCFs on plant invasion is necessary.

Currently, research on plant invasion often focuses on the performance of plants and on the biotic interactions between plants (e.g. competition). But the current comprehensive studies (Jia et al., 2016; Liu et al., 2017; Stephens et al., 2019) mainly focus on the performance of plants growing individually (and not under competitive conditions). A focus on competition is important because a stronger competitiveness may help invasive plants occupy niches originally occupied by local indigenous communities (Barton and Wong, 2019). Competitive ability against native plants may be a key factor that determines whether invasive plants can successfully invade (Gioria and Osborne, 2014; Zhang and van Kleunen, 2019). GCFs often have significant effects on the competition between invasive and native plants, but the effects of multiple GCFs are not well understood. Although increased CO2 may not drastically change the competitive interaction between native and invasive plants, it may increase the comparative advantage of invasive plants over native plants (Manea and Leishman, 2011). Nitrogen deposition also promoted the competitive ability of invasive plants through increasing root biomass (Broadbent et al., 2018). The relative performance non-naturalized alien garden plants may increase under combined warming and precipitation change, as resident species become less competitive (Haeuser et al., 2019). The differences in interaction between different combinations of factors indicate that a comprehensive study on the interactive effect of multiple GCFs on plant invasion is necessary for better predictions. A quantitative synthesis of the data across many studies is needed to predict the overall development trend of plant invasion under the background of global change (Jia et al., 2016).

Here, we synthesized the data from the published literature on the effects of GCFs on plant invasion. The main objectives of this study are to better understand the effects of major GCFs on independent performance and competitiveness of native and invasive plants, and to investigate whether the effects of independent GCFs on plant invasion are additive. We hypothesize that: (1) Native and invasive plants will show different responses in performance and competitiveness to each other under GCFs, and invasive plants can benefit more from the effect; and (2) there is a significant difference between the combined effects (of any two GCFs on native and invasive plants) and the sum of their independent effects, and it will be an antagonistic effect (sub-additive effect).



Materials and methods


Data compilation

To identify studies reporting the responses of native and invasive plants to global changes, we searched the ISI Web of Science (http://apps.webofknowledge.com/) using the words related to “global change”, “plant invasion”, and “competition” as keywords. A total of 6,509 papers published before May 2020 was assessed. Each publication was individually assessed and retained if: 1) The research data were obtained through plant competition experiments, and at least one treatment group was the competition between native and invasive plants at the study location; and 2) in the competitive experiment, at least one global change factor treatment was applied. We regard the treatment of deviation from normal environmental values in the following environmental variables as GCFs. GCFs include temperature increase (T), precipitation increase (P), drought intensification (D), nitrogen deposition (N), and atmospheric CO2 enrichment (C). It is worth noting that although both P and D involve changes in water availability, they involve different types of stressors on plants with the former involving waterlogging and disturbance and the latter involving low soil water potential (Liu et al., 2017; Song et al., 2019; Zhou et al., 2020). Thus, P and D were analyzed separately.

We directly extracted the data from the text and table of the main body and appendices of these papers. The GetData Graph Digitizer (version 2.24, available online: http://getdata-graph-digitizer.com/) was used to extract the data from the figures. The following criteria were applied to extract data from each study: (1) The studies were divided into two categories according to the competitive treatment employed; that is, the relative neighbor effect (RNE) and relative competition effect (RCE) depending on the measurement reported by the study (Kuebbing and Nuñez, 2016). RNE measures the competitive ability of the target species by comparing the relative difference between the species grown alone and under competition with a neighboring plant(s). RCE measures the competitiveness of the target plant by comparing its relative performance with that of competing plants in mixed planting. Usually, RNE data is inclusive of RCE, however, RCE may not be attainable in studies reporting RNE. Moreover, co-occurring native and invasive plants may compete for resources. Therefore, the results of our study only kept the plant performance data under mixture of native and invasive plants. The invasive plants were considered the target plants to study the competitiveness of invasive plants against native plants (the competing plants), and vice versa for the competitiveness of native plants. (2) To minimize differences in methods for calculating competitiveness among studies, we gave priority to studies reporting plant performance (i.e., growth performance, physiological performance, survivorship performance) and directly recorded the competitiveness results for studies that only disclose plant competitiveness. Growth performance traits include biomass or size, physiological performance traits mainly refer to photosynthesis, which can directly increase the performance of plants, and survivorship traits include survival or reproduction. (3) We considered the ambient level of an environmental change factor (i.e., precipitation, temperature, atmospheric CO2 concentration, and soil N) as the control and elevated level of the same factor as the treatment. If the paper did not specify which level is the ambient level, the treatment with the lowest value was considered the control. An exception to this was for the drought treatments, where the normal water level was taken as the ambient level, and the drought treatment was taken as the treatment. Compared with previous meta-analyses (Sorte et al., 2013; Jia et al., 2016; Liu et al., 2017; Stephens et al., 2019), we chose to retain the multiple factor results and used it as an important classification criterion in the analysis. Different multiple factor studies are collected as different groups of GCFs. (4) If the research across a period of time, only the final data point was extracted to avoid oversampling of data.



Statistical analysis

To study the effects of global change factors on the performance and competitiveness of native and invasive plants, we analyzed the plant performance data and the competitiveness of each plant. We standardized the plant performance data under competition using the Relative Competition Intensity index (RCI; Weigelt and Jolliffe, 2003) defined by the following formula:



where Pt and Pc are the mean standardized data of the target plant and competing plant performance, respectively; and P is defined by:



where P is the corresponding standardized data, po is original performance of target or competing plant under control or experimental treatment, and pck is original plant performance under control treatment, and pe is under experimental treatment.

For both performance (P) and competition (RCI) data, we used the non-parametric bootstrap method to estimate the mean effect sizes and confidence intervals (CI) for the plant performance and competitiveness data, so that we could use the intermediate results to calculate the single factor additive effect sizes. The algorithm conducts sub-sampling with replacement (1,000 iterations). This method does not emphasize statistical significance thresholds, and emphasizes comparing the mean effect sizes and 95% CIs to assess the impact of each treatment (Rillig et al., 2019). Using the process of analyzing plant performance data as an example (Figure 2), we first grouped the data according to GCFs, and then by random replacement 100 data points from each group was sampled and the mean value was calculated. We defined the effect sizes of single and multiple GCFs as the raw mean differences in sample means between the “control” group and the “treatment” group, and directly used the original difference between them to evaluate the difference size between the actual multiple factor effects and the additive effects of corresponding single GCF (Rillig et al., 2019). The above steps were repeated a total of 1,000 times. Each group comprised 1,000 effect sizes (single and multiple GCFs) or 1,000 difference sizes (only multiple GCFs) used to calculate the corresponding mean effect sizes. The quantiles of 2.5% and 97.5% were used as the lower and upper limits of 95% confidence intervals. RCI used the same method for statistical analysis. For effect sizes, the positive or negative effect size means whether the effect of GCFs is positive or negative. By calculating the proportion of 1000 effect sizes or difference sizes greater than 0 as p, when 0.025< p< 0.975 means 0 is within the CI range, indicating that the treatment effect is not significant. When 0 is within the CI, it means that the treatment has no significant effect. A significant difference is considered to be where CIs do not overlap among the two groups. Finally, we classified each result obtained from 1000 iterations separately (Figures 1B–D) according to the interactive classification system (A~D) of Crain et al. (2008) and Piggott et al. (2015a). The workflow for the processing of raw data is summarized in Figure 2. The classification is described below:

	An additive response (AD) indicates that there is no interaction effect between the two single factors (relative to the control), and the combined effect of the two factors is as expected (i.e., AD or expected [a + b], as shown in Figure 1D). That is, it is the same as the sum of the two factor effects on the plant response individually. In Figure 1D, the effect of factor A on the plant response is +5 but for factor B it is -12. An additive effect is demonstrated when the expected net effect of -7 (relative to the control) is present when under the effects of both factors.

	Antagonistic (A) interactions are non-additive, and appears to be weaker than expected (i.e.< a + b and< |a| or |b|). If the two factors act in opposite directions, they can be further divided into +Antagonistic (stronger than expected effect, +A) and −Antagonistic (weaker than expected effect, −A). In Figure 1D, a positive antagonistic effect is present when the net effect of -10 is less than the additive response (expected [a + b] = -7), but still greater than the factor with the more negative effect on plant response (in this case, factor b = -12). A negative antagonistic effect is present when the net effect of -2 (absolute response of 18) is greater than the expected additive effect of -7, but lesser than the factor with the greater response (in this case, a = 5).

	Synergistic (S) interactions are non-additive, and appears to be stronger than expected (> a + b and > |a| or |b|). If the two factors act in opposite directions, they can be further divided into +Synergistic (weaker than expected effect, +S) and −Synergistic (stronger than expected effect, −S). In Figure 2D, a positive synergistic response is present when the net effect of 9 is greater than the factor with a higher effect (a = 5 in this case). A negative synergistic response is present when the net effect (-17) is lower than the lesser response among the two factors (b = -12 in this case).






Figure 2 | Schematic of the bootstrap resampling design for estimating the joint effect sizes of single and multiple GCFs treatments on performance and competitiveness of native and invasive plants using plant performance as an example. In step 1, according to no treatment (PC, sample size of data is NC), A factor alone (PA, sample size of data is NA), B factor alone (PB, sample size of data is NB) and AB two-factor interaction (PAB, sample size of data is NAB) standardized plant performance data. From steps 2 to 6, it is repeated 1000 times, and the number of iterations is marked with i in subscript form. In step 2, 100 samples from PC, PA, PB and PAB were randomly placed back to draw each as PCi, PAi, PBi and PABi, and in step 3, the mean values of 100 random samples were calculated as MCi, MAi, MBi and MABi, the single A factor (EAi), the single B factor (EBi) and the A, B two-factor combination (EABi) are calculated in step 4 by calculating the difference between the average value under the obtained treatment and the average value of the control group. Effect size for i iterations. Step 5, estimate the predicted two-factor additive effect size (ADABi) based on the effect size of the single factors A and B, and compare the difference between the actual effect size of the two factors A and B and the predicted additive value (DABi) in step 6. Step 7, calculate the mean and 2.5% and 97.5% quantiles of the effect size and difference size obtained by 1000 iterations, as the lower and upper interval of the combined effect (difference) size and confidence interval. In step 8, interactions are identified according to the interaction classification criteria and plotted against the data in a final step 9.



All analyses were conducted using R (version 4.2.0, R Core Development Team) using the “xlsx”, “plyr”, “data.table” and “stringr” packages, and the forest plots were generated using “ggplot2” and “ggpubr”. Flowcharts are drawn using Microsoft Visio 2019 (Microsoft Corp., Redmond, MA, USA).




Results

We retrieved 30 case studies that included 176 plant species (including 101 native and 76 invasive species; Figure S1). One of the species had different identities in different studies (Ipomoea pes-caprae). There were 340 data points (296 single and 44 multiple GCF) on performance and/or competitiveness of native and invasive plants (Figure S2; Appendix S1; Table S1). We found that only a small number of studies involving two factors, and not all combinations were available. For the study of more than two factors, we only found one study with a 3-way interaction (i.e., warming × nitrogen deposition × CO2 enrichment; Larson et al., 2018). Because of the lack of studies testing three factors, our discussion on multiple GCFs effects here mainly involves combinations of two factors.


Single GCFs independent effects

We found that single GCFs had an overall positive effect on the performance of invasive plants (0.234, p = 1.000 > 0.975, Figure 3). For native plants, although GCFs also had a positive effect on the whole (0.058, p = 0.602), the positive effect of GCF on native plants was not significant due to the adverse effects of temperature increase and drought on the growth of native plants (−0.075, p = 0.005< 0.025 and −0.164, p = 0.008< 0.025 respectively). Among the GCFs, precipitation increase had the most positive effect on native and invasive plants (0.203, p = 1.000 > 0.975 and 0.249, p = 1.000 > 0.975 respectively). The biggest difference in response between native and invasive plants was in the effect of drought (native: −0.087, p = 0.008< 0.025, invasive: 0.108, p = 1.000>0.975), and the smallest difference was in atmospheric CO2 enrichment (native: 0.057, p = 0.999 > 0.975, invasive: 0.045, p = 1.000 > 0.975). On the whole, single GCFs have a negative impact on the competitiveness of native and invasive plants, and the negative impact on the competitiveness of invasive plants is slightly greater than that of native plants (native: −0.407, p = 0.007< 0.025, invasive: −0.451, p = 0.000< 0.025, Figure 3). Overall, the negative impact of single GCFs on the competitiveness of invasive plants was also far less than that of native plants (−0.022 ± 0.017 and −0.462 ± 0.015 respectively). The results showed that except drought had no significant effect on the competitiveness of native plants (−0.183, p = 0.030), other single GCFs had significant negative effects on the competitiveness of native and invasive plants (p< 0.025).




Figure 3 | Independent effects of single GCFs on plant invasion in: (A) plant performance (left panel) and (B) competitiveness (right panel). Values indicate the means with 95% confidence intervals (CIs), and original sample size numbers for native and invasive plants are shown on the right hand side of dots. The * on the left of the means indicates the effect size is significantly different from zero (CI does not overlap with 0). A significant positive effect is where the CI is greater than 0 and a negative effect is where the CI is less than 0. Factors represented in the ordination: T = temperature increase, P = precipitation increase, D = drought intensification, N = nitrogen deposition, C = atmospheric carbon dioxide enrichment, GCFs (S) = single global change factors summary





Multiple GCFs combined effects

Most multiple GCFs combinations had positive effects on plant performance, and the positive effect on invasive plants was slightly greater than that on native plants (native: 0.099, p = 0.571, invasive: 0.263, p = 0.857, Figure 4). Under the influence of most multiple GCFs, the response direction of native and invasive plants is the same, especially temperature increase × nitrogen deposition (TN, native: 0.375, p = 1.000 > 0.975, invasive: 0.623, p = 1.000< 0.975) and drought intensification × nitrogen deposition (DN, native: 0.140, p = 1.000 > 0.975, invasive: 0.102, p = 1.000< 0.975). And a small number of GCFs combinations have opposite effects on the performance of native and invasive plants. For example, temperature increase × drought intensification (TD, native: -0.246, p = 0.000 > 0.025, invasive: 0.092, p = 1.000< 0.975) can promote the performance of invasive plants, but inhibit the performance of native plants. For the effects of GCFs on plant competitiveness, multiple GCF combinations usually have negative effects (native: -0.601, p = 0.000 > 0.025, invasive: -0.499, p = 0.134, Figure 4). All GCFs combinations reduced the RCI of native plants, and only drought intensification × atmospheric CO2 enrichment (DC) slightly promoted the competitiveness of invasive plants (0.011, p = 0.03 > 0.025).




Figure 4 | Combined effects of multiple GCFs on plant invasion in (A) plant performance (left panel) and (B) competitiveness (right panel). Values indicate the means with 95% confidence intervals (CIs), and original sample size numbers for native and invasive plants are shown right the dots. The * to the left of the dots indicates that CI does not overlap zero, which means that the GCF has a significant impact on plants, and positive effect is where the CI is greater than zero, or a negative effect where the CI is lower than zero. TD: temperature increase × drought intensification, TN: temperature increase × nitrogen deposition, TC: temperature increase × atmospheric carbon dioxide enrichment, PN: precipitation increase × nitrogen deposition, DN: drought intensification × nitrogen deposition, DC: drought intensification × atmospheric carbon dioxide enrichment, NC: nitrogen deposition × atmospheric carbon dioxide enrichment, GCFs(M): multiple global change factors summary.





Multiple GCFs interactive effects

In general, the combined interaction of multiple GCFs on plant performance is additive (native: 0.006, p = 0.543; invasive: 0.057, p = 0.471, Figure 5A), but this is due to the significant and opposite interaction of different combinations, as for the interaction results of each iteration, non-additive interactions such as antagonism and synergy seem to be more common than additive interactions (native: 91.85% and invasive: 79.77% are non-additive),. In terms of the response results of native plants, all of them were non-additive interactions except that TD (-0.084, p = 0.044) had a 55.7% possibility of additive effects. TN (0.258, p = 0.999>0.975, S: 100%), precipitation increase × nitrogen deposition (PN, 0.192, p = 1.000 > 0.975, S:99.9%), DC (-0.118, p = 0.004< 0.025, S: 100%) and NC (0.135, p = 1.000 > 0.975, S: 98.8%) are (+)synergistic effects, while DN (0.036, p = 0.757, A: 99.6%) was antagonistic effect. In the response results of invasive plants, only the combination of TD (−0.059, p = 0.031, AD (Additive effect): 49.9%) and NC (−0.015, p = 0.265, AD: 91.3%) were great possibility of additivity. While in the non-additive interaction, TN (0.429, p = 1.000 > 0.975, S: 100%) and (0.184, p = 1.000>0.975, S: 100%), were synergistic, while TC (−0.256, p = 0.000< 0.025, A: 100%), DN (−0.156, p = 0.000<0.025, +A&-A: 100%), and DC (0.274, p = 1.000>0.975, -A: 100%) were (+/-) antagonistic. In other words, most of the interaction effects of seven multiple GCF combinations on native and invasive plants were non-additive (85.81%, Figure 5A). The interactive effects of various GCFs on plant competition between native plants and invasive plants are completely different, and the interactive responses to multiple factors are mostly synergistic interactions (Mean of native and invasive: 63.80%). Among the effects on native plants, PN (0.471, p = 1.000 > 0.975, S: 100%), DN (0.165, p = 0.941, S: 100%), DC (-0.113, p = 0.128, S: 100%), and NC (0.496, p = 1.000 > 0.975, S: 100%) were synergistic, while the other three combinations were additive. However, most of the interactive effects on invasive plants were synergistic or antagonistic, and only DC (0.644, p = 1 > 0.975, AD: 77.4%) was additive (Figure 5B).




Figure 5 | Interactive effects of multiple GCFs on invasive plants: (A) plant performance and (B) competitiveness. Values indicate the means with 95% confidence intervals (CIs) in left panel. The * to the left of the dots indicates that CI does not overlap with zero meaning that the GCF has a significant interaction effect on plants. Values in percentages in indicate the proportions of the type of interaction effect among factors. Additive effects are cases where the effect under multiple GCFs is the same as the sum of those effects individually. Antagonistic and synergistic effects (unsigned) are cases where both factors have effects in the same direction, while signed effects (positive and negative) are weaker or stronger than expected. Details on classifications of these interactive effects are in the text. The abbreviations for the factors are the same as those in Figure 5.






Discussion

Our synthesis indicated that major global change factors (including warming, precipitation increase, drought intensification, nitrogen deposition and increasing atmospheric CO2) may affect the performance and competitiveness of invasive and native plants at different magnitudes and/or directions. Although invasive plants are more likely to benefit from shifts in GCFs in most cases, our results indicate the interactions among multiple GCFs were often non-additive and variable. This means that in the context of global change in the future, although we can basically confirm that plant invasion will further intensify, the advantages of invasive plants will not increase indefinitely with the increase in GCFs.


Single GCFs on performance and competitiveness

We found that different single GCFs have different individual effects on the performance of native and invasive plants. For plant performance, invasive plants usually benefited more from GCFs compared to native plants. For competitiveness, invasive plants are as greatly affected as native plants, where they usually show negative responses under GCFs. On the whole, these findings partly confirm our first hypothesis that the performances of invasive plants are more favored by single GCFs than native plants.

Temperature increase and drought intensification are generally stressful for plants (Zandalinas et al., 2018), and the difference in traits between native and invasive plants determines their sensitivities to stress (van Kleunen et al., 2010). From the results, temperature increase and drought intensification tended to have opposite effects on the performance of both invasive and native plants. However, under increased resources such as precipitation increase, nitrogen deposition, and elevated CO2, both native and invasive plants tend to benefit. Although competition may reduce those gains, the overall responses were still positive. We found that the competitiveness of plants under the effects of independent GCFs tended to be more negative than plant performance. This suggests that the competition between native and invasive plants may gradually weaken in the global changing ecological environment (Yu et al., 2018; Azeem et al., 2022). We also found that GCFs improved the performance of plants overall, especially for invasive plants, but had a negative impact on the competitiveness of both invasive and native plants. Based on our performance and competition results, change in water regime (precipitation or drought) is most favorable for invasive plants among independent GCFs. The reason for this is unclear, but limited water availability and disturbance (including heavy rainfall events) could inhibit native plants, favoring invasive plants (Orbán et al., 2021). Increased CO2 could also increase the advantages of invasive plants over native plants. High CO2 may increase the primary productivity of native and invasive plants at the same time, but the aboveground biomass and rhizome size of invasive plants may increase more than native plants (Nackley et al., 2017; Oliveira et al., 2021). However, our results also suggest that the competitiveness of invasive species tended to be more impacted than native species. The overall result of this study is in contrast with previous views (Liu et al., 2018b; Wang et al., 2019) that invasive plants will have higher competitiveness due to global changes. Our results are more consistent with the belief that fluctuating resource availability will weaken competition (Davis et al., 2000).

We found that the response direction of native and invasive plants to GCFs may be different. It was previously thought that they would have similar responses to the same environmental change (Liu et al., 2017). Compared with the previous studies, our study also analyzed the competitive response of plants (not only in the absence of competition). Our research data were all derived from competitive experiments. In addition, the research methods are also different to previous similar research (Sorte et al., 2013; Liu et al., 2017). On one hand, to eliminate the differences between plant species, we use standardized data and take the raw difference between treatment and control as the effect size value (Wang et al., 2017; Rillig et al., 2019). On the other hand, in the process of data integration, we referred to the bootstrap method of Rillig et al. (2019) instead of the traditional meta-analysis method (Gurevitch and Hedges, 1999). Although these may lead to some differences between our results and those of previous studies, our results show that invasive plants will perform better than native plants under the influence of GCFs, which is consistent with the majority of the literature (e.g., Song et al., 2010; Pearson et al., 2017; Ren et al., 2021).



Combined effects and the interactions of multiple GCFs

We found that invasive plants will gain advantages over native plants in terms of performance and competitiveness under the combined effects of multiple GCFs, which supports the rest of our first hypothesis (that invasive plants will benefit from global change). The GCF combination most favorable for invasive plants is CO2 enrichment and drought. On one hand, this combination significantly improves the performance of invasive plants and hinders the growth of native plants. On the other hand, it significantly inhibits the competitiveness of native plants. Drought can first reduce growth and kill some individuals of native plants. Then, under CO2 fertilization (e.g., Osborne, 2016), invasive plants can quickly occupy the resource space originally occupied by native plants, obtaining stronger relative performance and competitiveness (Manea et al., 2016). The present study also demonstrates that the interaction of multiple GCFs are usually synergistic (super-additive effect) or antagonistic (i.e., sub-additive effect), rather than additive. This confirms the first part of our second hypothesis that the effects from multiple GCFs are non-additive, but the hypothesis that it will be an antagonistic was not supported. Understanding the interaction of multiple GCFs on the performances and competitiveness of native and invasive plants is crucial for predicting the response of plant invasion to global change in the future (Shrestha and Shrestha, 2019; Rillig et al., 2019).

The interaction between multiple GCFs for invasive and native plant performance were similar. For plant performance, temperature increase and nitrogen deposition had a synergistic effect. The literature showed that increased temperature may increase biomass allocation to roots while the belowground biomass reduced slightly (Crosby et al., 2017). However, abundant nitrogen can help plants obtain sufficient nutrients with less underground parts to make up for the reduction in belowground biomass. Interestingly, the response of aboveground biomass of native and invasive plants to nutrient addition was different under elevated temperature. For example, a study found that under increased nutrients the aboveground biomass of invasive Spartina alterniflora increased, but the aboveground production of native Phragmites australis only increased slightly (Legault et al., 2018). Therefore, although both native and invasive plants may gain growth benefits from combined temperature increase and nitrogen deposition, the benefits to invasive plants may be greater. Warming can furthermore have positive effects on nitrogen fixation and/or microbial decomposers, which can further improve the availability of soil resources to plants (Convey et al., 2012).

Some multiple GCFs combinations were different among invasive versus native plants. For example, combined drought intensification and nitrogen deposition tended to be synergistic on the performance and competitiveness of native plants, but for invasive plants it tended to be antagonistic. This indicates that the intensification of drought may be more beneficial to native plants under nitrogen deposition, but the mechanism that causes this phenomenon is disputed. Some studies suggest that invasive plants have better resource utilization ability, but this is only in environments high in water availability and resources. So, drought should inhibit the beneficial effects of high nitrogen on the performance and competitiveness of invasive plants (Wei et al., 2017). Conversely, Valliere (2019) found that invasive plants can gain an advantage under the same conditions, arguing that invasive plants have more efficient trade-offs between water and resources. This inconsistency may be due to specific differences among plant species.

Only one study was included for combined precipitation increase and nitrogen deposition (Rao and Allen, 2010), who found that the degree of plant response to nitrogen addition depends on the degree of water limitation, and that both native and invasive plants are mainly restricted by water. Similarly, the sample sizes for increased temperature × elevated CO2, drought × elevated CO2, and nitrogen deposition × elevated CO2 were only one or two. A meta-analysis on the effect of GCFs on soil respiration also only found few (1-2) articles assessing multiple GCFs (Zhou et al., 2016). The relatively low number of studies available revealed that the effect of multiple GCFs on plant invasions is understudied.

Our results indicate that in most cases, plant responses under multiple GCFs should not be directly inferred from results based on factors tested individually (especially the impact on the competitiveness of invasive plants. Thus we are concerned about the future development direction of plant invasion under the influence of multiple GCFs. The results suggest that apart from precipitation increase and nitrogen deposition (which synergistically promoted plant performance) all other GCFs combinations may not enhance plant performance or relative competitiveness. Moreover, the data suggests that under combined increased precipitation and nitrogen deposition the performance responses of native and invasive plants were similar, so invasive plants might not gain higher relative competitiveness. Therefore, although global change is generally believed to be beneficial to invasive plants, most factors may not greatly promote plant invasions. The patterns in plant responses to combined GCFs serve as important indicators for predicting future ecosystem change. This synthesis of plant responses can form the baseline for studying the performance of common plants (i.e. non-invasive species) under the scenario of future global change. In fact, the interaction of GCFs on regular plants has also become a hot issue to be further studied due to its complexity (Gray and Brady, 2016; van der Kooi et al., 2016; Piao et al., 2019). There are several major caveats to the interpretation of the results. Most of the experiments were conducted over the short-term (either only over one growing season or aborted prior to flowering and senescence), or did not gauge plant responses in survivorship. The identity of these species likely has a strong influence on individual results, and those tend to be common species or successful invaders (i.e., rare endemic species and introduced but non-invasive species are not represented in the data). These factors reduce the generality of the results and long-term studies are needed to give clearer indications to plant responses under global change.

The results indicate that plants with improved performance due to global change factors do not necessarily have stronger competitiveness and vice versa. Therefore, it may be important to assess both plant performance and competitiveness. In addition, in the process of literature collection and analysis, the data selection criteria is based on the criteria of previous studies (Kuebbing and Nuñez, 2016; Liu et al., 2017; Yue et al., 2019). The analysis of other variables or combinations was not possible due to limitation in data availability. For instance, there were only few studies testing three or more GCFs, which is understandable given the significant increase in samples necessary with every new factor included. However, these studies may be necessary to test how different factors interact, especially under the background of warming. In addition, we analyzed the performance and competitiveness response of invasion and native plants in different plant groups (such as the availability of nitrogen fixation capacity, life cycle, and functional groups) to GCFs (Figure S3). Unfortunately, due to the low availability of data whether responses differ among plant functional groups could not be assessed in this study (e.g., for the combination between nitrogen deposition and elevated CO2, there were only 2 studies and both are of non-nitrogen fixers. For precipitation increase and nitrogen, there were only 4 observations for annual species and none for other life histories. For the combination between drought and nitrogen, 14 observations were of grasses or herbs and only 4 for shrubs). According to the results of this study, the combined effects of multiple global change factors are mostly non-additive. Therefore, results of single factors are likely moderated by the interaction with other factors. Considering the differences in species and experimental conditions among experiments, it is necessary to test the relevant theories through the systematic design of multiple factor experiments.




Conclusions

Our research revealed that studies focusing on the additive effects of multiple global change factors on the performance and competitiveness of native and invasive plants are uncommon. Moreover, the combined effects of multiple factors on native and invasive plants cannot simply be inferred from the effects of single factors individually. Invasive plants tend to be advantaged over native plants, especially under a change in water regime and CO2 enrichment, but this advantage will not be magnified with multiple global change factors because of the accumulation of factors. Our results suggest that although plant invasions will become more severe and extensive under global changes, they are not always uncontrollable.
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Supplementary Figure 1 | Flowchart of the literature screening process detailing the number of studies excluded at each stage up to the final number of studies included in the analyses.

Supplementary Figure 2 | Source location or region of literature (A) and study (B) used in analysis. The scatter chart in the middle of each figure indicates the number of literature/studies from each country in different years (note that the dot size of the two figures represents the difference of values). The top and right sides of the scatter plot show the total number of literature/studies by year and country, respectively.

Supplementary Figure 3 | Effects across GCFs on different plant groups: Nitrogen fixation (A), Life cycle (B), functional group (C), and performance response (D). Values indicate the means with 95% confidence intervals (CIs), and original sample size numbers for native and invasive plants are shown behind right the dots. The * to the left of the dots indicate that CI does not overlap with 0, which means that the GCF has a significant impact on plants. Positive effects are where the CI is greater than 0 and negative effects are where the CI is less than 0.



References

 Azeem, A., Sun, J., Javed, Q., Jabran, K., Saifullah, M., Huang, Y., et al. (2022). Water deficiency with nitrogen enrichment makes Wedelia trilobata to become weak competitor under competition. Int. J. Environ. Sci. Te 19, 319–326. doi: 10.1007/s13762-020-03115-y

 Barton, K. E., and Wong, A. (2019). Plant competition as a mechanism of invasion on islands: Revisiting the conclusions of kuebbing and nuñez. Biotropica 51(2016), 316–318. doi: 10.1111/btp.12659

 Broadbent, A., Stevens, C. J., Peltzer, D. A., Ostle, N. J., and Orwin, K. H. (2018). Belowground competition drives invasive plant impact on native species regardless of nitrogen availability. Oecol 186, 577–587. doi: 10.1007/s00442-017-4039-5

 Colby, S. R. (1967). Calculating synergistic and antagonistic responses of herbicide combinations. Weeds 15, 20. doi: 10.2307/4041058

 Convey, P., Aitken, S., di Prisco, G., Gill, M. J., Coulson, S. J., Barry, T., et al. (2012). The impacts of climate change on circumpolar biodiversity. Biodiversity 13, 134–143. doi: 10.1080/14888386.2012.732556

 Crain, C. M., Kroeker, K., and Halpern, B. S. (2008). Interactive and cumulative effects of multiple human stressors in marine systems. Ecol. Lett. 11, 1304–1315. doi: 10.1111/j.1461-0248.2008.01253.x

 Cremona, F., Blank, K., and Haberman, J. (2021). Effects of environmental stressors and their interactions on zooplankton biomass and abundance in a large eutrophic lake. Hydrobiol 848, 4401–4418. doi: 10.1007/s10750-021-04653-3

 Crosby, S. C., Angermeyer, A., Adler, J. M., Bertness, M. D., Deegan, L. A., Sibinga, N., et al. (2017). Spartina alterniflora biomass allocation and temperature: Implications for salt marsh persistence with sea-level rise. Estuar. Coast. 40, 213–223. doi: 10.1007/s12237-016-0142-9

 Davis, M. A., Grime, J. P., and Thompson, K. (2000). Fluctuating resources in plant communities: a general theory of invasibility. J. Ecol. 88, 528–534. doi: 10.1046/j.1365-2745.2000.00473.x

 Dostál, P., Dawson, W., van Kleunen, M., Keser, L. H., and Fischer, M. (2013). Central European plant species from more productive habitats are more invasive at a global scale: Habitat productivity at origin - plant invasiveness elsewhere. Global Ecol. Biogeogr 22, 64–72. doi: 10.1111/j.1466-8238.2011.00754.x

 Gioria, M., and Osborne, B. A. (2014). Resource competition in plant invasions: emerging patterns and research needs. Front. Plant Sci. Press 5, 501. doi: 10.3389/fpls.2014.00501

 Gosper, C. R. (2004). Fruit characteristics of invasive bitou bush, Chrysanthemoides monilifera (Asteraceae), and a comparison with co-occurring native plant species. Aust. J. Bot. 52, 223. doi: 10.1071/BT03046

 Gray, S. B., and Brady, S. M. (2016). Plant developmental responses to climate change. Dev. Biol. 419, 64–77. doi: 10.1016/j.ydbio.2016.07.023

 Grotkopp, E., and Rejmanek, M. (2007). High seedling relative growth rate and specific leaf area are traits of invasive species: phylogenetically independent contrasts of woody angiosperms. Am. J. Bot. 94, 526–532. doi: 10.3732/ajb.94.4.526

 Gurevitch, J., Morrison, J. A., and Hedges, L. V. (2000). The interaction between competition and predation: A meta-analysis of field experiments. Am. Nat. 155, 435–453. doi: 10.1086/303337

 Gurevitch, J., and Hedges, L. V. (1999). Statistical issues in ecological meta-analyses. Ecol. 80, 1142–1149. doi: 10.1890/0012-9658(1999)080[1142:SIIEMA]2.0.CO;2

 Haeuser, E., Dawson, W., and Kleunen, M. (2019). Introduced garden plants are strong competitors of native and alien residents under simulated climate change (Y Buckley, ed.). J. Ecol. 107, 1328–1342. doi: 10.1111/1365-2745.13101

 Hale, R., Piggott, J. J., and Swearer, S. E. (2017). Describing and understanding behavioral responses to multiple stressors and multiple stimuli. Ecol. Evol. 7, 38–47. doi: 10.1002/ece3.2609

 Hely, S. E. L., and Roxburgh, S. H. (2005). The interactive effects of elevated CO2, temperature and initial size on growth and competition between a native C3 and an invasive C3 grass. Plant Ecol. 177, 85–98. doi: 10.1007/s11258-005-2247-2

 Jia, J., Dai, Z., Li, F., and Liu, Y. (2016). How will global environmental changes affect the growth of alien plants? Front. Plant Sci. Press 7, 1623. doi: 10.3389/fpls.2016.01623

 Jin, P., Zhang, J., Wan, J., Overmans, S., Gao, G., Ye, M., et al. (2021). The combined effects of ocean acidification and heavy metals on marine organisms: a meta-analysis. Front. Mar. Sci. 8, 801889. doi: 10.3389/fmars.2021.801889

 Keane, R. M., and Crawley, M. J. (2002). Exotic plant invasions and the enemy release hypothesis. Trends Ecol. Evol. 17, 164–170. doi: 10.1016/S0169-5347(02)02499-0

 Kuebbing, S. E., and Nuñez, M. A. (2016). Invasive non-native plants have a greater effect on neighbouring natives than other non-natives. Nat. Plants 2, 16134. doi: 10.1038/nplants.2016.134

 Kumar Rai, P., and Singh, J. S. (2020). Invasive alien plant species: Their impact on environment, ecosystem services and human health. Ecol. Indic 111, 106020. doi: 10.1016/j.ecolind.2019.106020

 Larson, C. D., Lehnhoff, E. A., Noffsinger, C., and Rew, L. J. (2018). Competition between cheatgrass and bluebunch wheatgrass is altered by temperature, resource availability, and atmospheric CO2 concentration. Oecol 186, 855–868. doi: 10.1007/s00442-017-4046-6

 Legault, R., Zogg, G. P, and Travis, S. E. (2018). Competitive interactions between native Spartina alterniflora and non-native Phragmites australis depend on nutrient loading and temperature (J liu, ed.). PloS One 13, e0192234. doi: 10.1371/journal.pone.0192234

 Liao, Z.-Y., Scheepens, J. F., Li, W.-T., Wang, R. F., Zheng, Y.-L., and Feng, Y.-L. (2019). Biomass reallocation and increased plasticity might contribute to successful invasion of Chromolaena odorata. Flora 256, 79–84. doi: 10.1016/j.flora.2019.05.004

 Li, Y., Niu, S., and Yu, G. (2016). Aggravated phosphorus limitation on biomass production under increasing nitrogen loading: a meta-analysis. Global Change Biol. 22, 934–943. doi: 10.1111/gcb.13125

 Liu, Y., et al. (2017). Do invasive alien plants benefit more from global environmental change than native plants? Glob Change Biol. 23, 3363–3370. doi: 10.1111/gcb.13579.

 Liu, Y., Zhang, X., and Kleunen, M. (2018b). Increases and fluctuations in nutrient availability do not promote dominance of alien plants in synthetic communities of common natives (J Cooke, ed.). Funct. Ecol. 32, 2594–2604. doi: 10.1111/1365-2435.13199

 Liu, G., Yang, Y.-B., and Zhu, Z.-H. (2018a). Elevated nitrogen allows the weak invasive plant Galinsoga quadriradiata to become more vigorous with respect to inter-specific competition. Sci. Rep-Uk 8, 3136. doi: 10.1038/s41598-018-21546-z

 Manea, A., Sloane, D. R., and Leishman, M. R. (2016). Reductions in native grass biomass associated with drought facilitates the invasion of an exotic grass into a model grassland system. Oecol 181, 175–183. doi: 10.1007/s00442-016-3553-1

 Manea, A., and Leishman, M. R. (2011). Competitive interactions between native and invasive exotic plant species are altered under elevated carbon dioxide. Oecol 165, 735–744. doi: 10.1007/s00442-010-1765-3

 Nackley, L., Hough-Snee, N., and Kim, S.-H. (2017). Competitive traits of the invasive grass Arundo donax are enhanced by carbon dioxide and nitrogen enrichment (B schutte, ed.). Weed Res. 57, 67–71. doi: 10.1111/wre.12239

 Oliveira, A. C. G., Rios, P. M., Pereira, A. G., and Souza, J. P. (2021). Growth and competition between a native leguminous forb and an alien grass from the cerrado under elevated CO 2. Austral Ecol. 46, 750–761. doi: 10.1111/aec.13006

 Orbán, I., Szitár, K., Kalapos, T., and Körel-Dulay, G. (2021). The role of disturbance in invasive plant establishment in a changing climate: insights from a drought experiment. Biol. Invasions 23, 1877–1890. doi: 10.1007/s10530-021-02478-8

 Orr, J. A., Luijckx, P., Arnoldi, J., Jackson, A. L., and Piggott, J. J. (2022). Rapid evolution generates synergism between multiple stressors: Linking theory and an evolution experiment. Global Change Biol. 28, 1740–1752. doi: 10.1111/gcb.15633

 Osborne, C. P. (2016). Crop yields: CO2 fertilization dries up. Nat. Plants 2, 16138. doi: 10.1038/nplants.2016.138

 Piao, S., Liu, Q., Chen, A., Janssens, I. A., Fu, Y., Dai, J., et al. (2019). Plant phenology and global climate change: Current progresses and challenges. Global Change Biol. 25, 1922–1940. doi: 10.1111/gcb.14619

 Pearson, D. E., Ortega, Y. K., and Maron, J. L. (2017). The tortoise and the hare: reducing resource availability shifts competitive balance between plant species. J. Ecol. 105, 999–1009. doi: 10.1111/1365-2745.12736.

 Piggott, J. J., Townsend, C. R., and Matthaei, C. D. (2015c). Reconceptualizing synergism and antagonism among multiple stressors. Ecol. Evol. 5, 1538–1547. doi: 10.1002/ece3.1465

 Piggott, J. J., Salis, R. K., Lear, G., Townsend, C. R., and Matthaei, C. D. (2015a). Climate warming and agricultural stressors interact to determine stream periphyton community composition. Global Change Biol. 21, 206–222. doi: 10.1111/gcb.12661

 Piggott, J. J., Townsend, C. R., and Matthaei, C. D. (2015b). Climate warming and agricultural stressors interact to determine stream macroinvertebrate community dynamics. Global Change Biol. 21, 1887–1906. doi: 10.1111/gcb.12861

 Pyšek, P., Hulme, P. E., Simberloff, D., Bacher, S., Blackburn, T. M., Carlton, J. T., et al. (2020). Scientists’ warning on invasive alien species. Biol. Rev. 95, 1511–1534. doi: 10.1111/brv.12627

 Rao, L. E., and Allen, E. B. (2010). Combined effects of precipitation and nitrogen deposition on native and invasive winter annual production in California deserts. Oecol 162, 1035–1046. doi: 10.1007/s00442-009-1516-5

 Reich, P. B., Hobbie, S. E., Lee, T., Ellsworth, D. S., West, J. B., Tilman, D., et al. (2006). Nitrogen limitation constrains sustainability of ecosystem response to CO2. Nat. 440, 922–925. doi: 10.1038/nature04486

 Ren, G., He, F., Sun, J., Hu, W., Azeem, A., Qi, S., et al. (2021). Resource conservation strategy helps explain patterns of biological invasion in a low-N environment. Biochem. Syst. Ecol. 94, 104205. doi: 10.1016/j.bse.2020.104205.

 Ren, G., Yang, H., Li, J., Prabakaran, K., Dai, Z., Wang, X., et al. (2020). The effect of nitrogen and temperature changes on Solidago canadensis phenotypic plasticity and fitness. Plant Spec Biol. 35, 283–299. doi: 10.1111/1442-1984.12280

 Richards, C. L., Bossdorf, O., Muth, N. Z., Gurevitch, J., and Pigliucci, M. (2006). Jack of all trades, master of some? On Role Phenotypic Plasticity Plant Invasions  Ecol. Lett. 9, 981–993. doi: 10.1111/j.1461-0248.2006.00950.x

 Rillig, M. C., Ryo, M., Lehmann, A., Aguilar-Trigueros, C. A., Buchert, S., Wulf, A., et al. (2019). The role of multiple global change factors in driving soil functions and microbial biodiversity. Sci. 366, 886–890. doi: 10.1126/science.aay2832

 Rummens, F. H. A. (1975). An improved definition of synergistic and antagonistic effects. Weed Sci. 23, 4–6. doi: 10.1017/S0043174500062408

 Scasta, J. D., Engle, D. M., Fuhlendorf, S. D., Redfearn, D. D., and Bidwell, T. G. (2015). Meta-analysis of exotic forages as invasive plants in complex multi-functioning landscapes. Invas Plant Sci. Mana 8, 292–306. doi: 10.1614/IPSM-D-14-00076.1

 Shrestha, U. B., and Shrestha, B. B. (2019). Climate change amplifies plant invasion hotspots in Nepal (T vaclavik, ed.). Divers. Distrib 25, 1599–1612. doi: 10.1111/ddi.12963

 Song, L.-Y., Li, C.-H., and Peng, S.-L. (2010). Elevated CO2 increases energy-use efficiency of invasive Wedelia trilobata over its indigenous congener. Biol. Invasions 12, 1221–1230. doi: 10.1007/s10530-009-9541-1.

 Song, J., Wan, S., Piao, S., Knapp, A. K., Classen, A. T., Vicca, S., et al. (2019). A meta-analysis of 1,119 manipulative experiments on terrestrial carbon-cycling responses to global change. Nat. Ecol. Evol. 3, 1309–1320. doi: 10.1038/s41559-019-0958-3

 Sorte, C. J. B., Ibáñez, I., Blumenthal, D. M., Molinari, N. A., Miller, L. P., Grosholz, E. D., et al. (2013). Poised to prosper? a cross-system comparison of climate change effects on native and non-native species performance (K suding, ed.). Ecol. Lett. 16, 261–270. doi: 10.1111/ele.12017

 Stephens, K. L., Dantzler‐Kyer, M. E., Patten, M. A., and Souza, L. (2019). Differential responses to global change of aquatic and terrestrial invasive species: evidences from a meta-analysis. Ecosphere 10, e02680. doi: 10.1002/ecs2.2680

 Valliere, J. M. (2019). Tradeoffs between growth rate and water-use efficiency in seedlings of native perennials but not invasive annuals. Plant Ecol. 220, 361–369. doi: 10.1007/s11258-019-00919-y

 van der Kooi, C. J., Reich, M., Löw, M., De Kok, L. J., and Tausz, M. (2016). Growth and yield stimulation under elevated CO2 and drought: A meta-analysis on crops. Environ. Exp. Bot. 122, 150–157. doi: 10.1016/j.envexpbot.2015.10.004

 van Kleunen, M., Weber, E., and Fischer, M. (2010). A meta-analysis of trait differences between invasive and non-invasive plant species. Ecol. Lett. 13, 235–245. doi: 10.1111/j.1461-0248.2009.01418.x

 van Kleunen, M., Bossdorf, O., and Dawson, W. (2018). The ecology and evolution of alien plants. Annu. Rev. Ecol. Evol. S 49, 25–47. doi: 10.1146/annurev-ecolsys-110617-062654

 Wang, W.-B., Wang, R.-F., Lei, Y.-B., Liu, C., Han, L.-H., Shi, X.-D., et al. (2013). High resource capture and use efficiency and prolonged growth season contribute to invasiveness of Eupatorium adenophorum. Plant Ecol. 214, 857–868. doi: 10.1007/s11258-013-0214-x

 Wang, S., Augé, R. M., and Toler, H. D. (2017). Arbuscular mycorrhiza formation and its function under elevated atmospheric O3: A meta-analysis. Environ. pollut. 226, 104–117. doi: 10.1016/j.envpol.2017.03.074

 Wang, Y.-J., Chen, D., Yan, R., Yu, F.-H., and van Kleunen, M. (2019). Invasive alien clonal plants are competitively superior over co-occurring native clonal plants. Perspect. Plant Ecol. 40, 125484. doi: 10.1016/j.ppees.2019.125484

 Wei, C., Tang, S., Pan, Y., and Li, X. (2017). Plastic responses of invasive Bidens frondosa to water and nitrogen addition. Nord J. Bot. 35, 232–239. doi: 10.1111/njb.01331

 Weigelt, A., and Jolliffe, P. (2003). Indices of plant competition. J. Ecol. 91, 707–720. doi: 10.1046/j.1365-2745.2003.00805.x

 Wu, H., Ismail, M., and Ding, J. (2017). Global warming increases the interspecific competitiveness of the invasive plant alligator weed, Alternanthera philoxeroides. Sci. Total Environ. 575, 1415–1422. doi: 10.1016/j.scitotenv.2016.09.226

 Yue, K., Fornara, D. A., Yang, W., Peng, Y., Peng, C., Liu, Z., et al. (2017). Influence of multiple global change drivers on terrestrial carbon storage: additive effects are common. Ecol. Lett. 20, 663–672. doi: 10.1111/ele.12767

 Yue, K., Peng, Y., Fornara, D. A., Van Meerbeek, K., Vesterdal, l., Yang, W., et al. (2019). Responses of nitrogen concentrations and pools to multiple environmental change drivers: A meta-analysis across terrestrial ecosystems (X xu, ed.). Global Ecol. Biogeogr 28, 690–724. doi: 10.1111/geb.12884

 Yu, H., Shen, N., Yu, S., Yu, D., Liu, C., et al. (2018). Responses of the native species Sparganium angustifolium and the invasive species Egeria densa to warming and interspecific competition (J liu, ed.). PloS One 13, e0199478. doi: 10.1371/journal.pone.0199478

 Zandalinas, S. I., Mittler, R., Balfagón, D., Arbona, V., and Gómez-Cadenas, A. (2018). Plant adaptations to the combination of drought and high temperatures. Physiol. Plantarum 162, 2–12. doi: 10.1111/ppl.12540

 Zhang, Z., Liu, Y., Brunel, C., and van Kleunen, M. (2020). Soil-microorganism-mediated invasional meltdown in plants. Nat. Ecol. Evol. 4, 1612–1621. doi: 10.1038/s41559-020-01311-0

 Zhang, Z., and van Kleunen, M. (2019). Common alien plants are more competitive than rare natives but not than common natives (J gurevitch, ed.). Ecol. Lett. 22, 1378–1386. doi: 10.1111/ele.13320

 Zhou, L., Zhou, X., Shao, J., Nie, Y., He, Y., Jiang, L., et al. (2016). Interactive effects of global change factors on soil respiration and its components: a meta-analysis. Global Change Biol. 22, 3157–3169. doi: 10.1111/gcb.13253

 Zhou, Z., Wang, C., and Luo, Y. (2020). Meta-analysis of the impacts of global change factors on soil microbial diversity and functionality. Nat. Commun. 11, 3072. doi: 10.1038/s41467-020-16881-7



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Yang, Cui, Du, Ren, Li, Wang, Li, Dai, Rutherford, Wan and Du. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/M2.jpg
(Equation 2)






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Influence of multiple global change drivers on plant invasion: Additive effects are uncommon

      

        		

          Highlights

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Data compilation

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Single GCFs independent effects

          



          		

            Multiple GCFs combined effects

          



          		

            Multiple GCFs interactive effects

          



        



        



        		

          Discussion

        

          		

            Single GCFs on performance and competitiveness

          



          		

            Combined effects and the interactions of multiple GCFs

          



        



        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls.2022.1020621_cover.jpg
& frontiers | Frontiers in Plant Science

Influence of multiple
global change drivers
on plant invasion: Additive
effects are uncommon





OEBPS/Images/fpls-13-1020621-g005.jpg
- |nvasive# Native
1
0 —e—
1
TNA : " * ——
1
* @ 1
TC % —a— 1
1
! * ——
PN+ | * —h—
1
* — !
DN~ —la—
1
! * ——
DCH * ——h— !
1
1
NC i * —te—
1
GCFM)TY o
. 1 . —
025 000 025 0.50
Difference size
1
DA 1 * ——
1
—_—
TN oA
1
I * ———i
TCH ———
1
! * ——
PN 1 * skt
[}
% ——
DN+ s
1
1
DC et Fr—
[}
1
NC ==
1
GCF(M)q ——
. : | . :
-1.0 -0.5 0.0 0.5 1.0

Difference size

. +Synergistic (+S) . Synerq\sllc(S). Antagonistic (A) . -Synergistic (-S)

-Antagonistic (-A) . Additive (AD) +Antagonistic (+A)

A:50.1% AD: 49.9%
A: 44.3% AD: 55.7%
S:100%
+S: 97.3%
A: 100%
+S: 100%
S:100%
S:99.9%
+A: 87.7%
A: 99.6%
-A: 100%
S:100%
AD: 91.3%
S: 98.8%
A: 36.8% AD: 20.23% S: 42.97%
S: 28.39% -A: 16.26% +S: 28.19%
Number of sample size

S:100%
AD: 88.5%
A:70.3% 5%
AD: 55.9% S: 43.8%
S: 100%
AD: 81.3% S:17.9%
S:100%
S:100%
AD: 67.3% S: 32.6%
S:100%
A: 22.5% AD: 77.4%
S: 100%
S: 98.5%

S:100%

>
o
N
=

S: 85.53%
AD: 52.91% S:42.07%
Number of sample size





OEBPS/Images/fpls-13-1020621-g003.jpg
(A) Performance (B) Competitiveness
|
I
T e+ 45 * p———— 45
* —A— 145 *—_—. 4 45
I
I
I
P | * —e— 5 * reH 5
I * —h— 5 * 1 5
I
I
I
DA | *r—e— 13 * —e—d 13
* p—atb—ori 1| 30 f————e—
I
I
I
N I * - 53 * —e—— 53
1 * —ab— 57 * —h— 57
I
I
I
cA Ao+ 20 * —e— 20
* —A— 23 * —ab— 23
-®- |Invasive :
-4~ Native +
———— 136 * p—-=e—1I 136
GCF(S)1 — L, 4 160 L S —
I
T ' T T T T
-0.2 0.0 0.2 -0.75 -0.50 -0.25

Effect size





OEBPS/Images/fpls-13-1020621-g001.jpg
404
304
c
o
&
P4
14
104
0
cK A B A8 AYB AtB A8 A+B
Additive +Synergistic -Synergistic  +Antagonistic  -Antagonisic
204 204
104 104
c c
T S S T S S
@ @
Q Q
14 o
104 104
204 204
T T T T T T T T T T T T
cK A ] AtB AB A+B cK A ] AtB A+B A+B
Additive - SynergisticAntagonistic Additive  SynergisticAntagonistic
204
104
c
T S - =
@
Q
’ +
104
204

T T T T T
A+B A+B A+8 A+B A+B
Additive +Synergistic Synergistic +Antagonistc  -Antagonistic






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/M1.jpg
(Equation 1)





OEBPS/Images/fpls-13-1020621-g002.jpg
Repeat 1000 times

Control Treatment A Treatment B Treatment AB(A&B)

’
: Stepl: Data standardization

Pyp (n=Nap)

: sampling

|
|
|

’
I Step4: Calculating
| effect size

Step5:

Calculating
predictive
effect size ADypi = E4 + Eg;

i,

/ 2
| Step7: Calculating \I
: mean effect size & |
I1CI :
|
I l
! I
|
/
~—-— - N\ L _
/ S
| Steps' . Additive Synergistic — — \|
| Determining oy (E,>0&E;>0) i
|interacti0ns -Synergistic +Antagonistic  Additive -Antagonistic  +Synergistic 75 75 4. g o !
| P g g (E, E,, different signs & AD,,, > 0) |
| 025%AD,,,  97.5%AD,y |
| C Min 2.5% E Ey; Max 97.5% E; Ey; |
| Oinp are +Synergistic -Antagonistic  Additive +Antagonistic  -Synergistic T T .. . — |
1 D T gt (E,, E, different signs & AD,,, <0) |
ABi 25%AD,,;  97.5%AD,, 0 |
: Min 2.5% E, Ey, Max 97.5% E,, Ey, |
| Synergistic Additive Antagonistic = _— |
| 2.5% AD, 97.5% AD,y 0 (EA < 0 & EB < 0) :
l\ _/
—~ - =
{ Step91 Dranllg If the confidence intervals do not coincide, |
| forest plOtS there is a difference between the two groups |
| |
|
| |
| |
|
{ 95% CI ® 95% CI |





OEBPS/Images/fpls-13-1020621-g004.jpg
(A) Performance (B) Competitiveness
| 1
1 |
*03 *0 3
i |

1D *A3 I *A3 I
1 1
| 1
. | xma || F—— e |
I * —t— 4 * A 4 I
1 1
| 1
*@01 ! *01!
TCT %Ay : *A1 :
1 1
1 1
| * w2 *@2 |
PN1 | * A2 *A2 |
| 1
1 1
I* 191 9 *09 '
DN BT *A9 :
| 1
1 1

I *®2 ®2
DC_ *Az 1 *AZ !
1 |
| 1
1 ke - 1
I o1 o1 I

NC A
* *
-®- Invasive : A1 ol :
- Native I I
1 1
—_— e 22 —_ &4 20
GCF(M)A i — —_— 22 *—A— 22 |
1 1
T T ' T T T T T T T '
-0.50 -0.25 0.00 0.25 0.50 0.75 -2.0 -1.5 -1.0 -0.5 0.0

Effect size






